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Abstract—With the rapid development of computers and
communications, more and more chips are required to have
small size, low-power and high performance. Digital filter is one
of the basic building blocks used for implementation in Very
Large Scale Integration (VLSI) of mixed-signal circuits. This
paper presents a design of decimation filter used for digital
filtering. It consists of Cascode Integrated Comb (CIC) filters,
using Finite Impulse Response (FIR) filters and Infinite Impulse
Response (I1R) filters structure. This architecture provides small
area and low power consumption by avoiding the use of
multiplication structure. This design presents the way of
speeding up the route from the theoretical design with
Simulink/Matlab, via behavioral simulation in fixed-point
arithmetic to the implementation on either ASIC. This has been
achieved by porting the netlist of the Simulink system description
into the Very high speed integrated circuit Hardware Description
Language (VHDL). At the first instance, the Simulink-to-VHDL
converter has been designed to use structural VHDL code to
describe system interconnections, allowing simple behavioral
descriptions for basic blocks. A comparison of several
architectures of this circuit based on different architectures of
most popular filter is presented. The comparison includes:
supply voltage, power consumption, area and technology. This
approach consumes only 2.94 m\W of power at a supply voltage of
3V. The core chip size of the filter block without bonding pads is
0.058 mm2 by using the AMS 0.35 pm CMOS technology.

Keywords—Digital circuit design; CIC decimation; Cascaded
integrator comb filter (CIC); IIR-FIR structure

. INTRODUCTION

Generally analog filters are cheaper, faster and have large
dynamic range in both amplitude and frequency. Digital filters
in comparison are vastly superior performance level that can be
achieved. Quality is better than analog filters to digital filters
can achieve performance unique [1]. The filtering problem is
approached makes a dramatic difference [2]. With analog
filters, emphasizing precision and stability, such as resistors
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and capacitors in electronics, controls have limitations. In
comparison, digital filters are often ignored in order to better
filter performance [3]. The emphasis shifts signal constraints
and the processing of theoretical issues. The digital processing
performance of signals and communication systems is
generally limited by the quality of the input signal. The
increasing use in telecommunication digital technique, like
audio applications, supported the analog to digital converter
use [4]. However, it proved that the traditional converters do
not reach high performances on a small surface. Current
research in the field of telecommunication progress exceeds the
current technological limits and improves the concept of the
future system performances considerably: better integration
rate, low power, personal communication apparatus size
reduced and the capacity of multiplying the communication
number. For the signal transmission, a using of a conversion
technique called modulation such as the coded pulse
modulation. The basic operation in digital signal processing is
filtering [5]. This operation is widely used in many electronic
devices to cancel part of signal that is redundant or damages
the signal. The digital filter is described by difference equation
in time domain and by transfer function in frequency domain
[6]. There are two basic types of digital filters: Finite impulse
response (FIR) filters and infinite impulse response (1IR) filters
[7]. The both types of filters have some advantages and
disadvantages are summarized in Table 1.

The main disadvantage of a FIR filter is high order of the
filter in comparison with 1IR filter with approximately the
same frequency response. So the size, consumption of power
and computing time of a FIR filter are higher than of IIR filter.
The one of the solutions of this problem is use Interpolated FIR
(IFIR) filter that significantly reduces order of the filter.

Structure of IFIR filter is described below. More details
about features of FIR and IIR filters can be found in. Different
structures of Digital filters are presented such as: decimation
filter, comb filter, half band filter.
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TABLE I. ADVANTAGES AND DISADVANTAGES OF DIGITAL FILTERS
Type of -
Filter Advantages Disadvantages

-Linear phase
-Behavioral Stability
FIR -Low quantization noise
-Simple implementation

High order filter

Stability
Complicated
implementation
Limit cycles

IR Low order filter

The paper is organized as follows. Firstly, a presentation of
decimation filter by combining FIR and IIR filters. Secondly, a
description of Cascaded Integrator Comb (CIC) Filter and Half
band filter are presented with behavior simulation using
MATLAB. Then a presentation of synthesis process of
decimator filter which shows the standard cells netlist extracted
from Verilog file in order to obtain an integrated circuit design
called the layout of decimation filter using Cadence. Finally,
all main parameters of the described decimation filter are
indicated with a full comparison of the most popular designs.

Il.  DECIMATION FILTER

One of the most important component which combines FIR
and IIR filters is decimation filter. Its function is to remove all
of the out-of-band signals and noise and to reduce the sampling
rate by M, where M is the over-sampling ratio (OSR). By
averaging M values of the coarsely quantized sigma-delta
output, the filter gives a high resolution output at the low rate.

In the decimation [8], the frequency on the outlet side of
the sample frequency F; filter is a submultiples frequency of
entry Fe. There is FJ/F, = 1/M. It is then enough to filter the
signal to keep only the contents of the band [0, Fy2]
corresponding to the new sampling rate, then not to keep that a
sample on M. This filtering must be with linear phase so that a
signal originally in the band [0, F¢/2] is not deteriorated by
filtering. The filtering multi-stages reduce the complexity of
the decimation filter of the converter. The first step in
designing a decimation filter is to decide which types of filters
will be used and where decimation will occur. It is possible to
remove the undesired channels and noise with a single filter
and then decimate to the output rate. The number of taps in an
FIR filter is proportional to the stop band rejection and to the
sampling rate divided by the transition band. The power is
proportional to the number of taps and the rate at which they
operate. By decimating in stages, the total number of taps in
the filters is reduced and subsequent filters operate at lower
sampling rates, further reducing the power consumption [8].

I1l.  CASCADED INTEGRATED CoMB (CIC) FILTER

Different structures of decimation filter are used such as:
polyphase, IIR-FIR and Non-recursive structure. A polyphase
structure [9], needs maximum area and minimum power
consumption. Then IIR-FIR structure requires highest power
consumption and minimum area on chip. In this paper we are
using a hardware implementation of a multistage decimation
filter using Cascaded Integrator Comb filter (CIC) shown in
Fig. 1 required IIR-FIR structure. Where 1IR filter works at a
sampling frequency F, and the FIR filter works at Nyquist rate
FJ/M.
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Fig. 1. Block Diagram of CIC decimation using IIR-FIR Filter Structure

Where M is the Over sampling Ratio. Moreover IIR filter
can be implemented as digital integrator and FIR filter can be
implemented as digital differentiator. The transfer function of
the CIC filter is giving by:

1-z™MY
H(z)=|—%"— eql
(2) (1_ = j (eq D)
Where M is the oversampling ratio, L is the order of the
filter. The numerator (1-Z"™)" represents the transfer function
of a differentiator and the denominator 1/ (1-Z™1)" indicates the

transfer function of an integrator. The decimation filter is made
up of several stages.

A. Half band Filter Design

A Half-Band filter [10] is a special type of FIR which is
very suitable for decimation by 2. It consists of two FIR filters.
The decimation factor for each FIR filter is two. The first FIR
filter in a chain corrects the distortion implied by the first two
Sinc blocks. This is also a low-pass filter and though it has to
provide a noise shaping outside the filter bandwidth. The last
FIR filter is used as an element with a very high selectivity.
FIR filters'design is based on a CSD (Canonical Signed Digit)
representation and they have a hardwired implementation of
their coefficients. For the filter coefficients design, there are
number of advantages provided by CSD code over the ordinary
binary representation.

First, since there are no adjacent nonzero digits in CSD
code, one may expect less nonzero digits in CSD code than in
the binary equivalent, which simplifies filter implementation.
For the similar reason, CSD code is expected to be less
sensitive to truncations which can further help in reducing add-
shift operations within the multipliers while preserving initial
filter properties.
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Fig. 2. MATLAB model of the Halfband Filter

CIC filter as the first stage and half-band filter as the
second stage used to down sample the sampling frequency to
Nyquist rate, as shown in Fig 2.

B. Design and simulations methods
a) Simulations results of the filter:

The objective is to design a decimation filter with several
stages where the intermediate stages have more flexible
specifications. The first stage is divided into two blocks with
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decimations by 8 then by 4 to decrease the sinc filter order. The
first filter is a fourth order whereas the second filter is a third
order. This division is made to reduce the filter Orders and
consequently their complexity. The last half-band filter has
strict specifications, while the first half-band filter presents
broad transition band. After simulation using MATLAB tool
[11], the following curves is obtained: Fig. 3 shows the
frequency response of the cascaded sinc filter.
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Fig. 3. Sinc filter response

Fig. 4 is the superposition of the sinc filter loss in
amplitude curve and the ideal response of FIR filter.
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Fig. 4. Frequency response normalized and Composed after HB1
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Fig. 5. Frequency response normalized and Composed after HB2

Finally, Fig. 5 presents the frequency response normalized
and composed after HB2. It is the total output of the
decimation chain

b) Synthesis of filter :

As shown in Fig. 6, during synthesis process, standard cells
netlist was extracted and in a form of Verilog file loaded back
to VHDL simulator [12]. The simulation was now performed
using Cadence NCsim tool, which is a tool for logical
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verification, using the same test bench as before synthesis
process [13]. Results of this simulation are digital samples
from the filters' outputs. They are again loaded back to Matlab
and processed with FFT functions. Obtained frequency this
way, a design verification process was completed successfully,
since the requirements are met. Using Cadence program
Silicon Ensemble, floor planning, placement and routing were
performed, as well as clock and reset trees generation. At the
end, Verilog file is extracted and brought back to NCsim
simulator where final check of the total digital part of the chip
was performed.
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Fig. 6. Synthesis of filter

¢) Layout of filter:

VITTUes0® L averat (dinimy (01w | fikier Lavent
DI T ==y WRIA ew NOR e e

4
L ¥
=
a
mn
1
P
()
s
>
1
=
-~
Q

Fig. 7. Layout of decimator filter

After the step of synthesis process by extracting the cells
netlist from verilog file, it is necessary to obtain an integrated
circuit design. So physical design is a step in the standard
design cycle which follows after the circuit design. At this step,
all devices and interconnects of the design are converted into
geometric representation of shapes which called integrated
circuit layout, as shown in Fig 7 the layout of filter decimation
obtained.

In Table Il, a comparison of the most popular designs
which also compares the published works with the current
work. It can be seen that the current work consumes less power
(2,94 mW) than most published work and also have a small
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area (0,058 mm?). In the other hand, it achieves a higher speed
of 10.24 MHz.

TABLE II. COMPARISON TABLE OF MOST POPULAR FILTER BLOCKS WITH
CURRENT WORK (*)
[14] [15] [This Work*
Supply Voltage
vdd (V) 1.8 1.8 3
Power
consumption 1.73 8.1 2.94
(mW)
Area (mm?) - 0.2 0.058
Sampling
Frequency (Mhz) 2.56 1 1024
CMOS CMOS
Technology 0.18um 0.18um IAMS 0.35um

IV. CONCLUSION

Design of decimation chain made up of digital filters was
successful. The multi-stages filtering reduces the complexity of
the converter decimation filter. It was verified in the standard
verification environment of the Cadence laboratory and is
ready to use. The design is suitable for applications that require
low power consumption and a small occupied silicon space.
The first stage is a sinc filter carrying out decimation by 8. The
second stage is also a sinc filter carrying out decimation by 4.
The last two stages are half-band filters carrying out each one
decimator by two. The main advantage of the design is that
they can be implemented in which ever FPGA; meaning that
they are not dependent on the platform. Using AMS 0.35um
CMOS Technology a Cascode Integrated Comb (CIC) filters
structure consumes only 2.94 mW of power at a supply voltage
of 3V. In the future work, a design of the different blocks
constituting complete analogue to digital converter (ADC) by
adding a block of modulator to the decimator filter will have
been studying , in the other hand a Discussion about multi-bit
discrete-time Sigma-Delta ADC and methodology will be
described.

In the future work, we will study and design the fabrication
of the proposed filter and the measurement results [16].

(1]

(2]

(3]

(4]

(5]

(6]

(7]
(8]

(9]

[10]

(11]
[12]
(13]

(14]

[15]

[16]

Vol. 7, No. 1, 2016

REFERENCES

Baker, R.J, “CMOS: Mixed-Signal Circuit Design”, 2nd Edn., Wiley-
IEEE Press, 2008.

B. John, F. Wagner, W.H. Krautschneider, 2010, “Comparison of
Decimation Filter Architectures for a Sigma-Delta Analog to Digital
Converter in Tagungshand”, IEEE Student Conference, Hamburg,
Germany, 20-21,May 2010

Hartnett, R.J.; Gross, K.C. “Innovative approaches to teaching analog
and digital filter design concepts”, Frontiers in Education Conference,
FIE '09. 39th IEEE, 2009.

Les Thede “Practical Analog And Digital Filter Design”, Artech House
Microwave Library, 2004.

Rusty Allred, “Digital Filters for Everyone”, Third Edition, 2015.
Beylkin, G. ; Lewis, R.D. ; Monzén, L., “On the Design of Highly
Accurate and Efficient IIR and FIR Filters ”, Signal Processing, IEEE
Transactions on Volume:60, Issue: 8, 2012.

H.F. Ferro, L.F.0.Chamon and C.G. Lopes, “FIR-1IR adaptive filters
hybrid”, combination. Electron. Lett., 50: 501-503 , 2014.

Sokolovic, M., B. Jovanovic and M. Damnjanovic, “Decimation filter
design”, Proceedings of the 24th International Conference on
Microelectronics, Volume 2, Nis, Serbia, pp: 601-604, May 16-19, 2004.

Karnati, N.R., K.S. Lee, J. Carletta and R. Veillette, “ A power-efficient
polyphase sharpened CIC filter for sigma-delta ADCs”, Proceedings of
the IEEE 54th International Midwest Symposium on Circuits and
Systems, Seoul, South Korea, pp: 1-4, August 7-10, 2011.

Li, N. and B. Nowrouzian, “A recursive approach to the design of
linear-phase half-band digital filters having very sharp transition bands”,
Proceedings of the 45th Midwest Symposium on Circuits and Systems,
Volume 2, Tulsa, OK., USA., August 4-7, 2002.

William J Palm lii, “Introduction to MATLAB for Engineers”,
McGraw-Hill Higher Education; Edition: 3, April 2010.

Peter J. Ashenden, “The Designer's Guide to VHDL”, Third Edition
(Systems on Silicon) 2008.

Ott, D.E. and T.J. Wilderotter, “A Designer's Guide to VHDL
Synthesis”, Springer, New York, USA, 2010.

Sohel, M.A., K.C.K. Reddy and S.A. Sattar, “Design of Low Power
Sigma Delta ADC”,International Journal of VLSI design &
Communication Systems (VLSICS) Vol.3, No.4, August 2012.

Da Silva, J.B.“High-performance delta-sigma analog-to-digital
converters”, Ph.D. Thesis, Oregon State University, Corvallis, OR.,
USA 2004.

A. Boutejdar, A. Abdel-Rahman, A. K. Verma, and A. S. Omar; Control
of bandstop response of Hi-Lo microstrip lowpass filter using slot in
ground plane; IEEE Trans. Microwave Theory Tech., vol. 52, pp. 1008-
1013, 2004.

561 |Page

www.ijacsa.thesai.org


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Hartnett%2C%20R.J..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Gross%2C%20K.C..QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=5350662&queryText=Innovative+Approaches+to+Teaching+Analog+and++Digital+Filter+Design+Concepts+&newsearch=true&searchField=Search_All
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=5350662&queryText=Innovative+Approaches+to+Teaching+Analog+and++Digital+Filter+Design+Concepts+&newsearch=true&searchField=Search_All
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5340191
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=5340191
http://www.amazon.com/Practical-Analog-Digital-Microwave-Library/dp/1580539157/ref=la_B001HD127E_1_2?s=books&ie=UTF8&qid=1436178369&sr=1-2
http://www.amazon.com/Practical-Analog-Digital-Microwave-Library/dp/1580539157/ref=la_B001HD127E_1_2?s=books&ie=UTF8&qid=1436178369&sr=1-2
http://www.amazon.com/Digital-Filters-Everyone-Rusty-Allred/dp/098297292X/ref=la_B007PTIOES_1_1?s=books&ie=UTF8&qid=1436178837&sr=1-1
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Beylkin,%20G..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Lewis,%20R.D..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Monzo.AND..HSH.x0301;n,%20L..QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=78
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=78
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=6236322
http://www.amazon.fr/s/ref=dp_byline_sr_book_1?ie=UTF8&field-author=William+J+Palm+Iii&search-alias=books-fr-intl-us&text=William+J+Palm+Iii&sort=relevancerank
http://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&field-author=Peter+J.+Ashenden&search-alias=books&text=Peter+J.+Ashenden&sort=relevancerank

