
GDAŃSK 2013

MACIEJ CZYŻAK

DIGITAL STRUCTURES
FOR HIGH-SPEED SIGNAL
PROCESSING



PRZEWODNICZĄCY KOMITETU REDAKCYJNEGO 
WYDAWNICTWA POLITECHNIKI GDAŃSKIEJ 
Janusz T. Cieśliński 

REDAKTOR PUBLIKACJI NAUKOWYCH 
Michał Szydłowski 

REDAKTOR SERII 
Zbigniew Krzemiński  

RECENZENCI 
Zdzisław Kowalczuk 
Zygmunt Piątek 

PROJEKT OKŁADKI 
Jolanta Cieślawska 

Wydano za zgodą 
Rektora Politechniki Gdańskiej 

Oferta wydawnicza Politechniki Gdańskiej jest dostępna pod adresem 
www.pg.gda.pl/wydawnictwo/oferta 

 Copyright by Wydawnictwo Politechniki Gdańskiej, Gdańsk 2013 

Utwór nie może być powielany i rozpowszechniany, w jakiejkolwiek formie 
i w jakikolwiek sposób, bez pisemnej zgody wydawcy 

ISBN 978-83-7348-505-1 

WYDAWNICTWO POLITECHNIKI GDAŃSKIEJ 

Wydanie I.  Ark. wyd. 19,3, ark. 16,5,  141/775 

Druk i oprawa: EXPOL P. Rybiński, J. Dąbek, Sp. Jawna 
ul. Brzeska 4, 87-800 Włocławek, tel. 54 232 37 23 



CONTENTS 

LIST OF IMPORTANT SYMBOLS AND ACRONYMS .............................................................  7 

1. INTRODUCTION ......................................................................................................................  11 
1.1. Motivation and subject of the work  ...................................................................................  12 
1.2. Contents of the dissertation  ................................................................................................  13 

2. REVIEW OF THE FIELD OF DIGITAL SIGNAL PROCESSING   .......................................  17 
2.1. Signal processing and digital signal processing..................................................................  17 
2.2. General structure of DSP systems. ......................................................................................  19 

2.2.1. Exemplary structures of signal processing systems. ...............................................  19 
2.2.2. Basic structure of DSP systems ...............................................................................  20 

2.3. A note on arithmetic operations in DSP  ............................................................................  22 
2.4. Summary  ............................................................................................................................  25 

3. CRITICAL REVIEW AND ANALYSIS OF SELECTED RESIDUE  
NUMBER SYSTEMS.. ..............................................................................................................  27 
3.1. A note on number systems ..................................................................................................  27 
3.2. Residue number systems .....................................................................................................  28 
3.3. Selected residue number systems ........................................................................................  30 

3.3.1. Polynomial mappings ..............................................................................................  30 
3.3.2. Quadratic Residue Number System  ........................................................................  31 
3.3.3. Modified Quadratic Residue Number System .........................................................  32 
3.3.4. Quadratic-Like Residue Number System ................................................................  34 
3.3.5. Flexible Modulus Residue Number System ............................................................  37 
3.3.6. Polynomial Residue Number System ......................................................................  38 
3.3.7. Moduli Replication Residue Number System .........................................................  39 
3.3.8. Algebraic Integer Residue Number System ............................................................  44 

3.4. Core function ......................................................................................................................  46 
3.5. Index calculus in GF(m) .....................................................................................................  47 
3.6. Zech logarithms ..................................................................................................................  48 
3.7. Summary .............................................................................................................................  49 

4. BINARY-TO-RESIDUE CONVERSION .................................................................................  50 
4.1. Introduction .........................................................................................................................  50 
4.2. Binary-to-residue conversion ..............................................................................................  54 
4.3. Preprocessing stage .............................................................................................................  55 

4.3.1. Segmentation of input word ....................................................................................  55 
4.3.2. Evaluation of segmentation effects for five-bit moduli ...........................................  56 
4.3.3. Structures of Segment Modulo Generators .............................................................  58 
4.3.4. Simplification of preprocessing stage using common terms of neighbouring 

segments ..................................................................................................................  60 
4.4. Pipelined Two-Operand Modulo Adders ............................................................................  61 

4.4.1. Pipelined TOMA based on Ripple-Carry Adder ......................................................  62 
4.4.2. Pipelined TOMA based on Parallel-Prefix Adder ....................................................  67 
4.4.3. Pipelined TOMA based on Hiasat two-operand modulo adder ................................  72 
4.4.4. New five-bit TOMA .................................................................................................  76 

4.5. Multi-operand modulo adders .............................................................................................  80 
4.6. Final Modulo Generators ....................................................................................................  85 
4.7. B/RNS converter based on Unified Channel Structure .......................................................  86 
4.8. B/RNS converter based on Per(m) approach .......................................................................  92 



Contents 4 

4.9.  Comparison of approaches based on UCS and Per(m) ......................................................  97 
4.10. Two's Complement System TCS/RNS converter ...............................................................  98 

4.10.1.  Conversion of signed binary numbers to RNS ......................................................  98 
4.10.2.  Algorithm of TCS/RNS conversion .......................................................................  99 
4.10.3.  Architecture of TCS/RNS converter .................. ...................................................  100 

4.11. Summary............................................................................................................................  104 

5. RESIDUE-TO-BINARY CONVERSION .................................................................................  106 
5.1. Introduction and review ......................................................................................................  106 
5.2. RNS/B converter based on CRT and CSA tree output reduction .........................................  108 
5.3. RNS/B converter based on magnitude index calculation ....................................................  116 
5.4. RNS/B converter with quasi-regular structure based on CRT .............................................  122 
5.5. RNS/B converter based on core function ............................................................................  130 

5.5.1. Basic properties of core function and the principle of new B/RNS conversion .......  130 
5.5.2. RNS/B conversion algorithm and converter architecture .........................................  133 

5.6. Summary .............................................................................................................................  137 

6. FAST MODULAR MULTIPLICATION FOR SMALL MODULI ..........................................  140 
6.1. Introduction .........................................................................................................................  140 
6.2. Basic blocks of five-bit Modular Multipliers (MMs) ..........................................................  140 
6.3. Basic architectures of five-bit MMs ....................................................................................  143 
6.4. Architecture of new five-bit MM ........................................................................................  146 
6.5. Design of five-bit MMs by a constant .................................................................................  149 
6.6. Comparison of five-bit MMs ...............................................................................................  150 
6.7. Summary .............................................................................................................................  151 

7. RESIDUE SCALING AND SMALL RANGE NON-ITERATIVE RESIDUE DIVISION .....  152 
7.1. Introduction .........................................................................................................................  152 
7.2. Scaling basics ......................................................................................................................  154 
7.3. Fast parallel scaling based on magnitude index computation .............................................  156 

7.3.1. Scaling algorithm........ .............................................................................................  156 
7.3.2. Scaling error evaluation and reduction ....................................................................  159 
7.3.3. Scaler architecture ...................................................................................................  161 
7.3.4. Scaler hardware amount and delay evaluation ........................................................  163 

7.4. Scaling of signed residue numbers based on MRS ..............................................................  166 
7.5. Scaling of signed numbers based on the CRT .....................................................................  169 

7.5.1. Error impact analysis of approximate CRT conversion ...........................................  170 
7.5.2. Scaling with the use of approximate projections .....................................................  171 
7.5.3. Scaler architecture ...................................................................................................  174 
7.5.4. Analysis of scaler hardware amount and delay .......................................................  174 

7.6. Improved non-iterative residue division for small number ranges .....................................  177 
7.6.1. Multiplicative residue division algorithm ................................................................  178 
7.6.2. Improved multiplicative residue division algorithm ...............................................  179 

7.7. Summary .............................................................................................................................  182 

8. SELECTED RESIDUE NUMBER SYSTEM APPLICATIONS FOR FAST DIGITAL 
SIGNAL PROCESSING ............................................................................................................  183 
8.1. TCS//RNS converter ............................................................................................................  183 
8.2. RNS/B converter ..................................................................................................................  185 
8.3. Residue scaler .....................................................................................................................  187 
8.4. Residue divider ...................................................................................................................  187 
8.5. RNS FIR filter .....................................................................................................................  191 
8.6. FFT pipelined processor based on the modified quadratic residue number system ...........  195 
8.7. Example of spectral analysis of transformer inrush and short-circuit currents  

with radix-4 MQRNS FFT processor ..................................................................................  205 



Contents 5 

8.7.1. Introduction .............................................................................................................  205 
8.7.2. Theoretical analysis of  transformer inrush current .................................................  206 
8.7.3. Theoretical analysis of  transformer short-circuit current .......................................  209 
8.7.4. On-line spectral analysis ..........................................................................................  209 

8.8. Summary  ............................................................................................................................  213 

9. SUMMARY AND CONCLUSIONS ..........................................................................................  214 
Summary in English ........................................................................................................................  217 
Summary in Polish ..........................................................................................................................  217 
Appendix 1. Segmentation results for m = 17, 19, 23, 25, 27 and the chosen wordlength of input 
words l = 12, 14, 16, 24, 32 and b = 1, 2, 3, 4  ................................................................................  218 
Appendix 2. Exemplary synthesis results for multipliers by a constant ..........................................  222 
Appendix 3. A note on origin and the initial period of digital signal processing ............................  244 

REFERENCES ................................................................................................................................  247 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


	775 MONOGRAFIA 141_StrTyt
	775_00bCzyżak_str red-1
	0_A_SpisTresci_zap
	0_B_Wykaz oznaczen
	1_Rozdzial_1
	2_Rozdzial_2
	3_Rozdzial_3
	4_Rozdzial_4
	5_Rozdzial_5
	6_Rozdzial_6
	7_Rozdzial_7
	8_Rozdzial_8
	9_Rozdzial_9
	10_Summary
	11_Appendix_1
	12_Appendix_2
	13_Appendix_3
	14_References


<<
  /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




