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In this paper, a new design of the CIC (Cascaded-Integrator-Comb) FIR (Finite Impulse Response)
filter functions is presented by spreading the delays in the comb stages. In order to validate theoretical
design, a few test examples are designed for different filter parameters. The superiority of the new
CIC filter functions is established by comparing these novel CIC FIR architectures with existing
classical CIC structures. The new filter functions maintain simplicity of FIR filters by avoiding
multipliers, but show excellent performances versus classical CIC filter functions. They have the
same level of constant group delay, as well as number of delay elements, but the new designed
functions give higher insertion losses in stopband, as well as they have higher selectivity.
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1. INTRODUCTION

The first traces of CIC (Cascaded-Integrator-Comb) filters date back to the 80’s. E.B. Hogenauer [1]
proposed a class of hardware-efficient linear phase finite impulse response (FIR) filters known as CIC filters
or Hogenauer filters. The CIC filters are becoming very popular due to their properties such as multiplier
free design and no memory is required for the storage of filter coefficients. These properties make them very
efficient in terms of hardware implementation and computational complexity. A large number of methods for
improving the efficiency of digital filters have been described in [2—4].

The one of CIC filter disadvantages is not flat passband, which is undesirable in many applications
because the original signal can be destroyed. Also, the CIC filter ensuring high folding band attenuations has
a high passband droop due to its sinc-like characteristic. Because of these disadvantages, it is of a great
interest to improve magnitude response characteristic. Various improvements of classical CIC filters have
been reported in the last two decades [5—18]. The improvement can be done by modifying the basic CIC
structure [5—7], by connecting a compensation filter (CIC compensator) in the cascade with the original filter
[8—15], as well as by designing novel classes of CIC FIR filter functions [16—18].

A CIC filter is cascade connection of simple integrator and comb filter stages. Design of a novel class
of selective CIC filter functions based on the classical CIC filters, by spreading the delays in the CIC filter
comb stages, is recently shown in [16—18]. In [16—17], novel CIC filter functions in the explicit compact
form, as well as their frequency response characteristics and performance improvements over the classical
CIC filters, are presented. The novel designed classes give higher insertion losses in the stopband region, and
higher selectivity. The paper [18] provides graphs which can be used to design a novel class of selective CIC
filters given specification which is suggested in [17]. They are very useful for the designers who will be able
to do selection of the design parameters of the novel filter functions that they need for the particular design
task.

In this paper, modified CIC FIR filter functions which preserve the CIC filter simplicity avoiding the
multipliers, are designed. The novel filter functions are given in recursive and non-recursive forms, suitable
for software and hardware realizations, respectively. The performance analysis in more detail through an
example is done. It starts by showing locations of function zeros on the unit circle. Then, a detailed analysis
of frequency response characteristics, as well as their comparison with the classical filter functions is
presented in graphical and tabular forms. A comparative study of the performances is made with that of well-
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known classical CIC filters. Comparisons are made under totally fair conditions: the same number of
cascades and the same level of signal delay, which enters the filter. Also, some parameters of the novel class
CIC filter functions (i.e. passband cut-off frequency and minimum attenuation in stopband) and their
dependence on free parameters are given. The results illustrate the superiority of the suggested novel CIC
filter functions and show that they can be a good alternative instead of classical CIC filters.

2. CLASSICAL CICFILTER FUNCTIONS

The classical CIC FIR filter function of normalized amplitude response characteristic, represented in
the z-domain, is defined as

N K N1 K
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where N is the decimation factor, and K is the number of CIC sections [1]. The frequency response
characteristic of CIC FIR filter function is evaluated by setting z=e!®, where w=27z-f is angular frequency
in radians per second. Using Euler’s identity, it can be written as

)

. K
H(N,K z:ejw)ze—jK(N—l)w/z ( sin(Naw/2) j

N -sin(w/2)

The normalized amplitude response characteristic, A(N,K,®), can be obtained from Eq. (2). The

magnitude response characteristic, [H(N,K,e!*)

, 1s obtained as absolute value of normalized amplitude

response characteristic. The linear phase response characteristic of the modified CIC FIR filter functions,
¢ (N,K,w), is defined as the phase angle of the complex filter frequency response given in Eq. (2). A FIR

filter has a linear phase and therefore a constant group delay. The constant group delay response
characteristic of the modified CIC FIR filter functions is expressed as

7(N,K,»)=—dp(N,K,»)/do=(N-1)-K /2. 3)

The CIC filter has a lowpass frequency characteristic and a linear phase characteristic. Also, it has a
large droop in passband that depends on the decimation factor N and the section number K .

3. DESIGN OF NOVEL CIC FIR FILTER FUNCTIONS

3.1. NON-RECURSIVE AND RECURSIVE FORMS OF NOVEL CIC FILTER FUNCTIONS

A non-recursive form of the modified CIC FIR filter functions is
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where N and L are free integer parameters, and K =7L+3. This new filter class represents cascade
connection of three non-identical CIC FIR filter sections H(N-1,2), H(N,2) and H(N+1,2), as well as
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seven cascade-connected non-identical CIC FIR filter sections (H(N-3,2), H(N-2,2), H(N-1,2), H(N, 2,
H(N+12), H(N+2,2) and H(N+3,2)) which are repeated L times.
A recursive form of the modified CIC FIR filter functions is

HN.K.L2) 1—z*““>71 . 1—z*“71 . 1—z*<N”>71.
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and K =7L+3.

The proposed filter function has a normalized amplitude response characteristic.

3.2. FREQUENCY RESPONSE CHARACTERISTIC OF NOVEL CIC FILTER FUNCTIONS

Frequency response characteristic of designed FIR filter functions is obtained by evaluating the filter
function in the zplane at the sample points defined by setting z=e!”, where w=2x-f is angular
frequency in radians per second. Using Euler’s identity, frequency response characteristic can be written as
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where the parameter K =7L + 3. The normalized amplitude response characteristic of the proposed filter
functions, A(N,K,L,®), is defined as the magnitude of the complex filter frequency response

H(N,K,L,z= ej‘”). The magnitude response characteristic ‘H (N, K, L,ej”’)‘ is obtained as absolute value

of normalized amplitude response characteristics.
The linear phase response characteristic of the proposed novel class of the modified CIC FIR filter
functions is defined as the phase angle of the complex filter frequency response, and has the form

p(N,K,L,w)=—(N-1)-K-@/2+2-v-z,v=0,1,2,.,and K=7L+3. %

A FIR filter has a linear phase and therefore a constant group delay. The constant group delay response
characteristic of the proposed novel class of the modified CIC FIR filter functions is expressed as

r(N,K,L,w)=(N—-1)-K/2,and K=7L+3. (8)

3.3. SELECTION OF THE DESIGN PARAMETERS

The choice of free integer parameters N and L is done in the same way as for CIC filters, there are
the same restrictions on the group delay response. The parameter K can take different integer values,
K=7L+3.

The attenuation in the stopband region is closely related to the parameter L. By increasing L for the
constant value of N, the higher stopband attenuation is achieved.
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The constant group delay t is equal for the classical CIC filters (Eq. (3)) and the novel modified CIC filter
functions (Eq. (8)). The values of constant group delay for different values of parameters N, L and
K =7L+3 are given in Table 1.

Table1

Group delay t(w) a for N 6{5, 6,..., 11}, Le{l, 2, 3} and K =7L+3

N 5 6 7 8 9 10 11
sl L=1.K=10 20 25 30 35 40 45 50
L=2,K=17 34 425 51 59.5 68 76.5 85
L=3,K=24 48 60 72 84 96 108 120

4. DESIGN EXAMPLE AND PROPERTIESOF CIC FIR FILTER FUNCTIONS

The locations of zeros in z-plane along with their multiplicities for the classical CIC and the proposed
class of CIC filter functions are shown in Fig. 1. All zeros lied on the unit circle. They are shown for case of

N=9, and L=2. The classical CIC filter function has N -1 different zeros, z = gl2mt/N
r =1,2,...,N—1. The total number of zeros is (N—1)-K . Note that the classical CIC filters have all multiple

zeros with maximum multiplicity equal to the number of cascades K, which is not the case in the proposed
solutions. The zeros of the proposed filter classes are more evenly distributed with their multiplicities
therefore reduced as can be seen in Figure 1b.

L LTI
‘ Ky '.\

&
o ) ® ®. ..

a) Classical CIC filter, N =9. b) Proposed second filter class, N=9, L=2.
17

20 @

Fig. 1 — Locations and multiplicities of filter function zeros in z-plane for N =9 ,and K =17 cascades.

The benefit of the novel CIC filter functions will be demonstrated by a few example functions. For that
purpose, filter parameters are chosen as: N=11 and L € {1, 2, 3} which gives K e {10,17,24 }

In Tables 2 and 3, parameter values of both the classical CIC filter function H(N,K,Zz) and the novel
CIC filter functions H(N,K,L,Zz) obtained for N=11, and K e {10,17,24 }, are presented respectively.

The given parameters are: passband and stopband cut-off frequencies, f,, and f, maximum attenuation in

the passband, a,,,, =0.28dB, and miminum attenuation in the stopband region, o, [dB]. The classical

CIC FIR filter functions and the designed CIC FIR filter functions have the same number K of cascaded
sections with the difference that the CIC filters have an identical structure in all cascades, and the designed
novel class has a cascade-connected CIC filter sections of different lengths. Also, they have the same level of
constant group delay, as well as number of delay elements, but the novel designed filter functions give higher
insertion losses in stopband, as well as it has higher selectivity. Achieved improvement of the stopband
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attenuation is 32.71%, 27.18% and 28.62%, for values of L e {1, 2,3 }, respectively. Note that the normalized

stopband cut-off frequencies for novel filter functions are practically identical for different values of integer
parameter L, but minimum attenuation in the stopband region increase rapidly by increasing its value.
Comparison of the normalized magnitude response characteristics in dB, for the classical CIC filters
and the novel class of CIC FIR filter functions, is depicted in Fig. 2. Also, Fig. 2 gives zooms of the
normalized magnitude response characteristics of the classical CIC filters and novel class of CIC filter
functions in the transient and the stopband areas. In this figure benefits of attenuation of novel filter

functions are depicted.
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Fig. 2 — Comparison of normalized magnitude response characteristics in dB of classical CIC filter (dashed lines), and novel CIC FIR

filter functions (solid lines), for N =11 (a,c, e

— in whole frequency range and b, d, f — corresponding zooms).
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Table 2

Cut-off frequencies in passband and stopband, constant group delay and stopband attenuation of classical CIC filter
for K €{10,17,24 } and N=11

N K pr O max [dB] fCS Olmin [dB]

11 10 0.00404 0.28 0.07360 130.18

11 17 0.00310 0.28 0.07360 221.30

11 24 0.00261 0.28 0.07360 312.43
Table 3

Cut-off frequencies in passband and stopband, constant group delay and stopband attenuation of modified CIC filter functions
for K e {10,17,24} (obtained for L e {1, 2,3 }), N =11 and amax =0.28dB

N L K fcp fes O min [dB]
11 1 10 0.00399 0.07533 161.05
11 2 17 0.00306 0.07555 281.46
11 3 24 0.00257 0.07563 401.87

Figure 3 presents two-dimensional (2D) contour plots of normalized magnitude response characteristics of
the classical CIC filters and the proposed novel CIC FIR filter functions. It shows overall and lower frequency
part zoomed characteristics. As the value of the parameter N increases, as well as the normalized frequency
increases, the benefits of the proposed filter class become less apparent, and the characteristics closely resemble
those ones of the classical CIC filters. Therefore, it can be concluded that the proposed filter class is more efficient
in lower part of frequency range and for smaller values of the parameter N .
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a) Classical CIC filter with K =17 ; b) Lower part of frequency range of classical CIC filter;
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¢) Proposed novel filter functions with K =17, L=2. d) Lower part of frequency range of novel filter functions.
-
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Fig. 3 — 2D contour plots of magnitude frequency response characteristics for classical and novel CIC FIR filter functions
for Ne{4+24} and K =17.
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In Fig. 4, three-dimensional (3D) plot of normalized magnitude response characteristic of novel CIC
FIR filter functions is shown. There is shown normalized magnitude response in frequency domain as a

function of parameter N € {4 + 17} , for case of L =2 . It is worth to noting that with the increase in the value

of the parameter N the passband becomes narrower, as is expected. The number of transfer function zeros is
increased and this is clearly visible in branching of high loss regions in magnitude response characteristics,
especially for the smaller values of the parameter N and towards higher frequencies.

300,
2001

100!

Attenuation [dB]

005
0.10
Frequency, f 0.15

Fig. 4 — 3D plot of normalized attenuation response characteristic in dB of the novel CIC FIR filter functions for N e {4 + 17} ,
and K =17 obtained for L =2.

5. CONCLUSION REMARKS

In this paper, an attempt has been made to introduce an innovative design of novel linear phase
multiplierless finite duration impulse response (FIR) filter functions using several cascaded non-identical
CIC FIR sections. In the last decades, CIC filters have been successfully used for sample rate conversion in
modern communications systems [19-20]. Some modified filter structures for sigma-delta analog-to-digital
applications are given in [21-24]. The novel filter classes suggested here can be used in these applications.

An important measure of the performance superiority of the proposed CIC FIR filter functions is to
compare them to the characteristics of the classical CIC filters. The classical CIC filters and the designed
novel CIC FIR filter functions have the same number of cascaded sections with the difference that the CIC
filters have an identical structure in all cascades, and the designed novel functions have a cascade-connected
CIC filter sections of different lengths. Also, they have the same level of constant group delay, as well as
number of delay elements, but the novel designed CIC FIR filter functions give higher insertion losses in
stopband region of interest, as well as they have higher selectivity.

ACKNOWLEDGMENTS

The authors would like to thank Prof. Dr. Vladimir M. Stojanovi¢ of the Research Laboratory of
Electronics, Massachusetts Institute of Technology, Cambridge, MA, USA; and Dr. Kiyoo Itoh of Hitachi
Central Research Laboratory, Tokyo, Japan.

This work has been partially supported by the Ministry for Education, Science and Technological
Development of Serbia, project numbers TR32052, 11144006 and TR32023.



546

B.P. Stosi¢, D.N. Mili¢, V.D. Pavlovi¢ 8

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

REFERENCES

. E.B. HOGENAUER, An economical class of digital filters for decimation and interpolation, IEEE Transactions on Acoustics,

Speech and Signal Processing, pp. 155-162, 1981.
B.A. SHENOI, Introduction to digital signal processing and filter design, John Wiley & Sons, New Jersey, 2006.

. M.D. LUTOVAC, D.V. TOSIC, B.L. EVANS, Filter design for signal processing using MATLAB and Mathematica, New

Jersey, USA, Prentice Hall, 2000.

S.K. MITRA, Digital signal processing: A computer-based approach, McGraw-Hill Education, New York, 2011.

V.D. PAVLOVIC, N.S. DONCOV, D.G. CIRIC, 1D and 2D economical FIR filters generated by Chebyshev polynomials of the
first kind, Int. J. Electron., 100, 11, pp. 1592-1619, 2013.

S.Lj. PERIC, D.S. ANTIC, V.D. PAVLOVIC, S.S. NIKOLIC, M.T. MILOJKOVIC, Ultra-selective lowpass linear-phase FIR
filter function, Electron. Lett., 49, 9, pp. 595-597, 2013.

. V.D. PAVLOVIC, D.S. ANTIC, S.S. NIKOLIC, S.Lj. PERIC, Low complexity lowpass linear-phase multiplierless FIR filter,

Electron. Lett., 49, 18, pp. 1133-1135, 2013.

G. JOVANOVIC DOLECEK, S.K. MITRA, A simple method for the compensation of CIC decimation filter, Electron. Lett., 44,
19, pp. 1162-1163, 2008.

G. JOVANOVIC DOLECEK, A simple wideband CIC compensator, Electron. Lett, 45, 19, pp. 1270-1272, 2009.

G. JOVANOVIC DOLECEK, F. HARRIS, Design of wideband CIC compensator filter for a digital IF receiver, Digital Signal
Processing. 19, pp. 827-837, 2009.

A. FERNANDEZ-VAZQUEZ, G. JOVANOVIC DOLECEK, Maximally flat CIC compensation filter: Design and
multiplierless implementation, IEEE Trans. Circuits Syst. II, 59, 2, pp. 113-117, 2012.

G. JOVANOVIC DOLECEK, A. FERNANDEZ-VAZQUEZ, Novel droop-compensated comb decimation filter with improved
aliasrejections, Int. J. Electron. Commun. (AEU), 67, pp. 387-396, 2013.

G. JOVANOVIC DOLECEK, A. FERNANDEZ-VAZQUEZ, Trigonometrical approach to design a simple wideband comb
compensator, Int. J. Electron. Commun. (AEU), 68, 5, pp. 437-441, 2014.

J.0. COLEMAN, Chebyshev stopbands for CIC decimation filters and CIC-implemented array tapers in 1D and 2D, IEEE
Trans. Circuits Syst. I, 59, 12, pp. 29562968, 2012.

V. JAYAPRAKASAN, M. MADHESWARAN, Cascading Sharpened CIC and Polyphase FIR Filter for Decimation Filter, 2™
Intern. Conference on Advances in Electrical and Electronics Engineering — ICAEE 2013, UAE, Dubai, March 17-18,
2013, pp. 148-154.

D.N. MILIC, V.D. PAVLOVIC, A new class of low complexity low-pass multiplierless linear-phase special CIC FIR filters,
IEEE Signal Proc. Let., 21, 12, pp. 1511-1515, 2014.

B.P. STOSIC, V.D. Pavlovi¢, On design of a novel class of selective CIC FIR filter functions with improved response, Int. J.
Electron. Commun. (AEU), 68, 8, pp. 720-729, 2014.

B.P. STOSIC, V.D. Pavlovi¢, Design of selective CIC filter functions, Int. JI. Electron. Commun. (AEU), 68, 12, pp. 1231-1233,
2014.

W.A. ABU-AL-SAUD, G.L. STUBER, Modified CIC filter for sample rate conversion in software radio systems, IEEE Signal
Proc. Let., 10, 5, pp. 152-154, 2003.

G. JOVANOVIC DOLECEK, Modified CIC filter for rational sample rate conversion, ECTI Trans. on Computer and
Information Technology, 4, 1, pp. 15-20, 2010.

G. MOLINA SALGADO, G. JOVANOVIC DOLECEK, J. M. DE LA ROSA, An overview of decimator structures for efficient
sigma-delta converters: Trends, design issues and practical solutions, 2014 IEEE Intern. Symposium on Circuits and
Systems (ISCAS), 1-5 June 2014, pp. 1592—-1595.

A. KILIC, D. HAGHIGHITALAB, H. MEHREZ, H. ABOUSHADY, Low-power comb decimation filter for RF Sgma-Delta
ADCs, 2014 IEEE Intern. Symposium on Circuits and Systems (ISCAS), 1-5 June 2014, pp. 1596-1599.

F. J. HARRIS, Reduce energy requirements by coupling a poly-phase pre-filter and cic filter in high-performance Sgma-Delta
A/D converters, 2014 1IEEE Intern. Symposium on Circuits and Systems (ISCAS), 1-5 June 2014, pp.1600—1603.

J. O. COLEMAN, Integer-coefficient FIR filter sharpening for equiripple stopbands and maximally flat passbands, 2014 IEEE
Intern. Symposium on Circuits and Systems (ISCAS), 1-5 June 2014, pp.1604—-1607.

Received September 25, 2014



