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Design of M channel Perfect Reconstruction CMFB 
filter bank for image compression 

ANAMIKA JAIN , ADITYA GOEL 

Abstract— This paper proposes an optimization method for the design of M channel perfect reconstruction cosine modulated filter (CMFB) bank. The 

design problem is formulated as a combination of stopband energy, passband energy, coding gain and the least square error of the overall transfer func-

tion of the filter bank. The objective function is minimized with the dc leakage free condition, as the dc leakage free condition is essential in image coding 

application for smooth image. The proposed method is simple, and has high design efficiency in both time and memory requirement. The performance of 

this algorithm is evaluated in both subjective and objective quality terms. Two design examples are included to illustrate the proposed method. 

 

Index Terms: Coding gain(CG), Cosine modulated filter bank (CMFB),  perfect reconstruction (PR), Peak signal to noise ratio (PSNR) ,Pseudo QMF 
bank, reconstruction error,. 

 

——————————      —————————— 

1 INTRODUCTION                                                                     

ultirate filter banks have been widely used in different 
image processing fields, such as sub-band coding [1–3], 
segmentation, object recognition and  image and video  

compression [4-5]. Filter banks design can be considered as 
design of wavelet bases [6], paraunitary filter bank, orthogonal 
or biorthogonal filter bank. Previously, two channels QMF 
bank [6-10] are designed and later on M channel filter banks 
are designed and implemented for various signal and image 
processing applications. Although perfect reconstruction is an 
important parameter in designing filter banks; however, the 
stopband   attenuation can not be made high with such type of 
constraints thus this condition is relaxed and both PR (perfect 
reconstruction) and the intra-band aliasing is minimized in-
stead of eliminating fully.  [11-13].When this condition is ap-
plied for cosine modulated filter bank these systems are called 
Near Perfect Reconstruction (NPR) CMFB/ pseudo QMF 
banks. Main advantage of M-channel cosine modulated filter 
bank is that the analysis and synthesis filters are derived from 
the prototype filter by cosine-modulation. Designing in this 
way filter banks become less complex and easy to implement. 
Many approach such as iterative least square, or standard op-
timization techniques [11-17], have been already proposed for 
the design of M-channel CMFB filter banks with perfect and 
near perfect reconstruction. 

In this paper, an approach based on constrained optimiza-
tion is used to find the coefficients of prototype filter to mi-
nimize the combinational objective function.  

    

 
 

The organization of the paper is as follows: in Section 2,  
a relevant brief analysis of the PR CMFB bank is given. Section 
3 describes the formulation of the design problem to obtain 
the objective function. A brief overview of optimization algo-
rithm is explained in Section 4. In Section 5, two design exam-
ples (cases) are presented to illustrate the effectiveness of the 
proposed method. 

2. PROBLEM   DESCRIPTION 

A typical M-channel maximally decimated filter bank is 
shown in Figure 1. It splits the input signal x(n) into M  sub-
band signals, using the low pass, band pass and high pass 
analysis filters H0(z),H1(z),…HM-1(z). These subband signals 
are down sampled by a factor of M to achieve signal compres-
sion or to reduce processing complexity. At the output end, the 
subband signals are interpolated by a factor of M and passed 
through synthesis filters, F0(z), F1(z), … FM-1(z). The outputs of 
the synthesis filters are combined to obtain the reconstructed 
signal x (n) 
                                                                                         x (n) 
x (n) 
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   Figure 1: M-channel maximally-decimated filter bank 
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The reconstructed output of the filter bank can be expressed  
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Where T0(z) is a distortion transfer function, which deter-

mines overall amplitude distortion to input signal and Tr(z) 

is an aliasing  distortion transfer function 
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As shown in [11] when the residual aliasing distortion is ne-
glected, the filter bank transfer function can be   given by 
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Where N is the order of the prototype filter and W2M=e (-jπ/M). 

As in [12] impulse response of analysis and synthesis filter 

generated from prototype filter h (n) with the aid of cosine 

modulation to the prototype filter can be expressed as follows 
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for k=0,1,…(M-1) and  n=0,1,…,N-1. 

The length N=2mM of hk(n) and fk(n) are the same to satisfy 
linear phase property [12]. In M-band cosine modulated filter 
bank, 

(i) Perfect reconstruction condition for h[n] can be expressed 

as 
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  and  

[ ]E n
 is the integer part of n. 

(ii) for aliasing cancellation stopband attenuation of prototype 

filter be very high for ωs ≥
M

as in [12]. 

(iii) Coding gain of filter banks measures its energy concentra-
tion capability. By modeling a natural image as a one-
dimensional Markovian source with a correlation factor ρ=.95 
and by assuming uncorrelated quantization errors, Katto and 
Yasuda [20] derived a filter dependent coding gain given by: 
                                                   (6) 

Where:  and  and  
are the kth analysis and synthesis filter of the M channel uni-
form filter bank, αk is the corresponding subsampling ratio, 
and ρ is the correlation factor. 
(iv) In image coding, dc leakage free condition needed to mi-

nimize the checkerboard and ringing artifacts, dc leakage in 

subbands other than the lowest one is desired. DC-leakage 

free property in the cosine modulated filter bank can be ex-

pressed as 
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Thus M-channel PR cosine modulated filter banks for image 
compression application are designed by solving the following 
minimization problem ϕ 
                           ϕ= (αEs+ (1-α) Ep) + βEr+ γEcg                               (8) 
α, β and γ are the parameters to control the characteristics of 
CMFB filter bank.  

3. PROBLEM FORMULATION

 For odd N, as in [12], the frequency response of the linear 
phase prototype filter can be expressed 
 1
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    The amplitude of the frequency response, on a uniform 
frequency grid of range [ωs, π], in a matrix form is Cp where 
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                                              for i=1,..L and j=1,…,(N-1)/2. 
Stopband energy and Passband energy on equals to 
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Similarly, reconstruction error and aliasing error Reconstruction error, aliasing error on equals to 
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Similarly, coding gain for image coding application given as 
eqn. (6). 

Thus, the objective function leads to following expression 

 

             ϕ = αEs+ (1-α)Ep+ βEr+ γEcg               (15) 
                                
          With dc leakage free constraint as given in eqn. (7). 
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4. THE DESIGN   ALGORITHM  
 

In the algorithm presented here, the unit energy constraint 

 [10] is imposed within some pre specified limit. The design 

algorithm proceeds through the following steps:  
(1) Assume initial values of α, β, γ and ωs  

(2) Start with an initial vector 
0 [ (0),..., ( )]th h h N  satisfying 

the unit energy constraint. 

(3) Set the function tolerance, convergence tolerance.  

(4)Optimize objective function eqn. (15) using constrained op-

timization method for the specified tolerance.  

(5) Evaluate all the analysis and synthesis component filters of 
cosine modulated filter bank using prototype filter h.   

(6) Evaluate all performance parameters such as coding gain, 

reconstruction error, and stopband attenuation for prototype 

and component filters of the overall filter bank.  

5. RESULTS AND DISCUSSION 
 

M-channel NPR CMFB bank has been designed with the pro-

posed technique using MATLAB. Two design examples are 

presented to illustrate the effectiveness of the proposed 

method. The method solved the problem using constrained 

optimization, starts with initial value zero of the filter coeffi-

cients h0(n) for all n, except that h(N/2−1) = h(N/2) = 2−1/2, 

0 1n N . Only half of the coefficients are to be opti-

mized due to linear phase condition imposed. This choice of 

the initial value of the filter coefficients satisfies the unit en-

ergy constraint and increase the convergence speed. The fre-

quency response characteristics of the prototype filter indi-

cates that the stopband attenuation is increased without sacri-

ficing the flatness of passband response as the filter length is 

increased. As compared to the Mitra and others [23-24] opti-

mizing the cutoff frequency results in very high order filters 

having equiripple behaviour in both the passband and stop-

band. In our method ripples in both passband and the stop-

band can be controlled independently. Intraband aliasing is 

minimized by condition of high stopband attenuation for the 

frequency greater than pi/M. Further, for image coding appli-

cation shorter filters are required as the high coding gain with 

least distortion is the main requirement.  

   The performance analysis of the designing cosine 
modulated filter bank with the proposed method is tabulated 
in Table 1.Results show that as the length of the filter increased 
stopband attenuation and coding gain increased and recon-
struction error and aliasing distortion is reduced. As shown in 
table increase in filter taps increased stopband attenuation but 
coding gain increased by 0.01 db only when filter taps are in-
creased from 16 to 24. Increasing filter length and introducing 
more number of channels increase complexity of the system. 
Thus the 8x16 PR CMFB is used for image coding application. 
Frequency response of the cosine modulated filter  

 
 
bank for 4 channel and 8 channel cosine modulated filter 
banks are as shown in figures 2 (a) and (b). Both the figures 
show that the stopband attenuation with 4x16 CMFB is 25dB 
and 8x16 CMFB is 23 dB. Further, as the number of taps in-
creased, filter banks result in sharper transition bandwidth 
which is not the desired design parameter in image compres-
sion. Thus the filter bank with less distortion (magnitude and 
aliasing) is considered for comparison. 
The performance of the proposed design technique is eva-
luated in terms of the following significant parameters: 
 
Amplitude distortion (eam) 

  
0max(1 ( ) )j

ame T e
                        (16)                        

Stop-band edge attenuation 

10 020log ( ( ))s sA H
               (17) 

A common measure of encoded image quality is the peak sig-
nal-to-noise ratio, which is given as  
 

                     (18)                                    

where MSE denotes the mean-squared-error. 
 

In all examples, stop-band first lobe attenuation (As) has been 
obtained from the respective zoomed attenuation curves and 
the constants 1, , ,  have been selected by trial and error 
method to obtain the best possible results.  
 

The simulation results presented in the following examples 
have large stopband attenuation, and very small reconstruc-
tion error which can be practically considered as perfect re-
constructions. Further, as the length of prototype filter in-
creased, stopband attenuation increases with increased recon-
struction error resulting in more aliasing distortion. 
 
5.1. Case 1 
The prototype filter of 4 band cosine modulated filter banks 
with subband filter length of 16 was designed using the design 
method discussed in Section IV. The magnitude response of 
the prototype filter, the analysis subband filters as defined in 
eqn. (4) are shown in Fig. 2(a). Large stopband attenuation, 
approximately equals to 25 dB down, are observed for the 
subband filters. The reconstruction error is very small with a 
peak reconstruction error of less than 1.5x10-12 dB and aliasing 
distortion   is 300dB. 
 
5.2. Case 2 
The prototype filter of 8 channel cosine modulated filter banks 
with subband filter length of 16 was designed using the design 
method discussed in Section IV. The magnitude response of 
the prototype filter, the analysis subband filters as defined in 
eqn. (4), are shown in Fig. 2(b). Large stopband attenuation 23 
dB down is observed for the subband filters. The reconstruc-
tion error is very small 1.5x10-14 dB and aliasing distortion is 
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also small 300dB. 
 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
-40

-35

-30

-25

-20

-15

-10

-5

0

Normalized Frequency

M
a
g
n
it
u
d
e
 
R

e
s
p
o
n
s
e
 
(
d
B

)
 

    
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

-35

-30

-25

-20

-15

-10

-5

0

Normalized Frequency 

M
a
g
n
i
t
u
d
e
 
R

e
s
p
o
n
s
e
 
(
d
B

)

 
(a)                                                    (b) 

Fig.2 (a) Frequency Response Of 4x16 (b) 8x16 PR CMFB    
Filter Bank 

 
5.4 IMAGE CODING RESULTS 
We test our designed PR CMFB filter bank with uniform quan-
tizer image coder on the standard 512x512 Lena and Barbara 
image.  We compare the results with dct based image coder  

Table I 

Performance analysis of the PR CMFB filter bank 

  
Table 2 

Performance analysis of the PR CMFB filter bank with  

Uniform quantizer for ‘Lena’ image 

 
 
and Standard JPEG coder using dct. Coding results for Lena 
image at different rates are listed in Table2. From Table2 we 
see that our proposed filter bank consistently outperforms the 
baseline JPEG by a large margin approx.2.0dB. It is also 0.05-
0.4dB better than the improved dct based uniform quantizer. 
Although our proposed coder falls short when compared to 
the wavelet based coder for Lena at 1b/p, still it performs bet-
ter. Visual results for Lena and Barbara image are shown in 
Fig 3(a), (b), (c) and (d). Visual quality of both images indi-
cates the superiority of the proposed filter bank. Our proposed 
dct based image coder is very competitive in terms of quality, 
simplicity and computational complexity.  

                       
                          (a)                                                  (b) 

     
          (c)                                                (d) 

Fig.3.(a) Original ‘Barbara’image (b) reconstructed ‘Barbara’ image  

(c) Original ‘Lena’ image (b) reconstructed ‘Lena’ image at 0.31 bpp. 

6. CONCLUSION 

This paper presents a method to design perfect reconstruction 
cosine modulated filter bank for image compression. The de-
sign problem is formulated as an optimization problem as in 
[13]. However, due to inclusion of the dc leakage free con-
straint both stopband attenuation and coding gain are not 
much higher, still visual quality of the images improves. The 
proposed method is applied to design prototype filters for 
cosine modulated filter banks giving highest priority to coding 
gain.  Design examples are presented for low order cosine 
modulated filter banks design using the proposed algorithms. 
High performance filter banks with small reconstruction error 
and large coding gain with moderate stopband attenuation 
were obtained. Although performance of the designed filter 
bank outperforms dct based image coder at low bit rates how-
ever, is not better than wavelet based image coder. Noted the 
presented algorithm can be used to design biorthogonal cosine 
modulated filter banks, as well  
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