
CHAPTER I

INTRODUCTION

1.1 Background
The inclined slot cut on the narrow wall of rectangular waveguide, known 

as edge slot, is one of radiating typed slots that can be made on the rectangular 
waveguide. As shown in Fig. 1.1(a), the tilted slot perturbs the wall current distri­
bution of the waveguide [1]. Thus, a part of energy in the waveguide radiates out 
through the slot. Taking the benefit of its radiating characteristic, the edge slot can 
be implemented as antenna, waveguide coupler or other waveguide radiators.

As an antenna, the slot length must be adjusted to get resonance in order that 
the antenna radiates efficiently the desired frequency in a specific bandwidth. Un­
fortunately, the width of the narrow-side of the rectangular waveguide is substan­
tially shorter than a half free-space wavelength, thus the inclined slot must often 
extend to the adjacent top and bottom walls of the waveguide to obtain the required 
resonant length, Fig. 1.1(b).

The edge slot waveguide antenna possesses some advantages as follows.

Figure 1.1: (a) Edge slot cuts the waveguide wall current lines, (b) resonant edge 
slot.
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•  L ightw eight, com p act structure and relative easy  for accurate fabrication

•  H igh  pow er handling due to its w avegu id e excitation

•  H igh  radiating effic ien cy  and reliability

•  Broader bandw idth over  the broad-w all slots

In addition, s in ce  the s lo t is  m achined  in the narrow rather than the broad w all, 
neighboring slo ts  in  a planar array can b e  m ore c lo se ly  sp aced  in  the H -p lane to  
avoid  m ultip le beam s w h ile  scanning.

B ased  on  th ese  b enefits, ed g e  slo ts have b een  w id e ly  u sed  in  the realization o f  
antenna array for num erous radar and com m unication  system s. It has b een  su ccess­
fu lly  d esign ed  at ร, X ,  and Ka  bands. In the future, it has opportunities to  develop  
at h igher frequency and other applications, such as w ire less  and m illim eter w ave  
com m unications.

In order to  have a g o o d  array d esign , it requires accurate inform ation o f  in ­
dividual ed g e  slo t, such as resonant length, inclination  an g le , netw ork equ ivalence  
param eters, etc. H ow ever, there is  no adequate theory regarding the behavior o f  
ed g e  slots. T he theoretical form ulation cannot b e determ ined accurately b ecau se  
the ex isten ce  o f  broad w all parts that m akes the structure o f  the ed g e  s lo t b ecom e  
com p licated  to  express in an exact form ulation. C onsequently , the d esign er  has to 
refer to the m easurem ent results so  far.

D esig n in g  an array by em pirical m ethod needs hundreds o f  m easurem ents to  
adjust the s lo ts  in ju st on e  w avegu id e or s in g le  d im en sion  array. T h is num ber w ill 
increase in the d esign  o f  m u lti-d im ensional array. H ence, it is  strongly  desirable to  
predict by num erical com putations to  so lv e  th is d esign in g  difficulty.

S om e num erical approxim ations have b een  investigated , but they h ave d iffi­
cu lties. T hey are partly cau sed  b y  fo ld ed  part o f  ed ge  slo t on  the broad-w all and  
partly from  the e ffec t o f  w all-th ick n ess that m ust b e  included  in the an a lysis [2]. S o  
far, the results are still le ss  satisfactory than practical m easurem ents. T herefore, the  
analysis o f  the ed ge  slo t is  still a ch a llen g in g  problem  at th is m om ent.
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1.2 Research Motivation
T he effort to  build  the theoretical analysis o f  the s lo t has been  p ioneered  by  

Steven son  as reported in  1948  [3]. H e derived an exp ression  for the resonant c o n ­
ductance o f  the ed g e  slo t for  s lo t length  corresponding to  the first resonance. In 
order to  s im p lify  the form ulation, S tevenson  assum ed that the s lo t resonates at h a lf  
the free sp ace w avelen gth  and le ft นnsaid  the part o f  slo t on  the broad พ ฟ ! o f  the 
w aveguide.

T he w rapped part o f  the s lo t w as tried to b e incorporated in  the form ulation o f  
im pedance properties o f  the e d g e  s lo t several decades later b y  D as et al. in [4], T h ey  
u sed  the m ethod  o f  p lane w ave spectrum  to  calcu late the external pow er o f  the s lo t  
in an infinite ground plane. T heir ca lcu lations con clu d ed  that the resonant length  
w as 0 .4 6 2 5  lam bda. T h is result w as not quite in agreem ent w ith  the experim ental 
data reported in [1]. B y  applyin g the variational form ula, H su  and C hen added the  
in t e n d  reactive p ow er to  the external pow er [5 ],[6 ]. T heir an alysis cou ld  im prove  
the S teven son ’s form ulation, but the assum ption o f  the electric  field  distribution  
d o n g  the s lo t still produced  large d iscrepancies w ith  the m easurem ent data.

C riticizing  the assum ption  o f  previous in vestigations, m om ent m ethod w as  
brought to ca lcu late  the electric  field  distribution a lon g  the slo t from  w h ich  the net­
w ork equivalent param eter w as derived. Lakhani et al. in  [7] d evelop ed  the m om en t 
m ethod cou p led  w ith  internal G reen’s function  and h a lf space G reen’s function , re­
sp ectively  for exp ressin g  the radiated field  inside and ou tsid e the w avegu id e. H e  
a lso  m entioned  the e ffec t o f  the w avegu id e พ ฟ ! th ickness, but it w as ju st im plied  
in the calcu lation  o f  the slo t length  instead o f  the field  distribution. A  sim ilar tech ­
nique had b een  a lso  presented b y  Jan et al. [8]. T h ey  accounted  the e x t e n d  broad  
พ ฟ ! part o f  the ed ge  s lo t b y  introducing the 90° w ed g e  G reen’s function  to  approx­
im ate the scattering e ffect in the e x t e n d  com er. T h is an ฟ ysis w as cr itic ized  b y  Jan 
and H su th em se lv es due to its com putation tim e. T hen, they ap p lied  this G reen’s 
function w ith  variational m ethod and go t a com parable result w ith  le ss  com putation  
tim e. Prakash et al. [9] a lso  cla im ed  that the 90° G reen’s function  w as c o m p li­
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cated  in its ca lcu lation s. T hen they tried to avoid  its u sage by em p loy in g  hybrid  
M oM /F D T D . T he ca lcu lation  o f  the adm ittance properties based  on  the e lectric  
field  distribution resulted from  th ose above m ethods w as better than the previous  
analyses that d irectly  derived the adm ittance. It a lso  had another advantage sin ce  
the other antenna parameter, such  as radiation pattern, d irectivity, etc., can b e  d e­
rived from  the e lectric  field  distribution. H ow ever, the n eg lig en ce  o f  w a ll th ickness  
still y ie ld ed  a sign ificant d isagreem ent w ith  the experim ental m easurem ents.

T he e ffec t o f  w a ll th ick n ess that w as om itted  in the preceding analyses w as  
accounted  for  b y  Kraut et al. in  [10] u sin g  the finite d ifference tim e dom ain m ethod. 
T h is m ethod w as sim pler b ecau se it d id  not n eed  the k n ow led ge o f  G reen’s function , 
but it n eeded  a  large num ber o f  m em ories and com puter resources. Therefore, Kraut 
cou ld  not list the detail o f  the netw ork param eters o f  the slo t due to  h is com puter  
resource lim itation .

In 1996 , Jan and h is co llea g u es proposed  a m ore flex ib le  fin ite e lem en t anal­
y s is  con sid erin g  the w a ll th ickness in the analysis o f  the ed ge  slo t [11]. T he form u­
lation began  w ith  the variational equation w h ich  w as derived from  the variational 
reaction theory. T he fields on  the inner and outer surfaces o f  the s lo t w ere expressed  
w ith  the internal and external G reen’s function  as th ose u sed  in [8] and so lv ed  by  
the m ethod o f  m om ents. T h is m ethod cou ld  im prove the num erical prediction o f  the 
ed g e  slo t, a lthough it still had som e errors from  the m easurem ent data about 0 .6  to
1.7 percents for resonant length  and 3 .3  to  8.5 percents for the norm alized  con d u c­
tance. T h ese  errors w ere probably cau sed  b y  the nature o f  the finite e lem en t m ethod  
that w as u su a lly  s lo w ly  convergent for the dom ain that contained  som e sharp ed ge  
on the com ers o f  the w avegu id e w all.

T he la test investigation  on  the s in g le  ed ge  slo t regarding the w all th ickness  
w as d evelop ed  using  a com bination  o f  the finite d ifference and m om en t m ethods. A  
cou p led  m agn etic  field  integral equation w hich  w as form ulated at the s lo t aperture 
w as so lv ed  b y  the m om ent m ethod w ith  the G alerkin’s approach and the entire 
dom ain sinusoid al basis function. T he external scattered fie ld s w ere com puted  by  
using  the fin ite d ifference tim e dom ain (F D T D ) m ethod. T h is gave better result
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than FEM  and cou ld  avoid  the use o f  rigorous external G reen’s function , but at less  
num erical e ffic ien cy  becau se it needed  a lo t o f  com puter m em ories and relatively  
longer calcu lation  tim e esp ec ia lly  during the F D M  calcu lations.

A n ed g e  slo t a lso  have b een  investigated  in term s o f  antenna array. T he mutual 
im pedance properties w ere calcu lated  by u sin g  various m ethods such as the m om ent 
m ethod [12], [13 ], and [14]. H ow ever, the characteristic o f  the array has to be 
deduced  from  the characteristic o f  a s in g le  slo t, so  the grow th o f  research alw ays  
fo llo w s  the s in g le  ed g e  slot.

C onsidering that the fin ite e lem en t m ethod cou p led  w ith  the m om en t m ethod  
is naturally m ore flex ib le  and efficient to an alyze the ed ge  slo t, although its accuracy  
in the Jan’s w ork  is  le ss  than F D T D  [15] d ue to the ignorance o f  the co m er  effect  
in the dom ain o f  analysis. T herefore, th is research p roposes to  apply the com bined  
fin ite e lem en t and m om ent m ethods to an a lyze the ed ge  slo t antenna and contributes 
to  invoke a singular shape function  to  im prove the accuracy and num erical conver- 
g en cy  o f  the applied  m ethod regarding the singularity o f  fields in  the region  around 
the com ers. T h e netw ork param eters are calcu lated  for verify in g  the calcu lation  
result to the m easurem ent data and other m ethods. In addition, the radiation charac­
teristic o f  the ed g e  slo t antenna is  investigated  to provide the required inform ation  
for practical design .

1.3 Objectives of the Research
T he ob jectives o f  the research are:

1. A p p ly in g  the F in ite E lem ent M ethod and the M om en t M ethod  to  calcu late the 
electric  field  distribution along the ed g e  slo t w ith  fin ite w avegu id e w all th ickness

2. E m p loy in g  the singular e lem en t shape function to im prove the accuracy o f  FEM  
analysis regarding the ex isten ce  o f  field singularity at s lo t com ers

3. V erifying the analysis by calcu lating the netw ork eq u iva len ce param eters o f  the 
ed g e  slo t b ased  on the resulted electric  field  distribution and com paring with the
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previous an alysis and published  m easurem ent data

4 . Investigating the radiation pattern o f  an ed ge  slot.

1.4 Chapter Organization
T h is report co n sists  o f  five chapters. T he first chapter presents the introduc­

tion o f  th is research, in clu d in g  background, m otivation o f  research, research o b ­
jectiv es, and report structure. A fterw ard, the secon d  chapter d iscu sses the m ath­
em atical derivations u sed  in the ed g e  slo t analysis. It e lu cid ates the form ulation  
o f  the variational equation and its so lu tion  b y  u sin g  the com b in ed  finite e lem en t 
and m om ent m ethods. S o m e integrals on  the analysis can b e  evaluated analytically  
and others are derived b y  u sin g  the G auss quadrature integral approxim ation. T he  
next su b section  conducts the ca lcu lation  o f  the antenna radiating param eters derived  
from  the e lectric  field  distribution resu lting from  the analysis.

Chapter three conta ins on e  o f  the contributions o f  the research that is  the 
application o f  the singular e lem en t shape function  on  the an alysis starting w ith  e x ­
planations o f  singular e lem en t shape function  and its characteristics. T he singular  
elem en t is  the on e  that has been  published  by A k in  in [16]. T he application o f  this 
shape function  in the an alysis cau ses som e integral u n solu b le analytica lly  because  
o f  its quadratic form  . T hus, the integral approxim ation m ust be em p loyed . It u ses  
the G auss quadrature to so lv e  th is problem .

Chapter four d ea ls w ith  the num erical exam p le on  w h ich  the an alysis is  ap­
p lied . T he im provem ent due to  application o f  the singular e lem en t is  evaluated by  
analyzing the resulting e lectric  field  distribution and the adm ittance properties. T he  
results are validated b y  com paring to  the m easurem ent data and the num erical re­
sult o f  other m ethods that are taken from  the published  paper. R adiation pattern and 
other antenna param eters are a lso  presented.

F inally , chapter five sum m arizes the findings o f  the research and d iscu sses  
som e recom m en dations for future w orks.
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