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Abstract- This paper presents comparison between CIC filter, sharpened CIC filter and modified sharpened CIC filter. It 
also gives comparison between cascaded CIC cosine filter, modified cascaded CIC cosine filter and modified cascaded CIC 
cosine filter with compensator for a decimation factor of 64. Techniques like compensation, cosine prefilters and sharpening 
of CIC filters enhance the performance characteristics of CIC filters. Narrowband compensation technique improves the 
passband characteristics, cosine prefilters improve the stopband characteristics and sharpening improves both i.e passband 
and stopband. Multistage realization furthur improves the performance characteristics of the enhancement techniques.  
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I. INTRODUCTION 
 
The process of changing sampling rate of a signal is 
called sampling rate conversion (SRC). Systems that 
employ multiple sampling rates in the processing of 
digital signals are called multirate digital signal 
processing systems. Multirate systems have different 
applications, such as efficient filtering, sub band 
coding, audio and video signals, analog/digital 
conversion, software defined radio and 
communications, among others. The reduction of a 
sampling rate is called decimation and consists of two 
stages: filtering and down sampling. If signal is not 
properly band limited the overlapping of the repeated 
replicas of the original spectrum occurs. This effect is 
called aliasing and may destroy the useful 
information of the decimated signal. That is why we 
need filtering to avoid this unwanted effect. The 
decimator is one of the basic building blocks of a 
sampling rate conversion system. The decimation 
filter performs two operations: low-pass filtering as 
well as down-sampling. The filter converts low 
resolution high bit-rate data to high resolution low 
frequency data. It has been widely used in such 
applications as speech processing, radar systems, 
antenna systems and communication systems. The 
most simple decimation filter is comb filter which 
does not require multipliers. The transfer function of 
the comb filter is given by 

H(z) =
1
D

1 − z
1 − z

                                               (1)  

where D is the decimation ratio, and K is the number 
of the stages. In 1981, Eugene Hogenauer  invented 
this new class of economical digital filters for 
decimation and interpolation called a cascaded 
integrator comb (CIC) filter.  

 

 
Fig. 1 CIC decimation filter 

 
CIC filters are multiplierless structures, consisting of 
only adders and delay elements which is a great 

advantage when aiming at low power consumption. 
The magnitude characteristic of CIC filter has a 
passband droop in the desired passband that is 
dependent upon the decimation factor D and the 
cascade size K. The authors, G. J. Dolecek and S. K. 
Mitra, proposed an idea for improving the passband 
using compensating filters. Narrowband 
compensation technique improves the passband 
characteristics. The sharpening technique originally 
introduced by Kaiser and Hamming was applied by 
Kwentus & Willson. It consists of a comb section and 
a sharpening comb section with the later section 
operating at a lower rate than the high input rate for 
the realization of comb-decimation filter with a 
sharpened magnitude response. G. J. Dolecek and S. 
K. Mitra, observed that applying sharpening to the 
decimation filter in the last stage provides very good 
results, saving in number of operations comparing to 
the case of sharpening of complete filter. Cosine 
prefilters were introduced and modified by the 
authors, M. Laddomada, G. J. Dolecek and J. D 
Carmona to improve stopband characteristics.  
In this paper, we give a comparison between CIC 
filter, sharpened CIC filter and modified sharpened 
CIC filter. Also we give a comparison between 
cascaded cosine CIC filter, modified cascaded cosine 
CIC filter and compensated modified cosine CIC 
filter. The paper is organized as follows. Section 2 
gives the method to improve passband characteristics. 
Section 3 gives the method to improve stopband 
characteristics. Section 4 gives the method to improve 
both the passband and stopband characteristics. 
Section 5 gives the analysis of the comparison done 
for the decimation factor of 64. 
 
II. METHOD TO IMPROVE PASSBAND  
 
A. Compensation Filter 
Consider a second order compensation filter  
G(e ) =  1 + 2 sin (wD/2)              (2) 

where b is a integer parameter. Using the well known 
relation 
sin α = (1− cos(2α))/2                            (3) 
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TABLE I 
TYPICAL VALUES OF COMPENSATION FILTER 

PARAMETER 

 
The corresponding transfer function can be expressed 
as 
G(z ) = −2 ( ) 1− 2 + 2 z

+ z                                       (4) 
Denoting 
A = −2 ( );     B = − 2 + 2 ;                   (5) 
Substituting in the above equation we get, 
G(z ) = A[1− Bz + z ]                              (6) 
We use a simple MATLAB program based on (2) to 
find the corresponding value b for a given K. 

 

 
Fig. 2 Magnitude Response for D=16, K=2 and b=2  

 
III. METHOD TO IMPROVE STOPBAND 
 
B. Cosine Prefilter  
To improve the stopband attenuation in the folding 
bands, we propose to use the cosine prefilter 
introduced in. 

H (z ) = 0.125(1 + z )(1 + z )       (7) 
Since this prefilter only employs unity coefficients, it 
is essentially multiplierless. The magnitude response 
of this filter has a cosine form 

H (e ) =
1
2

|cos(Nw) + cos (Nw)|      (8)  
The aforementioned characteristics of the cosine 
prefilter may be very useful for improving the 
attenuation within the CIC folding bands. We 
consider the cascade of CIC filter with an even 
decimation factor M, and the cosine prefilter with 
N=M/2. The magnitude responses for three different 
values of N are shown in Figure 3. 

 

 
Fig.3 Cosine prefilters 

From Figure 3, following considerations are noted: 
1. The zeros of the cosine prefilter and the CIC filter 
fall in the same frequency points. 
2. The main lobes of the cosine prefilter fall in the 
same frequency locations of the zeros of the CIC 
filter. 
3. The side zeros of the cosine prefilter fall in the 
folding bands of the CIC filter. 
As a result, the cascade exhibits considerable 
attenuation in all odd-indexed CIC folding bands. 
However, even-indexed folding bands remain the 
same.  
The cascade of cosine filters has the transfer function 

H (z) = H (z )           (9) 

 

 
Fig. 4 Cascaded Cosine prefilters 

 
Figure 4 demonstrates that the cascade results in one 
low-pass characteristic. Using (9) it can be easily 
shown that the relative frequency of the first null of 
the filter occurs at 

(w/π) =
1

2N                          (10) 
 
Consequently, in order to increase the attenuation in 
the neighbour of the first zero of the CIC filter, we 
choose the value of N1 so that the first zero of the 
filter is at the first zero of the CIC filter, as 
demonstrated below  

2
D =

1
2N                                          (11) 

We have 

N =
D
2                                           (12) 

In general we have 

N =
D

2                                           (13)   
 
Example 1: Consider D=16, N1=4, N2=2, N3=1 and 
L=3. Using (7) and (9), we get, 

H (z)

=
(0.125)

16 H(z)H (z )H (z )H (z )

=
(0.125)

16
 (1 + z )
 (1 + z ) (1 + z )

× (1 + z ) (1 + z ) (1 + z )   (14)  
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Fig. 5 Illustratiion of magnitude response in Example 1  

  
Figure 5(b) and (c) demonstrates the improvement in 
the stopband and the increased passband droop of the 
overall filter. The CIC filter in the first stage is 
implemented in non-recursive form. As a 
consequence, the overflow problem is avoided. Using 
the polyphase decomposition, the filtering is moved 
to lower rate. The CIC filter at the second stage can 
be implemented either as a CIC structure or in non-
recursive form. 
 
C.  Modified comb cosine prefilters  
The transfer function of the cascaded modified CIC 
and cosine prefilters  is 

퐻 (푧) =  퐻 (푧) 퐻 (푧 )        (15) 

 
Example 2: Consider D=32, N1=8, N2=4, N3=2, K1 = 
4, D1 = 2; D2 = 4; D3 = 4; K2 = K3 = 2, n1 = 2, n2 = 4, 
n3 = 4.Therefore, the overall transfer function is given 
as  

퐻 (푧)
= [퐻 (푧)] [퐻 (푧 )]  [퐻 (푧 )]
× 퐻 (푧 )퐻 (푧 )퐻 (푧 )             (16) 

 

 
Fig. 6 Illustratiion of magnitude response in Example 2 

 
From Figure 6(a), (b) and (c), it is conclude that the 
modified cascaded CIC cosine filter has much smaller 
passband droop and much better alias rejection than 
the RS filter. 

D.  Cascaded CIC cosine filter with a 
compensator 
Using (15), the transfer functions for cascade of CIC, 
cosine prefilter and compensator as follows: 
퐻 , (푧) =  퐻(푧)퐺(푧 )[퐻 (푧)]          (17) 

Substituting the respective transfer functions, we 
have  

퐻 , (푧) = 퐾
1− 푧
1 − 푧

× (1 + z ) (1 + z )
× 1− 2 + 2 z
+ z    (18) 

Where 

K =  
1

M 2 2                                                      (19) 
L is the number of the cascaded cosine prefilters. The 
CIC filter in the first stage is implemented in non-
recursive form. As a consequence, the overflow 
problem is avoided. Using the polyphase 
decomposition, the filtering is moved to lower rate. 
The CIC filter at the second stage can be 
implemented either as a CIC structure or in non-
recursive form.  
 
Example 3:  Consider D = 16; N = 8; K = 5; L = 1; b 
= 1. Figure 7 shows the comparison of the passband 
zooms of the compensated cascade between cosine 
prefilter and CIC, non-compensated cascaded 
between cosine prefilter and CIC, and the CIC 
frequency response. 

 

 
Fig. 7 Illustratiion of magnitude response in Example 3 

 
IV. METHODS TO IMPROVE PASSBAND 

AND STOPBAND  
 
E. Filter Sharpening Technique  
Filter sharpening is a method which provides 
enhancement of filter characteristics in both passband 
and stopband. By implementing the filter sharpening 
method, passband error is decreased and the stopband 
attenuation is increased at the same time. The method 
is based on using several replicas of the original filter, 
which frequency response should be improved. The 
filter sharpening is applicable to the linear phase FIR 
filters. The sharpening technique originally 
introduced by Kaiser and Hamming  was applied by 
Kwentus & Willson. The sharpening technique uses 
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the sharpening polynomials to improve the passband 
and the stopband characteristics of the symmetrical 
FIR filter. The polynomial used in is given below:  

H (e ) = 3
1
D

sin(wD/2)
sin(w/2)

− 2
1
D

sin(wD/2)
sin(w/2)

 (20) 

where H [z] is the CIC filter and K = L. 
H (e )  gives  magnitude response of the 

sharpened CIC filter.  
 
Example 4: Consider D = 16, K=3 and L=2. Figure 
8(a) shows the magnitude responses of the sharpened 
CIC filter. Figure 8(b) and (c) shows the passband 
and stopband zooms. 
 

 
Fig. 8 Illustratiion of magnitude response in Example 4 

 
It is observed that both the passband and the stopband 
are improved. The main drawback of this method is 
that the sharpening is performed at high input rate. 
 
F. Modified Filter Sharpening Technique 
Modified sharpening technique is a method where the 
decimation is split into two stages, and the sharpening 
is performed only in the second stage considering that 
the decimation factor D is an even number. The 
method was generalized later for the case where the 
decimation factor D can be expressed asD = D ×
D . The first stage is the less simple CIC filter 
(D <D), which can be implemented either in 
recursive or non recursive form. In the second stage is 
the less complex CIC filter, (D <D). The condition 
for the selection of stages is given as follows 

K ≥ 2K                            (21) 
The corresponding magnitude response is 

H (e ) =  
1

D
sin(wD /2)

sin(w/2)

× 3 ×
1

D
sin(wD/2)
sin(wD /2)

− 2 ×
1

D
sin(wD/2)
sin(wD /2)

   (22) 

 
Example 5: Consider D=16, D1 = D2 = 4, K = 5, 
K = 2 and K=4. The magnitude responses, the 
passband zooms and the stopband zooms are shown 
in Figure 9(a), (b) and (c) respectively. 

 
Fig. 9 Illustratiion of magnitude response in Example 5 

 
It is observed that the passband attenuation is 
improved as well as the stopband attenuation is 
reduced to avoid worst case aliasing. 
 
V. ANALYSIS 
 
G. Comparison between CIC filter, Sharpened 
CIC filter and Modified Sharpened CIC filter. 

 

 
Fig. 10 Comparison between CIC filter, Sharpened CIC filter 

and Modified Sharpened CIC filter It is observed that the 
sharpened CIC has better passband characteristic while the 
modified sharpening method has higher attenuations in the 

folding bands. 
 

TABLE II 
Comparison between CIC filter, Sharpened CIC filter 

and Modified Sharpened CIC filter 

 
 
H. Comparison between Cascaded Cosine CIC 
filter, Modified Cascaded Cosine CIC filter and 
Compensated Modified Cosine CIC filter 

 

 
Fig. 1 Comparison between Cascaded Cosine CIC filter, 

Modified Cascaded Cosine CIC filter and Modified Cascaded 
Cosine CIC filter with Compensator 
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It is observed that the modified cascaded CIC cosine 
filter has smaller passband droop and cascaded CIC 
cosine filter has better alias rejection. The passband 
droop is further improved by applying a 
compensating filter. 
 
Thus, we conclude that narrowband compensation 
technique improves the passband characteristics, 
cosine prefilters improve the stopband characteristics 
and sharpening improves both i.e passband as well as 
stopband.  

 
TABLE III 

Comparison between Cascaded Cosine CIC filter, Modified 
Cascaded Cosine CIC filter and Modified Cascaded Cosine 

CIC filter with Compensator 

 
 
CONCLUSION 
 
CIC filters, thus, can be very useful in Application 
Specific Integrated Circuits (ASIC) and Field 
Programmable Gate Arrays (FPGA) applications, 
where number of multipliers is desirable to be kept 
low due the extensive logic.  
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