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ABSTRACT

Two-dimensional (2-D) finite impulse response (FIR) fan filters belong to a special class
of 2-D filters which has the capability of directional filtering. They are used in many
applications such as geological and seismological data processing, and array signal
processing. In this dissertation, three accurate formulas are proposed to estimate the order
of 2-D FIR fan filters designed using the windowing technique in conjunction with the
2-D separable Kaiser window. Maximum passband ripple 4,,, minimum stopband
attenuation A, half of the fan angle 6, passband width B, transition width T and Kaiser

window parameter S are used as the main parameters in the derivation of formulas.

Here, three estimation formulas are proposed for three different values of transition
width, that is T=0.01x rad/sample, 0.05x rad/sample and 0.1z rad/sample by employing
two steps. In the first step, a set of filters with different specifications are designed in
order to experientially determine the Kaiser Window parameter  and the minimum order
of the filter required to satisfy the given specifications. In the second step, the formulas
for the Kaiser window parameter f and the minimum order of the filter are empirically

derived through multiple linear regression using the data obtained in the first step.

In numerical evaluation, statistical means of the absolute error between the estimated and
true values of the Kaiser window parameter f and the minimum filter order are
calculated. It is found that mean of absolute error of estimated £ and true £ is less than
one. Also, for minimum filter order it is slightly greater. Mean of absolute error of
estimated order is varied from 2-14 of true filter order which are 13.85 for 0.01x
rad/sample, 3.11 for 0.05z rad/sample and 2.33 for 0.1z rad/sample. The proposed
formulas provide very good accuracy for widely employed 2-D fan filter specifications.
By using these formulas, a 2-D fan filter can be designed without trial and error to
determine the Kaiser window parameter £ and the minimum filter order saving

significant time in the design process.



ACKNOWLEDGMENTS

| would like to express my sincere gratitude to my supervisor Dr. Chamira Edussooriya,
Senior Lecturer, Department of Electronics and Telecommunication Engineering,
University of Moratuwa for his immense guidance and invaluable advices given
throughout the research. This research cannot be achieved without his enormous support

by providing the precious knowledge and other valuable resources.

Once again, | would express my sincere gratitude to Dr. Chamira Edussooriya who is the
coordinator of the MSc Electronics and Automation for his support during the progress

of the research presentations.

Next, | am grateful to express special thanks to my husband Tharindu Chandima for his
admirable support at beginning to the moment and my parents, father-in-law and mother-

in-law for encouraging me towards the completion of the work.

Finally, I would like to thank my friends and all other staff member at the Department of
Electronics and Telecommunication Engineering, University of Moratuwa who helped

me during this period to successfully achieve this research work within the department.



TABLE OF CONTENTS

DECLARATION ...ttt ettt ettt et e et e b e e e nes i
ABSTRACT ..ttt i
ACKNOWLEDGMENTS ... iv
TABLE OF CONTENTS ...ttt Y
LIST OF FIGURES ... .ottt viil
LIST OF TABLES. ...t iX
LIST OF APPENDICES. ... .o Xi
LIST OF ABBREVIATIONS ... .ottt Xii
CHAPTER ONE ... .ottt sttt b b be et e 1
1 INTRODUCTION ..o 1
1.1 BaCKGrOUNG .......cviiiiiie et 2
111 FAN FHEEE o e 2

1.2 IMIOTIVALION ...t 4

1.3 Contribution of the diSSertation ..o, 4

1.4 REIALE WOTK ... 5
1.41  1-D Filter order eStimation .........cccoceieiiriiininieeee e 6

1.42  2-D filter order eStimation..........cccoceieiiiiiinieieeese e 7

1.5 Outline of the diSSErtation..........cccooeieiiiiriiieeee e 9
CHAPTER TWO ...ttt ettt sttt et nne e 11
2 2-DFANFILTER DESIGN USING KAISER WINDOW.........cccoooiiiiiiiieninnns 11
2.1 Specification of general fan-type filter ..o 11
2.1.1  Modified general fan-type filter ..., 12

2.1.2  Definition of rotated fan-type filter...........ccccooviiiniiii e, 13

2.2 Ideal impulse response of rotated fan-type filter ...........ccccccevvviiveinnnne. 15

2.3 2-D fan filter design method ..., 17
2.3.1  Definition of KaiSer WiNdOW...........ccccuviriiiiiiiiiie e 17

\Y



2.3.2  Design of 2-D FIR fan filter —An example ......c.cccceocvvieviveiesierinerenn 18
CHAPTER THREE ....ooiiiiieece ettt 21

3 EMPIRICAL FORMULA TO ESTIMATE THE MINIMUM ORDER OF THE

2-D FIR FAN FILTER ...ttt e e enee e 21
3.1 INEFOAUCTION ...t 21
3.2 Proposed approach of order estimation of 2-D FIR fan filter.................. 21

3.2.1  Case 01: Design of an empirical formula to estimate order of 2-D FIR

fan filter when T=10.01 7 rad/sample ........ccccoeeiiiiieiiieiieie e 23
3.2.1.1 Estimation of minimum order givVeNn f.......cccceverenenenenesieeeeenen, 26
3.2.1.2 Design of empirical formula for order estimation..............cccccoeuenee. 28
3.2.1.3 Evaluation of proposed formulas of minimum order given f .......... 32

3.2.1.4 Evaluation of suggested formulas for 2-D FIR fan filter order
estimation when T = 0.017 rad/Sample .........cccoeeririiiniiiine e, 34

3.2.2  Case 02: Design of an empirical formula to estimate order of 2-D FIR

fan filter when T = 0.057 rad/sample.........cccooeeiiiieiiiciece e, 38
3.2.2.1 Estimation of minimum order giVeN f.......ccccevereneneienenieeeeen, 38
3.2.2.2 Design of empirical formula for order estimation...................c......... 40

3.2.2.3 Evaluation of proposed formulas for minimum order given £ when
T=0.057 1ad/SAMPIE ......ooeriiiiieieice e 44

3.2.2.4 Evaluation of suggested formulas for 2-D FIR fan filter order
estimation When T = 0.057 rad/sample..........c.ccoviiiriiiicicineneeeseeeeen, 45

3.2.3  Case 03: Design of an empirical formula to estimate order of 2-D FIR

fan filter when T = 0.17 rad/sample..........ccoovoeriiiiiinie e, 49
3.2.3.1 Estimation of minimum order given f........ccccooeveinnienieiie e 49
3.2.3.2 Design of empirical formula for order estimation..............cccccoeve..e. 51
3.2.3.3 Evaluation of proposed formulas for minimum order given S......... 54

3.2.3.4 Evaluation of proposed formulas for 2-D FIR fan filter order when T

= 0.170 1ad/SAMPLE ..o 56

3.24 DESCUSSION . ennn 59

Vi



CHAPTER FOUR ...t s 62

4 CONCLUSION AND FUTURE WORK ......oooiiiiiiiiieee e 62
4.1 CONCIUSIONS ..ottt 62

4.2 FULUIE WOTK ..o 64
REFERENGCES ... .ottt st be e 65
APPENDICES ... ..ot 69

A. Experimental minimum filter order obtained for given filter

SPECIFICALIONS ...ttt ettt sre e 69

vii



LIST OF FIGURES

Figure 1.1: (a) Ordinary fan type filter (b) Quadrant fan type filter (c) General fan type

L L USSR 3
Figure 2.1: Specifications of general fan type filter .........c.cccooovveiiiie i, 12
Figure 2.2: Modified general fan type filter with guard passband..............cccccceevenennn. 12
Figure 2.3: Horizontal fan-type filter.........ccoooiiiii e 13

Figure 2.4: (a) Detailed definition of a rotated fan-type filter. (b) Enlarge portion of fig

Figure 2.5: (a) Frequency response of 2-D FIR fan filter for given specification in Table
2.1 (b) Passband frequency of Fig. (a) 2-D FIR fan filter. (c) Stopband frequency of Fig.
(8) 2-D FIR TaN FILEI ... 20
Figure 2.6: (a) Passband frequency of FIR fan Filter (b) Stopband frequency of FIR fan
filter for given specification iIN Table 2.1.........cccooveiieie i 20
Figure 3.1: Behavior of N given g for given 6 and log (Ap) with linear model Poly14 28
Figure 3.2 : Behavior of N for given 0 and log10(Ap) when T = 0.01x rad/sample with

linear MOEl POIYL3 ...t nre s 31
Figure 3.3: Behavior of N for given ¢ and log10(Ap) when T = 0.01x rad/sample with
linear MOl POIY2L ..o 32
Figure 3.4: Behavior of minimum filter order given £ for given 6 and log ( Ap) with linear
MOUEI POIYLA ..ottt 40
Figure 3.5 : Behavior of N for given #and log Ap when T = 0.05xn rad/sample with linear
MOTEI POIYL3 ..t 42
Figure 3.6: Behavior of N for given @ and log Ap and T = 0.057 rad/sample with linear
MOUEI POIY23 ... ettt te e s re e te s e s reesaeennenneas 43
Figure 3.7: Behavior of minimum filter order given £ for given 6 and log ( Ap) with linear
MOUEI POIYLS ..ottt te e s re e re e s beesteennenreas 51
Figure 3.8: Behavior of N for given ¢ and log ( Ap) when T = 0.1x rad/sample with linear
MOl POIYL3 ... e e e e e e beearee s 53
Figure 3.9: Behavior of N for given 8 and log ( Ap) and T = 0.1n rad/sample with linear
MOUEI POIY24 ...ttt 54

viii



LIST OF TABLES

Table 2.1: Example design specifications of 2-D FIR fan-type filter............cc.ccocevne. 18
Table 3.1: Experimental N1 x N2 values for given 6, f and Ap when T = 0.01 =
FAA/SAMPIE ...t e e e e reenrenres 23
Table 3.2: Minimum filter order given g for given Ap and & selected from experimental
data given in Table 3.1 when T=0.017 rad/sample...........cccccervverivireiieneene e 26
Table 3.3: Goodness-of-fit statistics of selected polynomials of f for given log (Ap) and
O when T =0.017 rad/SamPle........ccooiiiiiieice e 27
Table 3.4: Minimum filter order selected from Table 3.1 for given 8 and Ap when T =
0.0170 1ad/SAMPLE ... s 29
Table 3.5: Goodness-of-fit statistics of selected polynomials of N for given 6 and log Ap
WHhen T = 0.0170 rad/SAMPIE......c..oiiiiiiiieieie s 29
Table 3.6: Predicted S from proposed estimation polynomial Polyl3........................... 33
Table 3.7: Experimental minimum filter order given f ..o, 33
Table 3.8: Error between predicted £ and experimental f..........ccoooeveiiienininiiienenn, 33
Table 3.9: Predicted minimum filter order from suggested polynomial Poly13 ........... 35
Table 3.10: Experimental minimum filter order for given filter specification .............. 35
Table 3.11: Error between predicted filter order and experimental filter order............. 35
Table 3.12: Predicted filter order from suggested polynomial of Poly21...................... 36
Table 3.13 : Error between predicted filter order and experimental filter order............ 37
Table 3.14: Xerror and agerror for suggested formulas of 2-D FIR filter order.................. 37
Table 3.15: Experimental minimum filter order achieved g for given 8 and Ap when T
= 0.0570 1ad/SAMPLE......ceeieiii s 38
Table 3.16: Goodness-of-fit statistics of selected polynomials of 4 from curve fitting tool
WhHen T =0.057 rad/SAmMPLE.........ccviiiiiiiiiieieeee e 39
Table 3.17: Minimum filter order selected for given #and Ap when T =0.05x rad/sample
........................................................................................................................................ 40
Table 3.18: Goodness-of-fit statistics of selected polynomials of N ..........ccccovviinne, 41
Table 3.19: Predicted f from proposed estimation polynomial Polyl4...............ccc....... 44
Table 3.20: Experimental minimum filter order given f........ccooeieiiiiieneneseeen, 44
Table 3.21: Error between predicted g and experimental £ ..o, 45
Table 3.22: Predicted N from proposed estimation PoOly13...........cccccooiiiniiininnininnnn, 46

iX



Table 3.23: Experimental N for given filter specification ............c.ccecveveiievviiesiennenn, 46

Table 3.24: Error between predicted N and experimental N...........cccccoevvvievniiieieenenn, 46
Table 3.25: Predicted filter order from proposed polynomial Poly23..............c............ 47
Table 3.26 : Error between predicted N and experimental N...........c.ccoooniiiinicnenn, 48
Table 3.27: Xerror and oerror for suggested formulas of 2-D FIR fan filter order ........... 48

Table 3.28: Minimum filter order achieved g for given 8 and Ap from experimental data
when T = 0.170 1ad/SamPIe......cccviiiiiiiiiiiii e 49

Table 3.29: Goodness-of-fit statistics for selected polynomials of g from curve fitting

t00l When T = 0.170 rad/sample..........oceiiiiiiiiiicc e 50
Table 3.30: Minimum filter order selected for given 8 and Ap when T = 0.1x rad/sample
........................................................................................................................................ 51
Table 3.31: Goodness-of-fit statistics for selected polynomials of order ...................... 52
Table 3.32: Predicted g from proposed estimation formula in Polyl13.......................... 55
Table 3.33:Experimental minimum filter order given f......c.cccoveiveiiiiie v, 55
Table 3.34 Error between predicted g and experimental f.........ccoooeveiineniiininienenn, 55
Table 3.35: Predicted minimum filter order from proposed formula Poly13................ 56
Table 3.36: Experimental minimum filter order for given filter specification .............. 57
Table 3.37: Error between predicted filter order and experimental filter order............. 57
Table 3.38: Predicted filter order from proposed formula Poly24..............ccccooveinns, 58
Table 3.39 : Error between predicted filter order and experimental filter order............ 58
Table 3.40: Xerrorand oerror for suggested formulas of 2-D FIR filter order ................. 59
Table 3.41: Summary of the proposed g estimation formula.............ccccoceviviiviininnnnn, 60
Table 3.42: Summary of the proposed N estimation formula................c.ccccoveieiiennnn, 60

Table 4.1: Summary statistical mean of absolute error between estimated and the
observed values Of £ and N ... 63



LIST OF APPENDICES

Appendix A-l : Experimental minimum filter order for 864 filters, for given £ and Ap
WHhen T = 0.0170 1ad/SAMPIE......c.oiiiiiiiiiieiee e 69
Appendix A-Il : Experimental minimum filter orders for given 6, fand Ap when T =
0.0570 TAA/SAMPIE ...t 73
Appendix A-111 : Experimental minimum filter order for 864 filters ,for given £ and Ap
When T = 0.057 rad/SAmMPIE.......cccueiuiiiiiiieiisie s nne e 76
Appendix A-1V : Experimental minimum filter orders for given 6, fand Ap when T =
0. 170 FAA/SAMPIE ...t bbbt 80
Appendix A-V : Experimental minimum filter order for 864 filters ,for given g and Ap

WHeN T = 0.170 1ad/SAMPLE.....ccviiriieiiiieee e sre e sreenre e 83

Xi



LIST OF ABBREVIATIONS

1-D One-Dimensional

2-D Two-Dimensional

FIR Finite Impulse Response
IR Infinite Impulse Response

xii



