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Abstract – Filter banks are widely used in variety of
applications such as signal compression, multi-channel
transmission, conditioning of power supply, coding and
decoding of signals, etc. Perfect reconstruction filter banks
are used in the applications where it is essential to
reconstruct the original signal with minimum errors.
Compression of satellite vibration test data is one such
application where perfect reconstruction filter banks can be
used to design wavelets. These wavelets are used in transform
coding stage of compression algorithm. It is required to have
higher order for filters used in perfect reconstruction filter
banks, to ensure better filter characteristics. The study
carried out in this work, estimates the upper bound for order
that can be assigned to filters used in perfect reconstruction
filter banks.
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I. INTRODUCTION

A filter is a frequency selective circuit. Filters are
designed to pass some frequencies and reject others. Based
on the frequency characteristics, filters are classified as
low pass filter, high pass filter, band pass filter, band stop
filter. Based on the construction, filters are classified as
passive and active filters. Depending on the type of input
signal being filtered, filters can be categorized into analog
and digital filters. Based on the characteristics, filters are
classified as butterworth, bessel, elliptical, chebyshev, etc.
Design parameters of filters are gain, ripple in pass band
and stop bands, slope of the frequency response curve
when transition occurs from pass band to stop band and
vice versa.

An analog filter is a filter which operates on continuous-
time signals. It is designed with various electronic devices
and components. It is an electronic circuit which is used to
modify the signal in a predefined way that is applied at the
input of this filter circuit. Output of this circuit depends on
the characteristics of the filter. Analog filters are basic
building block of signal processing circuits. Analog filters
are used in audio signal processing, multichannel
transmission, telephony, radio, television, stereo systems,
conditioning of electrical power supply [8] [10],
eliminating harmonics in an electronic circuits, noise
elimination circuits, etc.

A digital filter is a process that performs mathematical
operations on a sampled, discrete-time signal to reduce or
enhance certain aspects of that signal. There are two
categories of digital filter referred to as infinite impulse
response (IIR) filters and finite impulse response (FIR)

filters. In case of IIR filter, output of the filter depends on
the present input, past inputs and past outputs where as
output of FIR filter depends only on present input and past
inputs. Digital filters are widely used in digital signal
processing, image processing, data compression, transform
coding, implementation of transforms, multimedia
applications, etc.

Filter banks are arrangements of low pass, band pass,
and high pass filters used for the spectral decomposition
and recomposition of signals. They play an important role
in many signal processing applications such as audio and
image coding. The reason for their popularity is the fact
that they easily allow the extraction of spectral
components of a signal while providing very efficient
implementations. Since most filter banks involve various
sampling rates, they are also referred to as multi-rate
systems. The filer bank that decomposes the input signal
into 'm' subband signals is called m-channel filter banks,
where each subband carries the information of the input
signal in a particular frequency band [1] [6]. Two channel
filter banks that transform the signal from one domain to
another domain are called analysis filters. Some analysis
filters that have characteristics such that there exist inverse
of these filters that are called as synthesis filters which
will facilitates perfect reconstruction of original input
signal. The set of analysis and synthesis filter banks are
called quadrature mirror filters. Perfect reconstruction
filter banks are an example of quadrature mirror filters that
are used for wavelet decomposition and many other
applications [2] [3] [12].

The design parameters of perfect reconstruction filter
banks are order of filters and pass band edge of low pass
filter. The limitations of values for the design parameters
of perfect reconstruction filter banks are discussed in this
paper. This paper explains design parameters of perfect
reconstruction filter banks, the effect of these parameters
on filter characteristics and the maximum possible value
that can be assigned to order of filters for different values
of pass band edge of low pass filter. This study was taken
up as part of the design of optimal wavelets based on
perfect reconstruction filter banks. These wavelets are are
used in the algorithm developed for compression of
satellite vibration test data [4].

II. FILTER BANKS

A filter bank is an array of band pass filters that
separates the input signal into multiple components, each
one carrying a subband of the original signal. One
application of a filter bank is a graphic equalizer, which
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can attenuate the components differently and recombine
them into the original signal. The process of
decomposition performed by the filter banks is called
analysis and the output of analysis is referred to as a
subband signal with as many subbands as there are filters
in the filter banks. The reconstruction process is called
synthesis, meaning reconstitution of original signal from
output of the analysis filters.

Fig. 1 shows the M-channel maximally decimated filter
banks where Hk(z) and Gk(z) are the analysis and synthesis
filter, respectively. The analysis bank channelizes the
input signal into many subbands using parallel set of band
pass filters. Similarly the synthesis filter bank reconstructs
the original signal from subband signals using another set
of parallel filters. These filter banks can be designed as
infinite impulse response (IIR) or finite impulse response
(FIR) filters. In order to reduce the data rate,
downsampling and upsampling by 'M' are performed in the
analysis and synthesis stages, respectively.

Fig.1. M-Channel filter bank

There are various techniques developed by researchers
to design filter banks used for different applications [9]
[13] [16]. Filter banks are used in receiver systems in
communications where the signals encoded with different
carrier frequencies are required to be extracted. Filter
banks are also used in compression of signals which
contains some frequencies that are more important than
others. Here, after decomposition, the important
frequencies can be coded with a fine resolution. On the
other hand, for less important frequencies coarser coding
scheme will be used.

III. 2-CHANNEL PERFECT RECONSTRUCTION

FILTER BANKS

In digital signal processing there is a need to decompose
signals into low and high frequency bands, and later they
are required to be combined to reconstruct the original
signal. Perfect reconstruction is a process by which a
signal is completely recovered after being separated into
its low frequencies and high frequencies. Fig. 2 shows the
block diagram of 2-channel perfect reconstruction filtering
process. This process requires four filters, two low pass
filters (H0 and G0) and two high pass filters (H1 and G1).
In addition, it requires a downsampler and upsampler to
account for decimation in filtering process [5].

In the analysis section of 2-channel perfect
reconstruction filter banks, an incoming digital signal, x[n]
is filtered by  a set of low pass and high pass filters (H0,
H1). The two subband signals are then downsampled by

removing every alternate samples of the signal. In the
synthesis section the two subband signals are first
upsampled by padding alternate zeros to the signals. The
upsampled signals are then filtered by another set of low
pass and high pass filters (G0, Gl). The design of analysis
and synthesis filters must ensure the reconstructed signal
to be as close as possible to the original signal.
The design of perfect reconstruction filter banks can be
reduced to the following problem [17]:
 Find a product filter D(z) that satisfies the following

constraint:
D(z) + D(-z) = 2

 Factorize  D(z) into  two  factors to obtain low pass
filters, H0 and G0:
D(z) = H0(z) G0(z)

 Obtain high pass filters, H1 and G1 using the following
relationship:
Hl(z) = z-1 G0(-z)
G1(z) = z H0(-z)

Fig.2. Block diagram of a 3-channel perfect reconstruction
process

IV. DESIGN PARAMETERS FOR 2-CHANNEL

PERFECT RECONSTRUCTION FILTER BANKS

USING MATLAB

Analysis and synthesis filters can be designed using
MATLAB function:

[h0,h1,g0,g1] = firpr2chfb(N,PBElowpass)
This MATLAB function designs FIR filters for the

analysis sections (h0 and h1) and synthesis section (g0 and
g1) of a two-channel perfect reconstruction filter banks.

Fig.3. Typical frequency response of analysis and
synthesis filters
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The design corresponds to the orthogonal filter banks also
known as power-symmetric filter banks. Here, N is the
order of all four filters. It must be an odd integer.
PBElowpass is the pass band edge for the low pass filters, h0
and g0. PBElowpass must be assigned with the value less
than 0.5. Then, pass band edge of high pass filters, h1 and
g1 is given by (1- PBElowpass). The typical frequency
response characteristics of low pass filter (LPF) and high
pass filter (HPF) of analysis and synthesis filters are
shown in figure 3.

V. EFFECT OF PASS BAND EDGE AND ORDER OF

FILTERS

The frequency characteristics are determined by the
order of filters and the pass band edge of low pass filter.
Pass band edge of LPF determines the frequency at which
the transition occurs from pass band to stop band. At the
same frequency the transition will occur from stop band to
pass band in case of HPF.

The order of filters determines the slope of the curve
during transition from pass band to stop band [15]. Higher
the order, higher is the slope and less time is taken for
transition from pass band to stop band and vice versa.
There is need to have infinite slope that result in ideal
filters which will result in perfect decomposition of input
signal into low and high frequency components. As it is
not practical to achieve infinite slope, attempt is made to
achieve the maximum possible slope. This requires the
order of the filter to be as high as possible.

VI. EXPERIMENTS AND OBSERVATIONS

Experiments were conducted to estimate the upper
bound for order that can be assigned to the filters of
perfect reconstruction filter banks. The order of these
filters is to be an odd number. Hence, the order can be any
odd number starting from '3'. Using MATLAB
firpr2chfb() command, perfect reconstruction filter banks
was designed  by assigning different values for order, N
and pass band edge of low pass filter, PBElowpass. Pass band
edge of LPF can be assigned the values from 0.01 to 0.49.

Fig.4. Illustration of the effect of change in the values of N
on filter characteristics

Experiments were conducted to illustrate the effect of
change in the values of N and PBElowpass.  Fig. 4 illustrates
the change in the filter characteristics due to change in the
values of N. It is observed that as order of the filters, N
increase, slope of transition between pass band and stop
band increases and results in better frequency response of
the filter. Hence it is preferred to have the higher order for
better filter characteristics.

Fig. 5 illustrates the change in the filter characteristics
due to change in the values of PBElowpass. It is observed
that as PBElowpass increase, there is increase in the
frequency at which transition from pass band to stop band
occurs. Depending on the application of perfect
reconstruction filter banks, the PBElowpass is assigned
appropriate value between 0.01 to 0.49.
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Fig.5. Illustration of the effect of change in PBElowpass on
filter characteristics

Experiments were conducted to estimate the maximum
possible values that can be assigned to ‘N’, the order of
the filters in perfect reconstruction filter banks for each
value of PBElowpass. It is experimentally observed that there
exists an upper limit for the order and this limit is denoted
as Nmax. Perfect reconstruction filter banks cannot be
realized for order greater than this upper bound. This
upper bound was estimated for each value of PBElowpass

and is given in the Table 1.
It can be observed that as N can take only odd values,

minimum value of N for any value of PBElowpass is '3'. The
maximum value of N increases from 5 to 147 as PBElowpass

increases from 0.01 to 0.46. For PBElowpass = 0.47 to 0.49,
value of Nmax takes very low values.

Table 1: Estimated values of Nmax for different values of PBElowpass

PBELow Pass Nmax PBELow Pass Nmax PBELow Pass Nmax PBELow Pass Nmax PBELow Pass Nmax

0.01 5 0.11 11 0.21 23 0.31 39 0.41 77
0.02 7 0.12 15 0.22 25 0.32 41 0.42 87
0.03 7 0.13 15 0.23 27 0.33 45 0.43 99
0.04 7 0.14 13 0.24 27 0.34 45 0.44 107
0.05 7 0.15 17 0.25 27 0.35 51 0.45 127
0.06 11 0.16 19 0.26 29 0.36 55 0.46 147
0.07 11 0.17 19 0.27 33 0.37 61 0.47 7
0.08 11 0.18 21 0.28 33 0.38 63 0.48 19
0.09 11 0.19 21 0.29 35 0.39 67 0.49 15
0.1 13 0.2 21 0.30 37 0.4 75 - -

VII. CONCLUSION

Two-channel perfect reconstruction filter banks are
designed for applications such as signal compression,
coding, etc. A perfect reconstruction filter banks consists
of analysis filter for decomposition and synthesis filter for
reconstruction of original signal. Each of these filters is a
filter bank of low pass and high pass filters. The design
parameters of perfect reconstruction filter banks are order
of filters, N and pass band edge of low pass filter,

PBElowpass. These two parameters determine the frequency
characteristics of perfect reconstruction filter banks. It is
always preferred to have higher order for better filter
characteristics. The experiments conducted in this study
resulted in estimation of the upper bound for order of
filters for each value of pass band edge of low pass filter.
The inference about the upper bound for order of filters
made in this paper is utilized in designing VIBLETS, a
family of wavelets used in compression of satellite
vibration test data.
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