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Abstract: Problem statement: The need for high performance transceiver witthHggnal to Noise
Ratio (SNR) has driven the communication systerutitize latest technique identified as over
sampling systems. It was the most economical meaiuénd decimation in communication system. It
has been proven to increase the SNR and is usetamy high performance systems such as in the
Analog to Digital Converter (ADC) for wireless tisaeiver.Approach: This research presented the
design of the novel class of decimation and its Vin$lementation which was the sub-component in
the over sampling technique. The design and rdadizaf main unit of decimation stage that was the
Cascaded Integrator Comb (CIC) filter, the assedidtalf band filters and the droop correction are
also designed. The Verilog HDL code in Xilinx ISBveronment has been derived to describe the
proposed advanced CIC filter properties. Consedyevitrtex-11 FPGA board was used to implement
and test the design on the real hardware. The ABEn implementation was performed accordingly
and resulted power and area measurement on chip legout. Results: The proposed design
focused on the trade-off between the high speedthedow power consumption as well as the
silicon area and high resolution for the chip immpéntation which satisfies wireless communication
systems. The synthesis report illustrates the mamirolock frequency of 332 MHz with the active
core area of 0.308x0.308 mnConclusion: It can be concluded that VLS| implementation of
proposed filter architecture is an enabler in sajyproblems that affect communication capability in
DSP application.

Key words: ASIC, CIC, CMOS, FPGA, sigma delta modulator, sitievirtex, Xilinx

INTRODUCTION The objective of this study is the on-chip
implementation of novel class of high speed CIfil
The most popular ADC converters are realizeddesigned for 5 bits data stream input, from 3rdeord
based on the use of over sampling and sigma-delta ( sigma delta modulator adapted for multi-standard
modulation techniques followed by decimation praces wireless receiver. This filter performs both filteg of
(Ritoniemi et al., 1994). Oversampled Sigma delta the out of band quantization noise and preventgsxc
(>.A) modulator provides high resolution sample outputaliasing introduced during sampling rate decreasing
in contrast to the standard Nyquist sampling temtvi  Furthermore, in order to save power consumption and
However at the output, the sampling process is egted high speed implementation, computation complexity
in order to bring down the high sampling frequeaog  should be relaxed based on filter order and nurolber
obtain high resolution. The CIC filter is a prefsr output bit.
technique for this purpose. A 3rd order sigma-delta  For the first time in 1981, Hogenauer (1981)
ADC with a five bit data stream output is considere invented a new class of economical digital filter f
The dynamic range required is 98 dB which can belecimation called a Cascaded Integrator Comb filter
achieved by efficient decimation system after ajmgly (CIC) or recursive comb filter. This filter workeslith
oversampling technique. sampling frequency of 5 MHz. The introduced CIC
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filter did not required storage for filter coeffézits and  adaptive filter time varying systems. In order ¢aluce

multipliers as all coefficients are unity (Park,9D9. filter calculations and decrease active core aveal®

Furthermore its on-chip implementation is efficient wireless communication applications, high speedeadd

because of its regular structure consisting ofélrasic  was designed and implemented based on carry look-

building blocks, minimum external control and lessahead adder (CLA) equations. ASIC realization of

complicated local timing is required and its changeproposed CIC filter leads us to optimize filter

factors is reconfigurable with the addition of algtg  functionality such as power consumption and active

circuit and minimal changes to the filter timindg.i$  core area.

also used to perform filtering of the out of band

guantization noise and prevent excess aliasing MATERIALSAND METHODS

introduced during sampling rate decreasing. Hence

implementing high performance CIC filter will besi'8  Development of a decimation filter: The purpose of

of this research work. the CIC filter is twofold; firstly to remove filtang
Garciaet al. (1998) designed Residue Number noise which could be aliased back to the base band

System (RNS) for pipelined Hogenauer CIC.signals and secondly to convert high sample ratatm

Compared to the two’s complement design, the RNSlata stream at the output of the Sigma-delta méatula

based Hogenaur filter enjoys an improved speedo n bit data stream with lower sample rate. This

advantage by approximately 54%. Similar structureprocess is also known as decimation which is

by Meyer-Baeset al. (2005) has been implemented to essentially performing the averaging and a rate

reduce the cost in the Hogenauer CIC filter whichreduction functions simultaneously. Figure 1 shoes

shows that the filter can operate up to maximuntkclo decimation process using CIC filter.

frequency of 164.1 MHz on Altera FPLD and 82.64 The two half band filters (Brandt and Wooley,

MHz on Synopsys cell-based IC design. 1994) are used to reduce the remain sampling rate
Abu-Al-Saud and Stuber (2003), CIC filter reduction to the Nyquist output rate. First halintha

structure was slightly modified to enhance its siemp filter and second half band filter make the frequen

rate conversion performance at the expense ofniegui  response flatter and sharper similar to the idétar f

a few extra computations. However, it is still nesa@y  frequency response. Droop correction filter is aled

to design new algorithm in terms of high perform&anc to compensate pass band attenuation which is dreate

requirement. Later, Mortazawt al. (2005) proposed by the CIC filter. A sample of the frequency resgpen

recursive CIC filter with 120 dB stop-band attefomt  of overall decimation process is given as Table 1.

and less than 0.0003 pass-band ripples. The Ci€ fil As shown in Table 1, the final frequency
functionality was well described in bit-serial ab#t-  bandwidth of overall decimation system can satisfy
parallel arithmetic in this research work. audio application whereas 4G wireless communication

Wang et al. (2009) presented principles of CIC requires wider band width and lower oversamplirtipra
filter which was used in energy calculations. Theywith dynamic range of 98 dB. Hence it is the
proposed a new structure of third order CIC dedimnat motivation to design novel class of high speed CIC
filter for electric power metering chip applicatiom filter to be applied in DSP block of transceiver.
the mentioned design, saving hardware resources and

cost reduction was the main concern. Tput —

Similar work through the years 2005-2010 also 5| i | e cic e | e F2 88 | Doy |l tertonnd L
presented (Shaharet al., 2007; Dolecek and Mitra modulator il R
2008; Sun and Chen, 2008; Mortazavil., 2006), to forle Rim2 Lt mT

show the efforts that engineers put to increaseCiiae

filter efficiency for four Generation (4G) filter Fig. 1: Digital decimation process
applications. However, there are inadequate ressurc

regarding high performance decimation filters andTable 1: Decimation filters specifications

enhancement of CIC filter performance is still a Passband ~ Stopband ~Transition
challenging task (kHz) (kHz) band (kHz)

; . . CIC filter 7.00 384.00 377.00
_ Consequently, this study focused on the chipgist haif band filter 32.00 17000 13800
implementation of novel algorithm of five order hig Droop correction 32.00 70.00 38.00
speed CIC filters with finite-precision effect and Second half band filter 21.77 26.53 4.76
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Principle of CIC filter structure: The CIC filter
consist of N stages of integrator and comb filtérick
are connected by a down sampler stage as shown
Fig. 2 in z domain. The CIC filter has the followin
transfer function:

RM-1

(X z'}

k=0

-z _

H@) = H @ H @)=y =

1)
Where:

N = The number of stage

M = The differential delay

R = The decimation factor

., 3(4): 663-669, 2010

Proposed filter architecture: The new algorithm of
proposed CIC filter with dynamic range of 98 dB is
investigated. The new algorithm was applied asaline
adaptive filter. The filter is capable to involveoth
order-update and time-update recursions. The new
adaptive filter distinguishes itself by virtue ofder
updates which are made possible by exploiting the
time—shifting property of uniformly sampled templora
data. The designed filter is known collectively fast
algorithm because its computational complexity
increases linearly with the number of adjustable
parameter and more demanding in code terms.

In this project, N, M and R have been chosen to bd runcation for low power and high speed:

5, 1 and 16 respectively to avoid overflow in each
stage.

Truncation means estimating and removing Least
Significant Bit (LSB) to reduce the area requiretsen

N, M and R are parameters to determine the®n chip and power consumption and also increasedspe

register length requirements necessary to assudatao
loss. Equation 1 can be expressed as follows:

RML N |RM-1 »
=LZ(:)Z}SZZ
N

(RM-1)N N

H@)= Y h(oz*

k=0

. (2)
RM-L RM-1 N
(Sl | =(X1] =(rm
k=0 k=0
From the Eq. 2, the maximum register
growth/width, G, can be expressed as:
Gmax = (RM)N (3)

In other words, @G is the maximum register
growth and a function of the maximum output
magnitude due to the worst possible input condgtion
(Hogenauer, 1981). If the input data word lengtB;is
the Most Significant Bit (MSB) at the filter outpB,ax
is given when M is equal tol:

Bmax:[N|092R+Bin_1] (4)

In order to reduce the data loss, normally thst fir
stage of the CIC filter has maximum number of bit
compared to the other stages. Since the integstige

of calculation. Although this estimation and renmayi
introduces additional error, the error can be medall
enough to be acceptable for wireless communication
systems. Figure 3 illustrates five stages of the filter
when is 25 bit B,y S0 truncation is applied to reduce
register width. Calculations and MATLB software
helps to find word length in integrator and combties
respectively.

New pipelining architecture: The way to have high
speed CIC filter is by implementing the pipelinkefi
architecture. Figure 4 shows pipeline CIC filter
structure when truncation is also applied. This
pipelining is different compared with normal pipli
structures. In the proposed CIC adaptive filter, no
additional pipeline registers are used in integratrt.
This is an important advantage of projected CIiffil
because not only the system satisfies pipelinectstre
but also saves power consumption and reduces area o
chip implementation. However, the hardware
requirement is more relaxed compared with similar
pipeline structures. The CIC decimation filter daate

is determined by the first integrator stage thaises
more propagation delay (Djaet al., 1994) than any
other stage due to maximum number of bit.

works at the highest oversampling rate with a large

internal word length, decimation ratio and filterder

increase which resulted in more power consumption

and speed limitation.

Integrator Downsampler Differentiator
1 » Fg
Fs — = ] R || 1-Z7BM L
Input -z~ R
Output

sample rate
sample rate

Fig. 2: One-stage of CIC filter block diagram
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25bi
Adjuster @

CIC it

T Tl Ela R The 8 bit designed adder architecture is shown in
1‘—-r h. Fig. 5. Its block diagram consists of 2, 4 bit miedu

— which is connected. Each previous 4 bit calculasesy
out for the next carry.

The new CIC filter in this study utilizes five fas
O cic o adders in integrator parts. The maximum numberitof b
is 25 and it is decreased in the next stages. Hénce
truncated respectively to 25, 22, 20, 18 and 16irbit

Integrator 1 Integrator 2

Integrator 4 Integrator 5

Fig. 4: Five-stage of truncated pipeline CIC filter each adder, left to right. Notice that each 4 bidex
o a0 provides a group propagate and generate signathwhi
B e T om e is used by the adder Logic block.
l H ‘ ” ] ” LG The group Propagate;RRnd Generate &of a 4 bit
o . adder will have the following expressions:
n:;‘ ‘n:; ;-,z“n’.' ml*pl F=pmp-RR (5)
| - Go=0:+ P %t PR Ot RRPE (6)

4
b4aq

The most important equations to obtain carry of
each stage have been defined as below:

= “m m“ P4 G =0 (P &) 7)
CLL-2 |<|— C=0+(PG&) (RRG. (8)
<_I =0+ (0 (BAGF BRRASE (9)

Fig. 5: The 8 bit proposed adder architecture
C, =0+ (PG, (B-p-Q ) (10)
Hence it is possible to use a higher clock rateafo PP, (R-B-RRBE
CIC decimation filter if a pipeline structure isegsin
the integrator stages, as compared to non-pipelined Calculation of proposed adder is based on above
integrator stages. The clock rate in integratotiseds  equations. 8 bit high speed adder could be constiuc
R times higher than in the comb section. continuing along in the same logic pattern, witle th
Previously, the pipeline structure for CIC fillwas = MSB carry-out resulting from OR and AND gates. The
applied just for integrator part since the maximelotk  Verilog code has been written to implement addition
rate is determined by the integrator. The aboveThe projected adder Verilog code was downloaded to
architecture showed that the maximum throughput wathe Xilinx FPGA chip. From Xilinx ISE Virtex-5
increased by 60 MHz when the pipeline structure isynthesize report; it was found that the minimuockl
used for all the CIC parts consisting of integratmmb  period is 1.986 ns (Maximum Frequency is 503.449
and down sampler. MHz).

Proposed high speed adder: The major technique to RESULTS
increase speed is by using proposed fast addes. Thi
adder designed and implemented based on Carry Look- After the sigma delta modulator, the sampling rate
ahead Adder (CLA). The CLA is the fast adder whichmust be reduced to the Nyquist sampling rate. This
can be used for speeding up purpose but thearried out in 4-stages. The first stage involves t
disadvantage of the CLA adder is that the carryclagy  reduction of the sampling frequency by the deciomati
gets quite complicated for more than 4 bits hemee t factor of R. This is done by the proposed CIC filter. The
proposed adder is introduced to replace as addes. T remaining 3 stages involve the reduction of thesimg
high speed is due to the carry calculation in CltAthe  frequency by the decimation factor of, Rvhich are
ripple carry adder, the most significant bit addfithas carried out by the first half band, droop corretctand
to wait for the carry to ripple through from theas® the second half band respectively. Figure 6 ilhtsts
significant bit addition. Therefore the carry ofsfa the frequency response of the overall decimatitier fi
adder has become the focus of research (Cile@i420  when the decimation factor is 128.
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(1) CIC filter
(2) First half band filter
(3) Droop correction
(4) Second half band filter
Fig. 6: Frequency response of overall decimatitterfi
SINC, droop correction and first half-band filters
0.25 — T T T T T T 7
02+ A
0.15
Z 01y
};a 0.05 | Fig. 9: ASIC active core layout of CIC filter
;?_ 0 Table 2: High speed pipelined CIC filter charactiéci
2 0057 HDL synthesis report
01t Design statistics
’ No. of I0s 33.000
-0.15 ¢ No. of multiplexer 2.000
02 No. of Xor 240.000
No. of slices 774.000
_025 1 1 L i 1 1 1 1 1 1 Tlmlng rq)ort
g £ 2 4 2
0 02040608 1 12141618 2 \ Minimum period (ns) 3.004
Frequency (Hz) %10 Maximum frequency (MHz) 332.930
Minimum input arrival time before clock (ns) 2.997
. . Maximum output required time after clock (ns) 2.775
Fig. 7: Droop correction effect on frequency resgn  Total equivalent gate count for design 5216.000
Total memory usage (MB) 66.000

Figure 7 creates the droop correction filter resul Table 2 shows the specification of proposed CIC
This filter designs a low-pass filter with pass-8an fjter and Fig. 8 creates the core layout of Cli@fion
having the shape of inverse of the CIC filter freqcy  EpGA board.
response. Consequently it compensates the amplitude ~As shown in Table 2, the synthesis report of Xilin
droop cause of the CIC filter. ISE environment indicates the maximum throughput of

The designed novel class of CIC filter Verilog eod 330 MHz in filter specification. The dynamic range
was derived and simulated by MATLAB software. For proposed CIC filter is 98 dB which satisfies wisse
a statistical analysis of its performance for teéedtion  communication transceiver systems (Gefdl., 2002).
of sinusoidal signals in wideband noise, The SNR is  To optimize the projected CIC filter in terms of
illustrated 141.56 dB in sigma delta modulator otitp power consumption and active core area measurement
and it is increased to 145.35 dB in the decimationAS|C implementation was performed successfully. Big
stages. To improve the SNR, word length of recersiv jljustrates the active core layout of proposed @l@r
CIC filter should be increased; whilst the speedilefr  followed by Table 3 related to the filter specitica in
calculation is also decreased. terms of power consumption and area measurement.
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Table 3: ASIC implementation result of CIC filter

CIC filter specification Silterra 0.18 um Mimos36.um
Active core area (mf 0.3080.308 1.1481.148
Power consumption (mW) 3.14 6.03

It was implemented on ASIC under the Silterra and
Mimos technology library which compiled the propdse

Brandt, P.B. and A.B. Wooley, 1994. A low-power,

area-efficient digital filter for decimation and
interpolation. IEEE J. Solid-State Circ., 29: 67®¢6
DOI: 10.1109/4.293113

Ciletti, M.D., 2004. Advanced Digital Design withet

Verilog HDL. 1st Edn., Prentice Hall, India, ISBN:
10: 812032756X, pp: 1012.

design core to perform gate-level synthesis antjadi, Y., T.A. Kwasniewski, C. Chan and V. Szwarc,

optimization. After compiling, the netlist is credt The

estimated area and power consumption result of the

high speed filter in Silterra 0.18 pm and Mimos5.3
pum technology in maximum clock frequency is shown
in Table 3. The implementation of new CIC filter sva

1994. A high throughput programmable decimation
and interpolation filter. Proceeding of Internatbn
Conference on Signal Processing Applications and
Technology, (SPAT'94), Carlton University,
Canada, pp: 1743-1748.

done successfully and the actual data was tested Wyolecek, G.J. and S.K. Mitra, 2008. On design of CI

design analyzer system on FPGA board in real time.
DISCUSSION

The FPGA implementation of novel class of high
speed low power Recursive CIC filters have been
designed and investigated to fulfill the requireneh
wireless transceiver applications. The novel Cligrfi
was obtained by its designed efficient architectlre
achieve high speed filter new technique was applied
consequently. The special pipeline architecture,
designing proposed fast arithmetic calculation amid
truncation lead us to have high speed novel Cl@rfil
and upgrade the filter structure to achieve theimam

decimation filter with improved response.
Proceeding of the IEEE Conference on
Communications, Control and Signal Processing,
Mar. 12-14, IEEE Xplore Press, St Julians,
p: 1072-1076. DOL:
10.1109/ISCCSP.2008.4537383

Garcia, A., U. Meyer-Baese and F. Taylor, 1998.

Pipelined Hogenauer CIC filters using field-
programmable logic and residue number system.
Proceeding of the IEEE International Conference
on Acoustics, Speech Signal Processing, May 12-
15, IEEE Xplore Press, Seattle, WA., USA,

p: 3085-3088. DOLl:
10.1109/ICASSP.1998.678178

throughput of 332.93 MHz. The evaluation indicatesGrati, K., A. Ghazel and L. Naviner, 2002. Relaxed

that the pipelined proposed CIC filter is attraetidue
to high speed when both the decimation ratio altef fi

decimtion filter specifications for wireless
transceivers. Proceeding of the IEEE Conference

order are not high as stated in the Hogenauer Comb on Electronics Circuits and Systems, (ECS'02),

filter. Since the first stage of the CIC filter remp
maximum word length and also because of the raaursi
loop in its structure, the reduction in power canption
is limited by the throughput. Thus the truncatioill w
reduce the power consumption and the number of

IEEE Xplore Press, USA., pp: 565-569. DOI:
10.1109/ICECS.2002.1046228

Hogenauer, E., 1981. An economical class of digital

filters for decimation and interpolation. IEEE
Trans. Acoust. Speech Sign. Process., 29: 155-162.

calculation. The power consumption computed usingvieyer-Baese, U., S. Rao, J. Ramirez and A. Garcia,

CAD tools (Cadence and Synopsys) and QuisSilterra
technology library. It was reported 3.14 mW power a
maximum clock frequency. The ASIC core measurement
calculated as 0.308x0.308 rhon 0.18 pm Silterra and

2005. Cost-effective  Hogenauer cascaded
integrator comb decimator filter design for custom
ICs. Elect. Lett, 41: 158-160. DOL:
10.1049/el:20057000

1.148x1.148 mfm on 0.35 um MIMOS technology Mortazavi, S.M., S.M. Fakhraie and O. Shoaei, 2005.

library. The results prove high enlargement of Giler
performance in trade-off between power and speed
compare to the previous similar research (Shabaala,
2007; Sun and Chen, 2008; Mortazati al., 2006;
Brandt and Wooley, 1994; Djadt al., 1994; Ciletti,
2004; Gratiet al., 2002).

comparative study and design of decimation filter
for high-precision audio data converters.
Proceeding of the 17th IEEE International
Conference on Microelectronics, Dec. 13-15, IEEE
Xplore Press, USA., pp: 139-143. DOI:
10.1109/ICM.2005.1590055
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