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ABSTRACT 

The reflection coefficient of a paral le l -plate  waveguide 

operating in the TEM mode and illuminating a perfectly conducting 

sheet is analyzed as a function of guide aper ture  to ref lector  d i s -  

tance by using wedge diffraction techniques. F o r  the half-plane 

guide, the reflection coefficient is easi ly  obtained by integrating 

the reflected field over  the guide aper ture .  

wedge angles l e s s  than 9 0 " ,  the reflection coefficient is found by 

assuming that the interactions between the guide aper ture  and 

reflecting sheet a r e  bouncing plane waves and obtaining them 

through the Higher-Order  Diffraction Concept. 

mounted guides, the reflection coefficient is obtained through an 

i terat ive process  of successively bouncing cylindrical waves.  

F o r  guides with finite 

F o r  ground plane 
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CHAPTER I 
INTRODUCTION 

A .  Statement of the Problem 

Wedge diffraction theory is used in  this analysis to calculate 

the aper ture  admittance of a TEM paral le l -plate  waveguide illuminat- 

ing an infinite perfectly reflecting sheet .  The general  geometry of 

the problem is a s  shown in Fig. 1 .  The parallel-plate waveguide i s  

I f *\ \ I I 

i I 
I 
I 

-- 

I I 
I 

I 
GUIDE APERTURE 

PLANE 
t 
-00 

F i g .  1 . Parallel-plate waveguide illuminating 
a reflecting sheet .  

1 



constructed f r o m  two perfect ly  conducting wedges of a r b i t r a r y  wedge 

angles WA1 and WA2 and separa ted  by the guide width ( a ) .  

sin-plicity of analysis ,  the guide truncation angle gg is chosen to be 

90"  and the reflecting sheet is  oriented perpendicular to the guide 

ax i s .  

i s  then calculated as a function of the distance to the reflecting shee t  

F o r  

The reflection coefficient inside the paral le l -plate  waveguide 

( r )  

This analysis  is the f i r s t  s t e p  of an  attempt to gain fu r the r  

insight into the p lasma measurement  problem during space  c r a f t  

r e  -en t ry .  Although infinite paral le l -plate  waveguides a r e  hardly 

prac t ica l  a s  space c raf t  mounted antennas,  this simplified analysis  

does se rve  to denLonstrate  the basic diffraction mechanisms involved 

between the c r i t i ca l  l aye r  of a reflecting p lasma and the vehicle skin 

in which a reflectorrieter sys tem would be mounted. This basic two- 

dimensional problem1 gives insight into the rr,ore pract ical  t h ree -  

dimensional problerr,. 

B .  Wedge Diffraction Theory 

The principal method err,ployed in this analysis  i s  diffraction 

by a conducting wedge. 

was  f i r s t  solved by Sormierfeld. '  

The diffraction of a plane wave by a wedge 

Paul i  obtained a p rac t i ca l  fo rmu-  

2 lation of the solution for  a finite-angle conducting wedge. 

The total diffracted electromagnet ic  field f rom the wedge may 

be t reated a s  the superposit ion of the geometr ica l  optics field and the 

2 



. 

diffracted field which behaves as a cylindrical  wave radiating from 

the edge of the wedge. Therefore,  the techniques of ray optics can 

be used with which the field can be determined f rom the diffracted 

rays  f rom the edge and the geometrical  optics rays .  A diffraction 

function, VB, introduced by Pauli is employed in the analysis and 

is given in Appendix A.  

The diffraction of a plane wave by a wedge is shown in F i g .  2 .  

The solution to  the plane wave diffraction problem may  be expressed 

in t e r m s  of a s ca l a r  function that represents  the corr:ponent of the 

electromagnetic field normal  to the plane of study in Fig.  2 .  The 

I NCl DE NT REFLECTION 
PLAN E WAVE BOUNDARY 

\ / 
/ 

Hr 
FIELD 
POINT 

\ 

\ 
\ \ 

\ 

SHADOW BOUNDARY 

F i g .  2. Georr,etry for wedge diffraction. 
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to ta l  field may be expressed  as 

where  Uo is the geometr ical  optics field and Ud is the diffracted 

f ie ld .  The diffracted field i s  given by 

where the e lec t r ic  field polarization is perpendicular to the edge of 

the wedge. 

as shown in F ig .  3 .  

optics fields a r e  

The geometr ical  optics field is defined in three  regions,  

F o r  plane wave incidence, the geometr ical  

INCIDENT 
WAVE 

/ 
/ 

/ 

REFLECTED REGION 

-. \ 

\ 

Fig. 3 .  Georrietrical optics regions.  
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incident and reflected region; and 

(3c)  Uo = 0, shadow region. 

The t ime dependence, ejwt, is used throughout this analysis.  

The diffracted wave Ud may be represented as a cylindrical  

wave radiating f rom the edge (see Eq. (80 )  in Appendix A ) .  In fact, 

at la rge  distances f rom the edge in regions removed from shadow 

boundaries Ud has  the radial  dependence e-Jkr /dr. Because of this 

cylindrical. nature ,  subsequent diffraction of a diffracted wave may  

be t rea ted  as the diffraction of a cylindrical  wave by a wedge. 

The diffraction of a cylindrical wave by a wedge i s  i l lustrated 

in  Fig.  4 .  The geometr ical  optics field in this ca se  is given by 

1 
.-jkR - .-jk[ r2 + ro2 - 2rr ,  cos(+ - $ 0 ) ]  2 - (4a) u, = - 
d~ r 2  t r o 2  - 2 r r o  cos(+ -+0)1 2 

incident region; 

incident and reflected region; and 



IMAGE 

Fig.  4 .  Line source near-field diffraction. 

(4c)  Uo = 0, shadow region, 

where  R and R’ a r e  the respective dis tances  of the line source  and i t s  

image to the observation point. 

optics fields a r e  the s a m e  as those shown in F ig .  3 .  The diffracted 

field is obtained by modifying the solution given by Obha f o r  the 

diffraction of a half-plane illuminated by a dipole sou rce .  This 

solution has been reduced to the two-dimensional form and extended 

The regions for  the geometr ical  

3 

6 

/ ‘0 
R 
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to wedge diffraction. The diffractdd wave is thus given by 

Equation (1) then gives the total field. 

The far-zone diffracted field of an incident cylindrical wave 

( r  > > ro) is given through Eq.  (5 )  a s  

Equation (6)  may  also be obtained by applying reciprocity to Eq. ( 2 ) :  

Equati,m (5 ) ,  an approximate solution to  the line source dif- 

fraction problem, was corr,pared with an exact eigenfunction formu- 

lation and demonstrated to  be quite accurate  in i ts  regions of 

applicability. The diffraction functions, Eqs .  ( 2 )  and ( 5 ) ,  have 

been derrLonstrated to be quite useful through their  applications in a 

5 

number of antenna problem 
6 ,  7 ,899  

S. 

C.  TEM Waveguide Mode 

The TEM mode in the parallel-plate waveguide may be r ep re -  

sented a s  a plane wave propagating in the guide as shown n F i g .  5 .  

F o r  this mode the field distribution ac ross  the guide is uniform, with 

the e lec t r ic  field polarization perpendicular to the guide wal ls .  F o r  

? 
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Fig.  5. TEM mode propagation. 

a unit an;plitude magnetic field para l le l  to  the guide walls,  integration 

of the Poynting vector ,  which is uniform a c r o s s  the guide, over  the 

guide c r o s s  section yields a power flow pe r  unit depth of the guide as 

(Zoa) ,  where (Z,) is the irr,pedance of f r ee  space and (a )  is the width 

of the guide. 

In conventional transrrlission line theory,  power flow r1ay  be 

represented in terrrls of circuit  theory concepts as the product of 

n;odal cur ren t  and modal voltage. These modal  quantities a r e  

re la ted by the transrr-ission line irr,pedance. For the TEM nAode the 

t ransmiss ion  line impedance is simply the rat io  of the electr ic  to the 

magnetic fields, o r  in this c a s e  the irr,pedance of f r e e  space ( Z o ) =  

The rr,agnetic field for  the TEM mode m a y  be represented  by a scalar 

function. 

guide width ( a ) ,  in which the magnetic field has unit amplitude and 

Therefore ,  for  a guide operating in the TEM miode with a 

ze ro  phase reference,  the modal c i rcu i t  quantit ies a re  given by 



L 

(7 1 I, = <a 

and 

V, =<a Z, . 
D. Reflection Coefficient by Wedge Diffraction 

By wedge diffraction theory the nea r  field of a TEM para l le l -  

plate waveguide may  be readily determined.  

guide, the reflection coefficient may  be obtained by integrating 

over  the guide aper ture  the field reflected by the reflecting sheet .  

F o r  guides with finite wedge angles l e s s  than Y O " ,  interactions be- 

tween the guide ape r tu re  and the reflecting sheet  may be approxi- 

mated by bouncing plane waves.  Wedge diffraction theory is used 

then to  compute the coupling between these plane waves and the 

guide, hence the reflection coefficient of the guide. F o r  ground 

plane mounted guides, the exact nature  of the interactions between 

the guide and the reflecting sheet may be taken into account in  a 

method of successively bouncing cylindrical  waves.  Wedge dif- 

f ract ion theory then gives the coupling between these cylindrical  

waves and the guide. 

F o r  the half-plane 

F o r  each of the above cases ,  normalized admittances may be 

readily obtained frorr, the corresponding reflection coefficients. 



CHAPTER I1 
PARALLEL-PLATE WAVEGUIDE CHARACTERISTICS 

Some of the charac te r i s t ics  of the parallel-plate waveguide 

pertinent to the reflection coefficient analysis is t reated in this  

chapter .  

A .  Near-Zone Field 

The near-zone fields of the guide in Fig.  6 a r e  discussed in 

this section. 

superimposing the diffracted fields from each of the wedges.  

singly diffracted fields a r e  caused by the unit arr,plitude incident 

The diffraction from the guide aper ture  is t reated by 

The 

plane wave inside the guide. 

the shadow boundaries of the incident wave, the singly diffracted 

In regions sufficiently ren-,oved f r o m  

fields may  be represented by rays that have only angular dependence 

because the radial  and angular dependences of these singly diffracted 

fields a r e  separable .  

represented by the ray  R1 

The singly diffracted wave f rom edge 1, 

(1) is given through 

where  the factor  

10 
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( 1 )  

UNIT AMPLITUDE IG 
lNCl DENT 

B 
PLANE WAVE I 

\- 
Y G I  

Fig. 6 .  TEM rrlode parallel-plate waveguide. 

- j  ik r  / t E) 
4 

e 

is suppressed because only angular variations a r e  of interest .  

Superscr ipts  denote 'the order  of diffraction in this chapter .  

the singly diffracted wave from edge 2 ,  represented by the ray RZ 

Similarly 

(1 )  , 

is given through 

11 



The relation between the ray  and the magnetic field i s  given l a t e r  

in  Eq. ( 1 7 ) .  

The singly diffracted ray f rom edge 1 in the direct ion of edge 2 

is given by 

Similar ly  the singly diffracted r ay  f rom edge 2 in the direct ion of 

edge 1 is given by 

These singly diffracted rays  will be used in finding the doubly 

diffracted fields f rom the edges.  

The singly diffracted wave frorr, each edge rr'ay be again 

diffracted by the other wedge producing doubly diffracted r a y s .  

doubly diffracted rays may be diffracted again by the edges and so  

on producing h igher -order  interactions between the wedges.  

The 

Inclusion of contributions by h igher -order  diffractions n,ay be 

I I  6 ,  7 achieved by applying the "Higher- Orde r  Diffraction Concept . 
However, for eg = 9 0 ° ,  the singly diffracted wave R1(l) radiating in 

the direction of edge 2 has  a reflection shadow boundary back in the 

direction of in te res t  as shown in F i g .  7 .  

Rz 

The doubly diffracted wave 

frorr, edge 2 in the direction of edge 1 i s  not representable  as a ( 2 )  

1 2  
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REFLECTION 
SHADOW BOUNDARY 

INCIDENCE 
0 SHADOW BOUNDARY 

/ 

Fig.  7 .  Shadow boundary of aper ture  diffracted wave. 

cylindrical  wave near  the shadow boundary of R1 ('). 

orde r  diffracted wave R j 3 )  from edge 1 cannot be accurately described 

by the uniform cylindricai  wave diffraction reiationship of Eq. ( 6 ) .  

s a n e  relationship holds between R1") and R!'). Similar shadow 

boundaries for  subsequent diffractions then render  higher o rde r  wedge 

interactions inaccurate for 0 = 90" by the uniform wave diffraction 

functions. F o r  guide widths l a rge r  than X/4, however, inclusion of 

Thus the third 

The 

g 

no higher than the doubly diffracted contributions gives quite accurate  

resu l t s  everywhere except near the guide aper ture  plane . 6 J  lo 

13 



The near-zone magnetic field plot is obtained for  the geometry 

of Fig.  8 in  the following manner:  The origin of the x-y  coordinates is 

assigned to edge 1,  with r1 and rt denoting the dis tances  f rom the 

rl* 
I 
I 
I 

X yr2 I I 

FIELD 
POINT 
P Oq) 

I 
I 
I 

PLANE 
FIELD PLOT 

F i g .  8 .  Near-zone field plot geon:etry. 

field point P(x, y)  to edges 1 and 2, respectively.  

4 a r e  defined with respect  to the guide axis ,  with 

The angles bl and 

Assuming a unit anlplitude rr,agnetic field incident inside 

the waveguide, the singly diffracted rr,agnetic field f rom edge 1 

a t  the field point P(x ,  y)  is given by 

14 



The singly diffracted field f rom edge 2 is given by 

The doubly diffracted field f rom edge 1 resul ts  f rom the singly 

diffracted ray  R~G(') from: edge 2 and is given by the line source  

field diffraction relationship of Eq. (5) as 

I. 

The doubly diffracted field f rom edge 2 resul ts  f rom RIG)  and i s  given 

by 

Since the incident wave from within the guide is plane, the 

geometr ical  optics field is given by 

(16) HG = e - jkx - a ( y l O  

0 otherwise . 



The total  field HT(P) a t  P (x ,y )  is then obtained through super -  

position as 

B .  Response of a Guide to  a Line Source 

Equivalent line sources  with omni-directional pat terns  a r e  

employed in the subsequent analyses .  The modal cu r ren t  I of a n  

equivalent line source  is related to i ts  radiated magnetic field H 

and r ay  R by 

The response of a guide to  an equivalent line source  i s  obtained 

by reciprocity.  A s  depicted in Fig.  9 the response of a guide to  a 

(a) LINE SOURCE TRANSMITTING (b) GUIDE TRANSMITTING 

Fig .  9 .  Application of reciprocity to  find the response 
of a guide to  a line source .  

16 



line source  is equal to the responhe of that line source to the guide 

by reciprocity.  In Fig.  9a a line source  located a distance r away 

f rom the guide t ransmi ts  a power p e r  unit length P T ,  with associated 

modal cu r ren t  IT. 

with associated modal cur ren t  IR f rom the line source.  

reciprocal  situation in F i g .  9b, the guide t ransmi ts  the power PT 

with associated modal cur ren t  IT. 

power PR with an  associated modal cu r ren t  IR. 

by the line source  in  Fig. 9b is given by 

The guide receives a power p e r  unit length PR 

In the 

The line source  receives the 

The power received 

where X/2rr is the effective aperture  of the line source and FIT(',@) 

is the field f rom the guide at the line source.  

cu r ren t  received by the line source is given by 

Hence the modal 

where  the character is t ic  irxpedance of the line source is Zo. The 

modal cu r ren t  of the transmitting guide is <a i f  the magnetic field 

in the guide is of unit amplitude and the guide width is (a). 

response of the line source to the guide in F i g .  9b is then expressible  

in t e r m s  of the modal current  ra t io  

The 

17 



By reciproci ty ,  Eq. (21) gives the response IR of a guide to a line 

source  with a transmitt ing modal  cu r ren t  IT as depicted in Fig.  9a.  

C.  Self Reflection Coefficient 

The reflection coefficient of the waveguide aper ture  with the 

waveguide radiating into f r ee  space is denoted as the "self reflection 

coefficient" of the waveguide. 

reflection coefficient is given for  both TEM and TEol paral le l -plate  

waveguide aper tures  in Reference 10. The formulation of the TEM 

waveguide aper ture  admittance i s  based upon the syrrimetry of half-  

plane diffraction as shown in Fig.  10. Because of the symmetry  of 

half-plane diffraction, the diffracted field distributions of Fig.  1 Oa 

and b a r e  identical except for sign. Therefore  the power reflected 

back into the guide by aper ture  mismatch  ( F i g .  l o a )  is the same  as 

Extensive derivation of the self 

Fig. 10. Plane wave incidence frorrl inside 
and outside the guide. 

18 



that  received by the guide for a plane wave incident outside the guide 

f rom the e =  180" direction ( F i g .  lob) .  

response of the guide to  plane wave incidence, the effective aper ture  

of the guide must  be considered. 

In o rde r  to determine the 

F o r  the TEM mode guide the magnetic field intensity in the 

far-f ie ld  region i s  accurately given by 

- j  (kr +:) 

where HT(8) is the field, RT(8)  the ray,  and DT(8) the diffraction 

coefficient: associated with the guide. 

parallel-plate waveguide may  be calculated from the conventional 

formula for  two-dimensional gain, 

The antenna gain of the 

2 ~ r  rS G=- , 
D 

( 2 3 )  
= 0  

where  S is the radiated power 

power p e r  unit length incident 

density a t  radius r and Po is the total 

in the transmitt ing guide. The power 

density is related to the radiated field of the guide by 

where Z o  is the free-space impedance. Since the power incident 

in the TEM guide with a unit amplitude incident magnetic field is 

(azo) where (a) is the guide width, the gain of the guide is given by 



where  RT and DT a r e  evaluated f o r  the direct ion in which gain i s  to 

be determined. The effective ape r tu re  of the TEM paral le l -plate  

waveguide is then given by 

F r o m  Eqs .  (22) and (25),  the response of the guide to  a plane 

wave of magnetic field intensity Hi is 

IT 
- j  ';T 

> I=F \ D T H i e  
(27) 

where  DT is direct ly  re la ted to HT f r o m  Eq. (17) in the far-f ie ld  by 

Eq. (22).  Equation (27) may also be obtained f rom Eq. ( 2 1 ) .  Thus 

the induced modal  cu r ren t  i n  the guide corresponding to  the reflected 

power caused by ape r tu re  misn;atch in F i g .  10a i s  obtained f rom 

Eq. (27) a s  

where  the factor 1 / 2  resu l t s  f rom plane wave grazing incidence 

(where  Hi = 1/2) .8  The n;inus sign r e su l t s  f ron ,  the difference 

between Figs .  l o a  and b.  Superposit ion is used  to  find the responses  

of the guide, D1 and Dz, to the incident plane wave frorr, outside the 

guide in Fig.  lob.  The angle 9 is used in  the sarrAe convention as in  

2 0  



the diffraction function V g ( r ,  4,  n). 

a l so  be expressed as 

The induced rr,odal cur ren t  may 

The self  reflection coefficient, o r  reflection due to  aper ture  

mismatch for the TEM, parallel-plate,  half-plane waveguide is 

given by 

It should be noted that Eq. (30 )  m a y  be obtained by s i z p l y  considering 

the rays  propagating back into the guide a s  shown in Fig.  11. 

Fig.  11 . Self- reflection coefficient ray diagram. 

Normalized aper ture  admittance may then be obtained from the 

conventional relationship 

2 1  



yA - 1 - ro 
YO I. t ro 
- - -  

Equation (30 )  is believed to be valid fo r  guides composed of 

wedges with a r b i t r a r y  wedge angles .  Comparison between measu red  

and calculated data has  shown Eq. ( 3 0 )  to  be c o r r e c t  in  predicting the 

reflection coefficient due to ape r tu re  mismatch  for guides of all 

wedge angles. 10 

2 2  



CHAPTER I11 
APERTURE INTEGRATION APPROACH FOR 

HALF-PLANE GUIDES 

A.  Reflection Coefficient Analysis 

The reflection coefficient of a normally truncated half-plane 

guide illuminating a reflecting sheet i s  discussed in this section. 

Figure 12  shows the half-plane guide with a reflecting sheet  located 

tY 
- -  01 - X 

*I I 

I 
I 
I 
I 
I 

I- 
IPROJECTED 
I GUIDE 
I CROSS SECTION 
I 2  I 

I 

I -tr- I I I 

I 
FIELD PLOT 

J 
REFLECTING 

SHEET PLANE 

Fig.  12. Half-plane guide illurr,inating a 
reflecting sheet .  
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a distance ( r )  away f r o m  the ape r tu re .  The near-zone field plot 

according to Section IIA was calculated for  various guide widths, 

with the distance ( 2 r )  ranging f rom 0.1 h to  10.0 h . Table I gives 

the total  magnetic field plot for  a half-plane guide of 0.2781 guide 

width at field plot planes of 0 .4X ,  2 .OX,  and 5.0X away f rom the 

guide aper ture .  

The magnetic field values in  Table I indicate that the nea r  

field of the half-plane guide in the ape r tu re  c r o s s  section can be 

adequately represented  as a plane wave because of its essent ia l ly  

uniform amplitude distribution and shallow phase curva ture .  

F o r  the geometry of F ig .  12 the field plot of the f ree-space  

guide at x = 2 r  is used to represent  the reflected field f r o m  a 

reflecting sheet a t  x = r incident on the guide ape r tu re  in  the -x 

direction a s  shown in F i g .  13. In c a s e s  where the reflected wave 

Hr  of F i g .  13a is plane, no fur ther  diffraction will  occur  because 

of i t s  incidence on the ape r tu re .  Integration of the reflected field 

Hr at the guide ape r tu re  plane over  the guide c r o s s  sect ion yields 

the power received by the guide due to reflection at the ref lect ing 

sheet .  Since Hr  = Hi in  Fig.  13, the ave rage  field in  the projected 

guide c r o s s  section in the field plot plane at ( 2 r )  in  F ig .  13b, denoted 

by Hi (average) ,  approximates  the plane wave propagating back into 

the guide due to  the ref lect ion in  Fig.  13a, Hr ( ave rage ) .  
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Fig.  13.  Reflected wave and equivalent f ree  space wave 
fo r  a half-plane guide. 

If the plane wave incident on the guide edges f rom within the 

guide has a unit amplitude magnetic field, the value of Hr  (average)  

is the reflection coefficient T r  of the guide due to the reflection by 

the reflecting sheet.  

phasor  sum of the self reflection coefficient ro f rom Eq. (30) and 

Tr, thus 

The total reflection coefficient is then the 
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rT represents  the total reflection Coefficient of a normally truncated, 

half-  plane, parallel-plate waveguide illuminating a reflecting sheet 

with the phase reference of I'T at  the guide aper ture  plane. 

Calculation of r r  consists of f i r s t  calculating the fields Hi a t  

x = 2 r  according to the method in Section ITA. 

a c r o s s  the guide c r o s s  section a r e  averaged to obtain Hi (average) ,  

and hence Hr (average) .  

Then the fields 

B .  Results 

The computation of rT is  accomplished with the aid of a 

Scatran program on the IBM 7094 digital corrLputer. 

as a function of (I) ,  the distance f rom the guide aper ture  to the 

reflecting sheet.  

I'T is calculated 

The reflection coefficient magnitude may  be measured with a 

sec tora l  horn a s  shown in F i g .  14. 

structed by flaring out one dimension of an X-band rectangular 

waveguide and keeping the other dimension fixed. 

have been found to simulate infinite parallel-plate waveguides quite 

adequately for the purposes of measuring radiation patterns,  

coupling between parallel-plate waveguides, 

coefficients. 

is made  adjustable by using an optical bench a s  a t rack.  

The i l lustrated horn was con- 

Horns of this type 

11 

and self reflection 

10 The reflecting sheet to waveguide aper ture  spacing 

The total 
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REFLECTING 
PLATE 

SLOTTED 
LINE TOP VIEW TRACK 

0.4" IO" KNIFE 

SIDE VIEW 11 
Fig.  14.  Half-plane guide illuminating a reflecting 

plate experin;ental  appara tus .  

reflection coefficient magnitude of the half-plane ho rn  is measu red  

with a slotted l ine.  

Reflection coefficient magnitude n,easuren;ents w e r e  made 

for  the case of guide width (a )  equal to 0.278h and reflection plate 

dis tance ( r )  in the range of 0.25h < r < 2.3X . Comparisons between 

calculated and m e a s u r e d  reflection coefficient magnitudes a r e  shown 

in  F ig .  15. 

curves  (namely, a shift in ( r )  between the m e a s u r e d  and calculated 

It is to be noted that the apparent  d i sagreement  in  the 

cu rves )  corresponds to an actual  physical  displacement  of less than 

2 mm and is well  within experixr,ental t o l e rances .  
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CHAPTER IV 

FINITE WEDGE ANGLES LESS THAN 90' 
PLANE WAVE APPROACH FOR GUIDES WITH 

A .  Reflection Coefficient Analysis 

By the analysis in Section IIA, the near-zone fields of a 

normally truncated, symmetr ica l ,  TEM, parallel-plate wave- 

guide a r e  determined as basically those of a cylindrical  wave. 

For symmetr ica l  guides with wedge angles significantly less than 

9 0 " ,  these near- i ie lds  may  be approximated by plane waves in  

the projected guide c r o s s  section. In this Chapter the reflection 

coefficient is analyzed for  a paral le l -plate  waveguide with wedge 

angles less  than 90" illuminating a conducting sheet  by approxi- 

mating the reflected field near  the guide ape r tu re  by a plane wave. 

The geometry of the problem is shown in  Fig.  16 .  The guide is 

composed of two wedges with equal wedge angles l e s s  than 9 0 " .  

The guide width is (a)  and the separat ion between the conducting sheet  

and the guide aper ture  is denoted as ( r ) .  

The situation depicted in F ig .  16 differs  f rom that of F ig .  12 

fo r  the half-plane guide in the following way. Unlike the half-plane 

guide case in  which negligible diffraction occurs  a t  the ape r tu re  for 

the reflected ( o r  irriage) wave, diffraction will occu r  a t  edges 1 and 2 

3 0  
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B‘ 

Fig. 16. Paral le l -plate  waveguide with WA < 90‘ 
illuminating a reflecting sheet.  

for  this ca se .  The f r ee  

space wave of the guide that reflects off the reflecting sheet back 

onto the guide aper ture  is denoted as the first-bounce wave o r  

reflection. 

formed by the wedges, resulting in a second-bounce wave. The 

second-bounce wave in tu rn  reflects off the reflector back onto the 

aper ture ,  causing a third-bounce wave. This process  continues 

on indefinitely to higher-order bounces. 

f o r  each bounce is taken to be ve ry  near ly  plane a c r o s s  the guide 

An outline of the analysis is as follows: 

The first-bounce wave in turn diffracts f rom the aper ture  

In this analysis the wave 

3 1  
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ape r tu re .  

bounce wave depends only on the fields of the incident wave nea r  the 

Since the diffraction f rom the aper ture  of each incident 

aper ture ,  each diffraction is t rea ted  as that of a plane wave. 

f irst-bounce wave caused by the initial guide radiation will be 

The 

analyzed first. 

using the Higher-Order  Diffraction Approach. 

Higher-order  bounce waves will  then be solved by 

697 

1 .  First-bounce wave 

As shown in F i g .  17, the first-bounce wave incident on the 

guide aper ture  may be obtained by considering the f ree-space  guide 

magnetic field incident on the image guide located a t  a distance of 

2 r .  HS(i) and l&(i) in F i g .  17b denote the magnetic fields incident 

Fig. 17 .  F i r s t  bounce reflected and equivalent 
image wave. 
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on the image edges 3 and 4, respectively. 

incident on edges 1 and 2 ,   HI'^) and Hz(i) in F ig .  17a, a r e  then 

exactly the same  as the fields incident on the image edges in 

Fig.  17b. 

2 to edge 3 is denoted by (h) in  Fig.  17b. 

to 4 and 2 to 3 is denoted by (a) in  the same figure.  

The first-bounce fields 

The slant distance from edge 1 to edge 4 and from edge 

The slant angle f rom 1 

The near-zone magnetic fields at the image edges ( H s ( ~ )  and 

h(i) in Fig.  17b) a r e  accurately found by considering only the 

singly and doubly diffracted contributions from the transmitt ing 

guide. With unit amplitude magnetic fields inside the guide, the 

singly diffracted field contribution to H s ( ~ )  f rom edge 1 is given by 

where nl  is defined by WA, = (Z-ni).rr. 

the field at edge 3 caused by the diffracted wave f rom edge 1 .  

Similarly,  the singly diffracted field component of E s ( ~ )  from edge 2 

is given by 

The subscr ipt  13 denotes 

The doubly diffracted field contribution to  H s ( ~ )  f rom edge 1 is caused 

by RzC(I) (Eq.  (11)) and is found, using Eqs. (5 )  and (18),  to  be 

3 3  
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t ~ 2 3  2, . 

&(i) m a y  be obtained s imilar ly .  The singly diffracted field 

components of &(‘) a r e  

and 

The doubly diffracted field contributions a r e  

x 

1 IT - s in  - 
- n2 n2 - 

IT IT/ 2 
n2 n2 

cos - - cos- 

and 



x 

X 

a 
2ar - j  - 

- jk(a  t 2 r )  jk - e e a t 2 r  
4 

x e  4 a X  
n m 

Ii4(i) is then given by 

The first-bounce fields reflected back onto edges 1 and 2 

by the reflecting sheet ,   HI(^) and Hzii)  in F ig .  17a, a r e  then obtained 

f rom Eqs.  ( 3 7 )  and (42 )  by the following equivalence: 

2 .  Higher-order  bounce wave - 

The first-bounce wave d i f f rac ts  f r o m  the a p e r t u r e  of the guide 

forming a second-bounce wave. This second-bounce wave ref lects  

36 



f rom the reflecting sheet back onto the guide aper ture  causing a 

third-bounce wave-  

in the formation of a l l  h igher-order  bounce waves.  Since the wave 

for  each bounce is near ly  plane, each bounce-wave diffraction may 

be t reated as that of a plane wave. 

The continuation of this process  then resul ts  

In this analysis,  the contribution of all subsequent bounce 

waves other than the first bounce is thought of as that of the higher- 

o r d e r  bounce wave. 

are obtained through use  of the “self-consistency” principle in the 

Higher-Order Diffraction Method. 

The fields of this higher-order  bounce wave 

The total  fields incident on edges 1 and 2 due to a l l  the bounce 

waves a r e  denoted by H1 and Ht respectively with 

where Hl(h) and Hz(h) a r e  the higher-order  bounce fields incident 

on the guide edges.  

a r e ,  of course,  still unknown. H1 and H2 incident on edges 1 and 2 

cause  

on the image edges 3 and 4 as  shown in Fig.  18. 

H1 , Hz , Hlth), and H z ( ~ )  in Eqs. (44) and (45) 

the higher-order  bounce fields H s ( ~ )  and ~ ( h )  to  be incident 

But by irnage theory 

the field incident on the image edges a r e  precisely those incident on 



I 
REFLECTING SHEET 

LOCAT ION 

F i g .  18.  Higher-order  bounce fields incident 
on  the guide edges.  

the guide edges.  

on edges 1 and 2 a r e  given by 

Hence the h igher -order  bounce wave fields incident 

where H3(h) and I&(h) a r e  s t i l l  unknown. 

Hi and H2 incident on edges 1 and 2,  respectively,  a l so  cause  

the r ays  RIG(') and R ~ c ( ~ )  to propagate in  the directions of the co r -  

respondingly opposite edges as shown in  F ig .  19. The superscr ip ts  
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SHEET 

t ~ I 

F i g .  19. Effect of the total reflected wave 
incident on the guide aper ture .  

( r )  indicate that R l ~ ( r )  and Rzc ( r )  a r e  caused by reflection a t  the 

reflecting sheet.  These rays  a r e  respectively given by 

1 

nl nl 
IT 
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nl nl 

(48) RIC(r )  = 

and 
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(49) R z ~ ( r )  = H2 
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Applying the Higher-Order  Diffraction Method, HI the total  

magnetic field incident on edge 1 due to  reflection by the reflecting 

sheet,  is given by 

L 

I 
L. . I  

H2 

is sirrlilarly given by 

the total magnetic field incident on edge 2 f rom outside the guide 

4 0  
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Solving Eqs . (50)  and (51) simultaneously with the paranle t r ic  Eqs . 
(48) and (491, H1 and Hz may be obtained. 

then obtained from Eqs. (48) and (49) .  

R I C ( ~ )  and R z ~ ( I )  are 

The contributions of HI and HZ to the reflection coefficient a r e  

computed by considering the rays and RZ(r) propagating back 

into the guide f rom the edges as shown in Fig.  19. R1(') and R z ( ~ )  

r ep resen t  the total  rays  from edges 1 and 2 ,  respectively,  propagating 



back into the waveguide due to  the reflection by the conducting sheet 
I 

and a r e  given by 

and 

The reflection coefficient of the waveguide due to the conductor- 

sheet  reflection is then given by 

The total reflection coefficient r T  is obtained by summing the 

guide self reflection coefficient ro given by Eq. (30) and the reflection 

coefficient rr  due to the reflecting sheet  as given by Eq. (54).  Thus 
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B .  Results 

The reflection coefficients of symmet r i ca l  guides with wedge 

angles less than 90" illuminating a reflecting sheet  w e r e  calculated 

by the "plane wave approach" with the aid of a Scatran program on 

an  IBM 7094 digital computer .  A statement  l ist ing fo r  the VB sub- 

routine used m a y  be  found in  Reference [7] . 
Measurement  of the total reflection coefficient was  made  with 

essentially the s a m e  experimental  apparatus  as shown in Fig. 14 

except that conducting plates w e r e  attached to the sec tora l  horn 

aper ture  to s imulate  conducting wedges. 

total  reflection coefficient magnitudes a r e  presented in  Figs .  20 

and 21. F igure  20 shows the resul t  for  a TEM parallel-plate 

waveguide of 0.278h guide width with 60" wedges.  

the resul t  for  the same guide w i t h  75" wedges.  

reflection coefficient magnitudes calculated by the ' 'plane wave 

higher o rde r "  method in this chapter,  F igs .  20 and 2 1  a l so  show 

the reflection coefficient magnitudes for  the same guides not 

including the higher-order  bounces. 

seemingly good agreement  is achieved between theoretical  and 

measu red  resu l t s  by the method outlined in this section, the verifi-  

cation cannot be te rmed conclusive .because the ''plane wave reflection" 

h igher -order  contributions a r e  small compared to  the single bounce 

reflection coefficient. 

Calculated and measu red  

Figure 21 shows 

Besides the total 

It should be noted that although 

4 3  



Figure 22 presents  the phase of the total reflection coefficient 

for  the guide with 75" wedge angles and 0.278X guide w,idth. 

calculated rT magnitude f o r  a guide of 0.7h guide width and 75"  

The 

wedge angle is shown in  F igs .  23 and 2 4 .  
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F i g .  2 3 .  F i r s t  bounce reflection coefficient magnitude 
for  a TEM guide with 75" wedge angles i l lumi- 
nating a reflecting sheet .  
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Fig .  2 4 .  Reflection coefficient magnitude fo r  a TEM guide 
with 75" wedge angles illuminating a reflecting 
sheet .  
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CHAPTER V 
CYLINDRICAL BOUNCE WAVE APPROACH FOR 

GROUND-PLANE MOUNTED GUIDES 

A. Reflection Coefficient Analvsis 

The problem of analyzing the reflection coefficient of a TEM 

parallel-plate waveguide mounted in a ground-plane and illurrlirlating 

a perfectly reflecting sheet  perpendicular to the guide axis is 

t rea ted  in this section. 

in  Fig.  25. 

The geometry of the problen, is as shown 

4 4 
I 

REFLECTING 
SHEET c 

Fig.  25. Ground-plane mounted parallel-plate waveguide 
illuminating a reflecting sheet .  
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F o r  this problem, the plane wave analysis of Chapter IV is not 

valid because the reflected wave fields f rom the reflekting sheet  

incident on the guide have reflection boundaries f r o m  the wedges as 

shown in Fig. 26. The diffracted wave depends on the incident wave 

+ 

PLANE WAVE 

BOUNDARIES ' REFLECTION 

t 

t 

REFLECTING - SHEET 

Fig. 26 .  Reflection boundaries for  the plane reflection 
waves predicted by Chapter I V .  

over  a wide region near  the shadow boundaries.  The first-bounce 

wavefront incident on the guide, represented by  HI(^) and Ht(i), is 

actually cylindrical but assumed plane to a good approximation in the 

analysis of Chapter IV. 

caused by the first-bounce wave a r e  accurately given by plane wave 

diffraction is not valid near  the shadow boundaries of the incident 

wave. 

The assumption that the diffracted fields 

F o r  this problem the exact nature of each bounce wave is 

5 0  



taken into account in an iterative method of "successively bouncing 

cylindrical waves.  " 

An outline of the analysis is as follows: The magnetic field 

plot for  the groundplane mounted guide obtained by the method 

given in Section ITA indicates that the field of the guide in the near  

zone is cylindrical. This cylindrical magnetic field plot, taken a t  

a distance (2r) f r o m  the guide aper ture ,  represents  the reflected 

wave f rom the conducting sheet, located at  a distance ( r )  froni the 

aper ture ,  incident on the ground-plane mounted guide ape r tu re .  

This reflected wave is called the first-bounce wave. Because the 

first-bounce wave is cylindrical, an equivalent line source  is  

introduced to compute the first-bounce wave contribution to the 

reflection coefficient by the line source to waveguide coupling 

expression in Section IIB. 

The first-bounce wave, incident on the guide aper ture  in the 

ground-plane, causes  a second-bounce wave. In view of the 

cylindrical  nature of the first-bounce wave, the second-bounce 

diffracted wave can be treated as the resul t  of the diffraction of a 

cylindrical  wave from the ground-plane mounted guide aper ture .  

Unlike the first-bounce wave, the second-bounce wave is not 

cylindrical .  However, by referr ing to Fig.  2c) ,  i t  appears  that the 

nature of the second-bounce wave may be represented in t e r m s  of 

the superposition of two cylindrical waves: the geometrical  optics 



corriponent of the first-bounce wave, and the diffracted wave of the 

first-bounce wave by a rectangular wall. Thus the second-bounce 

wave has  been separated into these two components which were  

indeed found to be close to  cylindrical  waves.  Since i t  can  be 

a s sumed  that two cylindrical components resul t  for  the second 

bounce wave, two equivalent line sources  and hence two reflection 

coefficient components will resul t  for the second-bounce wave. 

Like the first-bounce wave, the two cylindrical  corriponents 

of the second-bounce wave will each cause two diffracted cylindrical  

components which constitute the third-bounce wave. 

cylindrical corr,ponents of the third-bounce wave then require  four 

The four 

equivalent line sources  to conlpute the third-bounce reflection 

coefficient contribution. 

cessive bounce waves.  More specifically, the fourth-bounce wave 

The sarrle relationship applies to SUC - 

w i l l  have eight corrlponents and the fifth-bounce wave sixteen corn- 

ponents. 

1 .  First-bounce wave 

The geometry for  the equivalent line source  determination is 

shown in Fig.  27 for the first-bounce wave (the initial guide wave 

reflected by the reflecting sheet) .  F igure  27 depicts the first- 

bounce wavefront incident on the guide with 

contour. An equivalent line source  located 

the guide will generate this phase front if 

5 2  

a cylindrical  phase 

a t  a distance p’” f rom 
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I CYLINDRICAL PHASE CONTOUR ' t \FROM THE FIRST BOUNCE FIELD 

Fig.  27.  Equivalent line source determination 
for the first-bounce fields.  

where A+ is the phase difference expressed in wavelengths between 

the first-bounce magnetic fields at the center  of the guide aperture ,  

HT(')(center), and a t  one of the guide edges, FIT(') (edge) .  Super- 

s c r ip t s  denote the bounce nun,ber in this chapter .  

of the equivalent line source is related to the first-bounce magnetic 

field a t  the center  of the guide aper ture  by Eq. (18) and is  given by 

The rr-odal cur ren t  



where H d  1) (center ) ,  the magnetic field at the center  

aper ture ,  is computed by Eq. (17 ) .  

of the guide 

The power flowing back into the guide caused by the f i r s t -  

bounce wave may  be related to the first-bounce equivalent line 

source cur ren t ,  

t e r m s  of the modal cur ren t  in the guide. 

(I) of Eq.  (57),  by Eq. (21 )  and expressed  in Ieq 

Line source to waveguide 

coupling yields the guide modal cur ren t  as 

H T ( P  (1) ) is computed by Eq. (17) for  the field point along the guide 

axis a t  the distance of p ( l )  with the guide transmitt ing a modal 

cu r ren t  equal to qa .  The contribution to  the reflection coefficient 

by the first-bounce wave is  thus given by 

( 5 9 )  - r 

2 .  Second- bounce wave 

The first-bounce wave incident on the waveguide aper ture  causes  

a second-bounce wave that is mainly composed of the reflected 
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geometrical  optics field and to a lesser extent the other cylindrical 

wave component which is analogous to  the diffracted wave f rom a 

rectangular wall. The second-bounce wave is reflected from the 

reflecting sheet back onto the guide aperture .  

second-bounce wave incident on the guide aper ture  a r e ,  of c o u r ~ e ,  

The fields of the 

given by image theory as the fields of this wave a t  a distance ( 2 r )  

f rom the guide aper ture .  

wave field plot is as shown in  Fig. 28. 

The geometry for  the second-bounce 

The distances to the field 

point P(x ,  y)  f rom edges 1 and 2 a r e  denoted by rl and r z ,  respec-  

tively. 

(1) by T . 
The distance f rom the line source to e i ther  edge is denoted 

The second-bounce fields along the field plot plane may  then 

be obtained by again considering only the singly and doubly dif- 

f racted contributions. Singly diffracted contributions a r e  given 

by the diffraction of the cylindrical wave of the equivalent line source 

by the individual wedges. 

P(x, y) f rom edge 1 is obtained f rom Eqs. (5)  and (18) and is given 

The singly diffracted magnetic field a t  
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Similarly the singly diffracted field f rom edge 2 is given by 

The doubly diffracted fields a r e  caused by the singly diffracted 

waves f r o m  the edges diffracting off their  correspondingly opposite 

edges.  

in te res t  a r e  removed from shadow boundaries they m a y  be t reated 

a s  cylindrical  waves . 
formulation of Eq. (5) i s  used to give the doubly diffracted fields. 

The doubly diffracted field f rom edge 1 is given by 

Because the singly diffracted waves in their  directions of 

Consequently the line source diffractior, 



X 

where 

D D ~ ~ ’ )  denotes the diffraction coefficient of the r ay  from, edge 2 

to edge 1 caused by the incidence of HT 

Similar ly  the doubly diffracted magnetic field a t  P(x, y) f rom edge 2 

(1) (edge 2 )  on edge 2 .  

is given by 



where 

The total  field at P(x ,  y)  is  given by 

otherwise 

where  the bracketed t e r m  is the reflected geometrical  optics field 

f rom the ground-plane guide aperture .  It is to be noted that HT( 2)(P) 

descr ibes  the second-bounce field plot as P va r i e s .  

The second-bounce wave field plot according to Eq. (66)  does 

not have a cylindrical wavefront like the first-bounce wave. Con- 

sequently a single equivalent line source  will not suffice to descr ibe 

its wavefront. Superposition is  used to  accurately descr ibe the 

second-bounce wave. As i l lustrated in F ig .  2Y, the diffraction of 

a line source  field ( i . e . ,  the first-bounce field) by a ground plane 

guide cons is t s  of two components. ( 2 )  The second-bounce field HT 

may  be thought of as  corr;posed of the s u m  of the ground-plane 

ref lected geometrical  optics field FIG(') and the diffracted field HS 

f r o m  a rectangular wall  of width (a). 

( 2 )  

( 2 )  
HG is given by 
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where p ’  is the distance f r o m  the line source image to an  observation 

point P(x, y)  on the field plot plane and Ieq(l) is the first-bounce wave 

equivalent line source  current  f rom Eq. (57) .  The other cylindrical 

wave component is given by 

where the total  second-bounce wave H d Z )  is given by Eq.  (66) .  It 

should be noted again that both Eqs. (67 )  and (68), like Eq. (66) ,  

descr ibe  field plots, not jus t  discrete  field values.  

The second-bounce wave components HA2)  and HJ2) a r e  both 

Cylindrical. By superposition, they constitute the second-bounce 

cylindrical  component waves incident on the guide aper ture  caused 

by the first-bounce wave. The contributions of H d Z )  and H d 2 )  to the 

reflection coefficient are computed in the same way a s  is rc’, 
(Eq.  ( 5 9 ) ) ,  the first-bounce cylindrical wave reflection coefficient 

component. F o r  both H d Z )  and HJ2), the same geometry for  

equivalent line source  determination in Fig.  2 7  applies except for  

supers  c ript  changes . 
F o r  H d 2 )  the line source location f rom the guide aperture ,  

denoted by p ( 2 )  ( l ) ,  is given by Eq. (56), with A$ being the phase 

difference between H d Z )  (aper ture  center)  and HA2)  (edge).  The 

equivalent line source current  is given by 
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( 2 )  x HG (ape r tu re  center ) .  

ng back into the guide is given by 

where  HT(p(’)(l)) is the f ree-space  guide magnetic field at J2)(1) 

according to  Eq. (17).  Thus the reflection coefficient contribution 

due to H&’) is given by 

Similarly,  for H i Z )  the reflection coefficient contribution is 

given through the following equations: 

where  A +  is the phase difference between H i 2 )  ( ape r tu re  center )  and 

Hk2) (edge);  

x H&’) ( ape r tu re  cen te r ) ;  

6 2  



(74) 

and 

It should be again noted that HT( p)  in both Eqs (71) and (75), as in 

Eq. ( 5 9 ) ,  a r e  computed by Eq. (17)  for  a free-space guide at a 

distance p f rom the aper ture  along the guide axis .  The total 

contribution to  the reflection coefficient f rom the second-bounce 

wave is then given by 

3 .  Multiple-bounce waves 

Similar  t o  the generation of the two cylindrical  wave components 

of the second-bounce wave by the first-bounce cylindrical  wave, HG ( 2 )  

bounce wave. The waves generated by HG(’) is denoted by HG ( 3 )  ( 1 )  

and HS(’)( 1 )  while HG(”(2) and HS (3) ( 2 )  represent  the waves generated 

of HG (2 )  and HS(’) a r e  exactly the same  as those for  computing HG 12) 

( 2 )  and HS each generates two cylindrical waves to constitute the third-  

by Hd2) .  Computational procedures for  these generated components 

and HJ2) f rom the first-bounce cylindrical  wave HJ’). This cause-  

and-effect relationship for multiple-bounce wave generation can thus 

be extended to  include any number of bounces. In general, the logic 



diagrammed in F i g .  30 descr ibes  the gendration of the cylindrical  

components of the higher-order  bounce waves. 

this process ,  any des i red  number of bounces m a y  be included. 

Thus by continuing 

The total  reflection coefficient is given in general  by 

where ro is the self reflection coefficient computed by Eq. (30) and 

(n) is the order  of the bounce. 

B. Results 

The total reflection coefficient fo r  the ground-plane guide 

illuminating a perfect ly  conducting sheet  was calculated by use  of 

a Scatran program on the IBM 7094. The logic of the program is 

essentially the same a s  the block diagram shown in F ig .  30. 

Computational r igor  was reduced by the use  of a DOTHROUGH loop 

for  the computation of the cylindrical wave generation and i t s  coupling 

into the guide. 

0 .2781 guide width with the reflecting plate distance ( r )  varying f rom 

0 . 5 h  to 2 .51 .  Five bounces were  used for  this  computation. 

The resu l t s  were  computed for  a ground-plane guide of 

Computing t ime on the IBM 7094 fo r  the p rogram is approxi- 

mately one minute for  each reflection shee t  position. 

obtain a detailed plot of I'T a s  a function of reflecting plate distance 

( r ) ,  ( r )  would have had to be incremented eve ry  0.051. 

In o r d e r  to 

This 
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computational expense would have been too costly,  consequently 

a m o r e  economical scheme was used. F r o m  sample  calculations at 

selected reflecting plate dis tances ,  it was noticed that each bounce- 

wave reflection coefficient contribution (namely r (1) , r(2) r i 3 ) ,  and 
J 

. . ., e t c . ) ,  when plotted ve r sus  the reflecting distance ( r ) ,  exhibits 

a magnitude variation ve ry  close to a n  exponential decay and a 

phase variation very  near ly  l inear .  

coefficient at these widely spaced reflecting plate dis tances ,  the 

exponential decays of the magnitudes of the var ious r components 

and their  corresponding l inear  phase var ia t ions were  determined 

by curve fitting approximations.  

plex bounce-wave reflection coefficient components (r"), r 

e t c . )  as continuous functions of (1). 

component curves  with ro then yields the continuous total  reflection 

coefficient curve with a minimum expenditure of computer  t ime 

By calculating the reflection 

These curves  descr ibe  the com- 

(2 )  , . . . , 
The phasor  sum of these  r 

The individual bounce -wave reflection coefficient magnitudes 

calculated by the computer program for  d i sc re t e  reflecting plate 

distances a r e  shown in Fig.  31 with the exponential cu rves  used to 

approximate them. The apparent  differences between the calculated 

points and the approximation curves  f o r  the third and fourth bounces 

resu l t  from inaccuracies  in the computational procedure .  

example,  f o r  the fourth-bounce fields,  eight components mus t  be 

For 
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Fig. 31. Bounce wave reflection coefficient magnitudes. 

considered. 

computational inaccuracies a r e  thus taken into account eight t imes 

in the course  of computation. The phase variation for  the various 

bounce components of r T  i s  4nv radians p e r  h in ( r ) ,  the reflecting 

sheet  distance,  where (n)  is the o rde r  of the bounce. 

Any e r r o r  in the assumptions in the analysis o r  

Experimental  verification was  obtained through the sec tora l  

horn  of Fig.  14 with the horn aper ture  mounted in a ground plane. 

Calculated-versus-measured resul ts  f o r  a 0.278X wide guide a r e  

shown in Figs .  32-35. 

resu l t s  ve r sus  the calculated total  reflection coefficient magnitude 

which includes the first four bounces. 

resu l t s  f o r  I'T by separately including one, two and then three 

Figure 32 shows two se t s  of measured  

Figure 33 shows the calculated 
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bounces. 

a r e  seen  to behave as harmonic components. 

rT with four and five bounces included in the computation. 

F i g .  34,  the effect  on r~ by including the fifth-bounce is seen  to 

be quite small .  

coefficient, including the first four bounces, is presented in F i g .  3 5 .  

Bounce contributions to the total reflection coefficient 

Figure 34 compares  

F r o m  

The computed phase of the total  reflection 
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CHAPTER VI 
SUMMARY AND CONCLUSIONS 

The reflection coefficient of a parallel-plate waveguide 

operating in the TEM mode and illuminating a perfectly reflecting 

sheet  has  been analyzed as a function of guide aper ture  to reflector 

distance through wedge diffraction techniques. 

guide ( z e r o  wedge angle), the reflection coefficient was obtained 

through integration over  the guide c r o s s  section of the magnetic 

field reflected back from the reflecting sheet  onto the guide 

aper ture .  

using a narrow-angle sectoral  horn.  

F o r  the half-plane 

Experimental  verification was obtained for  this ca se  

Good agreement  w a s  found 

I 

between calculated and measured  resu l t s .  

F o r  guides with finite wedge angles l e s s  than yo", the inter-  

actions between the guide aper ture  and the reflecting sheet  were  

approximated by bouncing plane waves.  

f rom these plane waves were  obtained through applications of the 

The total fields result ing 

Higher-Order  Diffraction Concept. ' 

measured  and calculated reflection coefficient magnitudes w a s  

obtained. However, the verification i s  not conclusive because tiLe 

self reflection coefficient of the chosen guide geon;etry was found to be 

quite high. 

General  agreement  between 

It should be noted that though syrrAmetry in wedge angles 

7 3  



was assumed i n  the analysis,  asymmetry  m a y  be tolerated provided 

the p r imary  assumption that the interactions between the guide and 

the ref lector  are plane waves i s  not violated by this asymmetry  in 

wedge angles 

F o r  ground-plane mounted guides (90' wedge angles) ,  the 

assumption that the interactions between the guide and the ref lector  

may  be approximated by bouncing plane waves was found to be 

invalid because of the presence of reflection boundaries in the 

directions of in te res t .  Consequently, the exact nature of each 

bounce wave was taken into account in  a method of successively 

bouncing cylindrical waves.  An i terat ive computational procedure 

was used to find the various reflection coefficient contributions 

f rom each individual bounce. Again, good agreement  between 

measured  and calculated resul ts  was obtained. 

F o r  each of the above cases ,  the normalized admittances may 

be obtained f rom the i r  corresponding reflection coefficients by 

where Yo is the admittance of f r ee  space .  

Since the ult imate purpose of this  analysis  is to  gain insight 

f o r  antenna applications in  re f lec tometer  sys t ems ,  a non-oscil latory 

reflection coefficient magnitude ve r sus  re f lec tor  dis tance curve i s  
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I 

des i r ed .  

m o s t  curves  thus f a r  obtained is due to the phasor  addition proper t ies  

of the summation of the antenna's self  reflection coefficient and the 

various bounce waves '  reflection coefficient contributions. The 

self  reflection coefficient presents  little difficulty in pract ical  

applications because i t  may  be easi ly  minimized through design 

considerations.  However, for  the pract ical  ground-plane mounted 

antenna, the significance of multiple bounce waves between the 

ground-plane and the reflecting sheet cannot be over-looked. 

presence  of these bounce waves will always cause the reflection 

coefficient magnitude ve r sus  reflecting sheet distance curve to be 

oscil latory.  Therefore,  in order  to use  a ground-plane mounted 

antenna in a ref1ectom;eter systen-., h igher-order  interactions 

between the ground-plane and the reflecting sheet  n t u s t  be taken 

into account. 

This analysis has showri that the oscil latory behavior of 

The 
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APPENDIX A 

The diffraction function V B ( r ,  9, n) for plane wave incidence 

has  been expressed by Pauli’ a s  

. m  
1- 

s i n -  e 
1 n V g ( r , + , n )  = -  

6.n + 
n 

n I T  
( 7 9 )  

cos ; - cos - 

jk r  cos 
x e  dT - jT2  e 

J 1 
[ ( 1  t cos $)kr]z  

t [h igher  o r d e r  t e rms]  . 

The higher-order  t e r m s  in Eq. (79 )  a r e  identically equal to  ze ro  

for  the half-plane case ,  i . e . ,  n = 2 .  F o r  rr,ore general  values of 

n, the higher-order  t e r m s  a r e  negligible for  la rge  values of k r .  

The function may be fur ther  simplified fo r  l a rge  values of 

( 1  t cos $) k r ;  l a rge  values of ( 1  t cos $ ) k r  imply that the point of 

observation is renLoved fron. both the diffracting wedge ( r  la rge)  

and the shadow boundary ( T  = 180. -- ! t cos 9 = 0 ) .  The field, 

under these conditions, n Iay  be expressed  by 
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I 

- j ( k r t a J  - I s i n  . - n 

t [ higher-order  te rms]  . 

The diffracted field as expressed by Eq. ( 8 0 )  is that from, which the 

asyrr.ptotic diffraction coefficients of the Georr e t r i ca l  Theory of 

2 Diffraction a r e  obtained. 

For cases  in  which the higher-order  t e r m s  of Eq. ( 7 9 )  a r e  

significant, a n  al ternat ive formulation of the problerr. based on a 

Besse l  function expansion given in Reference 12  n .ay be used. 

F o r  example, the higher-order  te rms  of the F resne l  integral  

forrriulation become significant fo r  values of the radial  parameter  

r l e s s  than one wavelength in the case  of the Yo' wedge. The Besse l  

function forrnulation, which coiiverges rapidly for  radial  pararrieters 

in  this region, is given by 

m m 

rri=o, 1 
n 

where  JnA ( k r )  is the cylindrical  Besse l  function of o r d e r  rn/n and E ~ ,  

is Neurriann's nurriber defined by 

- 
n 



1 m = o  

2 r r I f 0  i = 

Equation (81) represents  the total incident o r  reflected field where  

the total  field is given by 

The diffracted field may be obtained by simply subtracting the 

geonietric optics field in Eq. ( 3 )  from, the expression in Eq. (81) .  
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