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Abstract — Multistage digital filters can be one of the 

solutions for the realization of filters with a narrow transition 
zone. If requirements for the width of transition zone are too 
strict, then they are the only alternative, and the 
decimation/interpolation must be performed in several steps. 
Combining decimation/interpolation operations related to the 
implementation of multi-channel filters in the PI 
(pipelining/interleaving) technique can give an efficient 
structure of multichannel multistage filter. Using the 
advantages offered by newer generations of FPGA chips in 
terms of digital design structure, it is possible to realize such 
filters with considerable savings of hardware resources and 
reduce the effect of finite length codeword. This paper 
proposes such an efficient implementation and presents the 
results of such a realization with FPGA components. 

Keywords — Critical loop limitation, digital filtering, effect 
of finite length codeword, multistage filter, 
pipelining/interleaving technique. 

I. INTRODUCTION 

ULTISTAGE filters are suitable for the realization of 
filters where the bandwidth is less than a quarter of 

the sampling frequency. In such cases, multistage filters 
are actually the only solution and enforceable in practice. 
The general structure of these filters is shown in Fig. 1. 

 

Fig. 1. The general structure of the multistage filter. 
 

As we see from Fig. 1, a multistage filter consists of a 
block for reducing the sampling frequency, kernel filter, 
and a block for increasing the sampling frequency. We 
first reduce the sampling frequency to a lower value, and 
filtering with a kernel filter is performed at a lower 
frequency. 

 From the above we see that the realization of bandpass 
filters using a multi-stage filter has the following 
advantages: 

1. Filtering requirements and problems can be divided 
into several lower orders; 

2. The influence  of finite word length on the overall 
performance of the filter is significantly reduced; 

3. Arithmetic operations are performed in filters with a 
reduced sampling frequency. 
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II. MULTISTAGE MULTIRATE FILTERS IN PI TECHNIQUE 

In cases of very narrow filters, where a 
decimation/interpolation factor is significant (for  
example M>10), it is efficient to use multiple 
decimation/interpolation filters, as shown in Fig. 2 for a 
decimation side. In this way, instead of one 
decimation/interpolation filter, more of these filters (as 
many as we have degrees) are used but with a significantly 
lower order. 

 

Fig. 2. Multistage decimation. 
 

Suppose now that we need to realize a number of 
identical narrowband multistage filters. One of the most 
effective solutions would be the use of PI procedure  
(Fig. 3) which enables using only one digital filter instead 
of using K digital filters for each channel. Except for this 
realization, it is possible to realize a cascade connection of 
identical filters by introducing feedback loops from the 
output of one channel to the input of another. In our case 
we will take the variant from Fig. 3 (implementation 
without feedback) and replace K filters from the first 
decimation stage with one second-stage filter, kernel filters 
with third-stage and so on. This will be the total number of 
filters K times smaller than the number required for a 
standard implementation.   

 

 
Fig. 3. Principle of PI techniques (two channels). 

 
We see that in this way signals are processed in parallel 

and thereby we avoid the realization in which signal 
processing is performed sequentially. In practice it rarely 
happens that the sampling frequency and speed of signal 
processing are equal, especially when implementations of 
digital filters are with programmable hardware. If the 
sampling frequency is much lower than the clock 
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frequency at which the system elements work, then the use 
of parallel hardware unnecessarily consumes resources 
available chip elements. In this case, the application of 
parallel processing allows using the same hardware 
resources, at specific intervals of time, for varius signal 
processing operations.  

III. MODIFICATION OF MULTISTAGE FILTERS USING PI 

TECHNIQUE 

Consider now the use of PI technique on a multichannel 
multistage filter. As we said, the decimacion part of such a 
filter will contain several downsampler blocks and several 
decimation (as in Fig. 2), then the kernel filter and an 
interpolation part made analogously to the decimation part. 
Both channels should be identical.  

Our filter will be realized by merging pairs of identical 
filters with PI technique of both channels (the first 
decimation filter of the first channel and the first 
decimation filter of the second channel, the second 
decimation filter of the first channel and the second 
decimation filter of the second channel, etc.). 

If we look at the structure between two adjacent filters 
resulting from operations related to the PI process and 
operation of reducing the frequency (Fig. 4) , we notice 
that the algorithm that describes the decimation part of 
multistage filter (we will refer to it as an equivalent 
decimator) is: 

- Save two consecutive samples, 
- Remove the following 2*(Mk-1) samples, 
- Repeat the process until the last sample expires. 

 

 

Fig. 4. One degree of multistage filter  
(equivalent decimator). 

 
Analogously to this, the algorithm for the multistage 

interpolation part of the filter (we will refer to it as an 
equivalent interpolator) would read: 

- Save two consecutive samples, 
- Insert 2*(Mk-1) zeros, 
- Repeat the process until the last sample expires. 
 
These and similar structures are ideal candidates for the 

realization of programmable hardware. We can realize the 
entire structure as a single block, and then use it several 
times for each stage (equivalent decimator block and 
equivalent interpolator block, Fig. 5). 

 

 

Fig. 5. The final structure of the filter H(z2). 
 

IV. MULTISTAGE FILTERS WITH FPGA KOMPONENTS 

 
Software tools for designing structures provided by 

digital programmable hardware manufacturers to users in 
recent years have become more complete and offer more 
and more freedom in design. The user has the option to 
choose whether to use one of the solutions from a wide 
range of forms for a specific digital structure, or start the 
design from the beginning, using the original manufacturer 
tool, or use some of the standard tools (including Matlab) 
and then again, via software manufacturers, make a 
compilation in VHDL, Verilog HDL, or the Verilog code. 

 

 
Fig. 6. Kernel filter design using FDA tool. 

 
Let's see the realization of one multichannel narrowband 

low-pass filter with the following characteristics: 
Fo=2 000 Hz,  Fp=50 Hz,  Fs=100 Hz; 
δp=0,01, δs=0,001. 
 
If we try to realize a filter implemented with standard 

methods, the filter order will obtain an unrealistic value 
(N> 100). In contrast, with the multistage realization of a 
filter with five stages, the kernel filter would now be of



Ciric and Rad

the 17-th ord
the requireme
same conditio
as a multista
frequency. Th
stages and tw
ratio M = 2, 
represents on
an ideal can
hardware (mu

The filter 
Generator. W
and equivale
multiple use o
and kernel) w
of multiplyin
(distributed a
multiplying s
addition (Sys
reduce the ac
of finite leng
signals passi
fundamental 
codeword can
selecting kern
the tools FD
filter is show
implementatio
solutions in 
possible.  

Amplitude 
recorded in o

donjic: Realiza

er. Let us go 
ents of the filte
ons, it will no
age filter with
herefore, we w

wo channels w
as shown in 

ne of the most
didate for th

ultiple use of i
will be imple

We will define 
ent interpolat
of them. All f

will be implem
ng coefficien
arithmetic), in
amples with c
stolic Multipl
ccumulation o
gth codeword 
ing through t

error due t
nnot be avoide
nel filter with
A tool, and 

wn in Fig. 7
on of filters m
FPGA techn

characteristi
one channel a

ation of Multi

Fi

one step forw
er so that Fo=

ot be possible 
h only one ch
will implemen
with the same

Fig. 5. The 
t effective so

he realization 
identical block
emented usin
blocks of equ
tor as subsy
filters (decima

mented as FIR 
nts from the
nstead of the u
coefficients an
ly Accumulat
f errors due to
and also erro
the same pat
to the effect
ed). Fig. 6 sh
h its magnitud
simulation m

7. It should b
must verify wh
nology with 

cs of the str
are shown in 

istage FIR Filt

ig. 7. FPGA r

ward. If we ch
=3200 Hz unde

to design the
hange of sam
nt the filter in 
 frequency ch
proposed stru
lutions and a
of programm

ks). 
ng Xilinx's Sy
uivalent decim
ystems and 
ation, interpol
filters with th

e Look-up t
usual procedu
nd their succe
te) and thus 
o the impact e
ors due to mu
th (of course
t of finite le
ows the proce
de response, 

model of the e
be noted tha

hether the prop
a fixed poin

ructure in Fi
 Fig. 8, whil

ters Using Pip

ealization of m
 

hange 
er the 
filter 

mpling 
three 

hange 
ucture 
lso is 
mable 

ystem 
mators 

make 
lation 

he use 
tables 
ure of 
essive 

will 
effect 

ultiple 
e the 
ength 
ess of 
using 
entire 
at the 
posed 

nt are 

ig. 7, 
le the 

chara
We 
filter

Ca
done
struc
Acce
Syste
we h
chan
by p

If 
with
mult
narro
caus
(alia
chara

It 
as a 
numb
mult
decim
decis
comp
trans
resou
from

 

pelining-Interl

multistage filt

acteristics of 
see that the i
r would be a p
alculating the
e by the princ
cture is defin
elDSP provid
em generator)
have brought 
nged in the ra
oint features.
we look at t

 this realiza
tistage multira
ow transition
ed by imperfe
sing and imag
asteristics (the
should be not
result of “ali

mber of degr
tistage filter b
mation/interpo
sion in choos
promise betw
sition zone fi
urces, as well

m increasing th

leaving

ter. 

an ideal FIR 
ideal filter ord
pure fiction.  
e points of a
ciple sample b
ned as a si

des a connec
). At the inpu
a sinusoidal 

ange from zer

the characteri
ation we can
ate filters with
n zone. The 
ections of dec
ging) and rec
e principle of 
ted that the siz
asing” and “i

rees to whic
because thus 
olation filter
sing the filter

ween the requir
ilter, the amo
l as the size o
he number of s

filter are sho
der is N = 16

amplitude cha
by sample. Th
ingle block 
ction between
ut port of the 

signal whose
o to π and w

istics we can 
n successfull

h stricter requi
characteristic

cimation/interp
cording metod
sample by sam
ze of the error
imaging” incr
ch we have 
we increase t
rs. This me
r should be th
rements for th
ount of availa
of the deviatio
stages. 

109

own in Fig. 9
63 and such a

aracteristics i
he whole new
(Xilinx’s too

n Matlab and
new structure

e frequency i
e record poin

conclude tha
ly implemen
irements and a
c deviation i
polation filter
d of amplitude
mple). 
r which occur
reases with the

divided the
the number o
ans that the
he result of a

he width of the
able hardware
ons that resul

9 

 

9. 
a 

s 
w 
ol 
d 
e 
s 

nt 

at 
nt 
a 
s 
s 
e 

rs 
e 
e 

of 
e 
a 
e 
e 
lt 



110 Telfor Journal, Vol. 4, No. 2, 2012. 

 
Fig. 8. Filter characteristics recorded sample by sample. 

 

 
Fig. 9. Characteristics of an ideal filter. 

 
Although the accumulation of errors resulting from 

multiple passing of a signal due to the effect of finite 
length codeword decreases by selecting the distributed 
arithmetic method for performing a filter, it is still 
necessary to check the influence of this effect because of 
the increased complexity of the structure and increased 
number of arithmetic operations. 

V. CONCLUSION 

The application of PI technique provides a solution for 
the rationalization of hardware resources for applications 
that involve or require the application of the same filter 
several times or hardware structure can be rearranged so 
that the signal processing is performed in parallel. 
Combining the operations related to the implementation of 
PI procedure together with the operation of the filter can 
be made by additional improvements of filters and the 
rationalization of hardware resources. Especially effective 
implementation can be done with multirate systems of 
signal processing. One of such examples is multistage 
multichannel filters with narrow transition zone, where the 
decimation/interpolation must be done in several steps. 
These filter structures are suitable for implementation with 
FPGA components because improvements of the software 
tools for designing filters that the manufacturers provide 
open opportunities for effective implementation of such 
filters.  

REFERENCES 
[1] M. Ciric, “Realization of FIR digital filters using 

Pipelining/Interleaving,” ETRAN, Herceg Novi, EK 2.2, 2007.  
[2] M. Ciric, “Realization of FIR digital filters using 

Pipelining/Interleaving,” TELFOR Beograd, pp 326-329, 2007.  
[3]  Z. Jiang and A. N. Willson, “Efficient digital filtering architectures 

using pipelining/interleaving,” IEEE Trans. Circuits Syst., vol. 44, 
no. 2, pp. 110-118, February 1994. 

[4] J. F. Kaiser and R. W. Hamming, “Sharpening the response of a 
symmetric nonrecursive filter by multiple use of the same filter,” 
IEEE Trans. Acoust., Speech, Signal Processing, vol. ASSIP-25, 
pp. 415-422, Oct. 1977. 

[5] R. A. Valenzuela and A. G. Constantinides, “Digital signal 
processing shemes for efficient interpolation and decimation,” IEEE 
Proceadings, Pt. G., vol. 130, no. 6, pp. 225-235, December 1983. 

[6] K. K. Parhi and D. G. Messerschmitt, “Pipeline interleaving and 
parallelism in recursive digital filters-Part I: Pipelining using 
scattered look-ahead and decomposition,” IEEE Trans. Acoust., 
Speech, Signal Processing, vol. 37 no. 7, pp. 1099-1117, July 1989. 

[7] V. Poučki, A. Žemva, M. Lutovac, and T. Karčnik, “Chebyshev IIR 
filter sharpening implemented on FPGA,” in: 16th 
Telecommunication Forum Telfor, 2008, pp. 432–435. 

[8] System Generator for DSP, release 10.1, March, 2010, 
www.xilinx.com. 

[9] Spartan 6 family overview, DS160 (v 1.5) August 2, 2010, 
Advanced product specification www.xilinx.com. 

[10] F. J. Harris, Multirate Signal Processing for Communication 
Systems, Prentice Hall PTR, 2004, ch. 11. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


