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Abstract

In this work we investigate numerically the problem of the source exci-
tation of an open, parallel-plate waveguide. The following assumptions are
made for the source current 1) the current is oriented in the y-direction,
2) it is located at x = 0, 3) there is no variation in the y-directi-~=,
4) and the current has exp (iBz) behavior along the longitudinal z-direction,
We provide graphical outpﬁt for the EM-field components as functions ¢f a
longitudinal propagation constant and transverse coordinates and then discuss

these results.
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I. INTRODUCTION

In the previous report [1l], we dérived analytical expressions for
the source excitation of an open parallel-plate waveguide. However,
these formulas were very complicated, and it became necessary to evaluate
them numerically. The purpose of this report is to present the numerical
results. The computer program contained in Appendix A was written and
used to obtain the field distribution as a function of the longitudinal
propagation constant and the transverse coordinates. The numerical out-
puts ares presented in graphical forms. The Cyber 175 at the University
of Illinois was used for all of the numerical studies.

The organization of the report is as follows: Section II contains
a statement of the problem and the basic formulation. Section III
presents the real and imaginary parts and the amplitude of the component
field distribution as functions of several parameters in graphical form
and a detailed discussion of the numerical results. Finally, Section IV

is the conclusion.
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IT. STATEMENT OF THE PROBLEM AND BASIC FORMULATION

In this section the fields due to a wvertical current located inside
an open, finite waveguide are investigated. The geometry of the problem
considered is shown in Figure 1. This structure consists of two perfectly
conducting plates with separation 2H located in a homogeneous and isotropic
medium. A Cartesian coordinate system with its y-axis normal te the plates
is erected. Both plates are infinite in the z-direction and finite in the
x—-direction with length 2L as shown in Figure 1. All figures appear at the

end of Chapter II. The current is oriented in the y-direction and is

defined as

J = ;S(X) exp (iBz) , (L
where B is the propagation comstant in the z-direction, and §(x) is the
delta function. In [1] using the vector-potegtial approach and the Wiener-
Hopf technique,‘we obtained a solution for the problem at hand in a general
form f£or any pa%ameters with one restriction: kL must be much greater
than 1, i.e.,

kL >> 1 s (2)
where

k = szsu - 82 (3)

and £, U are the homogeneous media parameters. Using the solution which

was obtained in [1], we will perform a numerical calculation for the case:

W= -1% = 0.16670 (4
a5, (s)
0
where
Ay = (6)
WYEL
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Figure 1. Geometry of the problem of source excitaticn of a
parallel-plate waveguide.
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is the free-space wave length. Because of the limitations of Equations
(2), (3), and (5) we calculated numerical results for

0 <8 <0.93 , (7N

where B is the normalized propagation comstant 8 = B .
wvep

It can be

readily proved from Equations (3), (4), and (5) that if B is in the region

{BO, 0.93], where
80 = (.80008997 , (8)

then only the first mode can propagate in the x-direction; therefore, the

electromagnetic field has only three components [Ey, Hx’ Hz]. When 8

-~

intersects the point B and goes to zero, the second mode begins to
0 g

propagate, and the EM-field consists of five components {EX, Ey, Ez, Hx’ Hz}.

Rewriting the field solution fram [1] for the case,&hen no more than two

modes can propagate, we arrive at the EM field:

E'(x,y,2) = E(x,y) + exp (iBz) 9)
H' (%,¥,2z) = H(x,y) * exp (iBz) (10)
E(x,y) = XE_ + yEy + 2B, (1L)
H(z,y) = xHx + sz {12)
/e, 0.1-8, LT oy . X
BY e A (ﬁy) sin 18 L) (13)
ar 2 - 0.01 T
j ; . X 2 2.0, LI g . £
Ey = /€ v 107 \?l cos (a L) + W2 F2 €os \qu cos ie L
r" ‘ X ‘l\'
- == axp  ia|=|] (14
2 L !J
iy 8 ., m Y X
E = ~ = . s —F in w B = s (15
z e Ww/En w2 ST \Tg, ©°° | L} )
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8 e ‘ .
5 = - *10m/F, zos & iroe L. lg « Z|
< U e ‘1 208 taf) cos!\ﬂ’ =4 cosxe L
1 Co x|
-5k exp 1alX ) L (16)
S
| /
HZ = iuaFl sin ( } + leF cos (‘rl} sin 9 . -}E-) - 0.5 *« exp ia -I: s
@an
where
2 . 2 - =,
. M, (k) ]7 exp (i22) A 26[M,_ (2,)]" exp (i2¢ ;) ETS
1 1+ Tl)a 8 Jf
A
oM ()M (o)) exp |ia |1+ =
{ i b 1
F, = — s (1%)
(r 2~
.[Ml+(ozl)] exp (12ba ) 4le (al + b)
Q= (L+T)a ¢ > - -1, (20
i al 1+7T al -
N 1 , -
M (k) = (a,+b) ¢+ exp{ilb(2-C+ 1a®) +12) - T 4 cf & - arc sin
+1 1 P % 27777 L, o
(21)
-1y (- 2 T
l+(al) =2 4 5 exp 1fl(Z-C +In(C) + i5)
= oy % 7\
+ o T arc sin ———— _J> ’ (22)
n=2 | »/nz -1 /(
o = AP-1 (23)
a=kL =107 /1 - —812 (24)
w/EL]
b = a ¢« % s (25)
iige
8= = (26)
385
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/T T, |
va l

exp (- i 4) (27)
)

T, = [Ml+(k)]2 exp (i2a) | 1 +

It should be mentioned that we investigated the lossless medium case;
therefore, in the region éo < é < 0.93, the propag;;ion constant for
the second mode:has only an imaginary part. Because we neglect terms
which decrease exponentially, our results for the above menticned region
of é reduce to:

1) Ex = Ez = 0 and

2) more simple expressions for the other three components of the field.
We apply numerical analysis only over the regions 0 <y <H, 0 < x < 1L,

For the remainder of the waveguide, one can obtain results using the

correlations:

E¥(x,y) = - EX(-x,y) 3 E(x,7) = - E_(x,-7)

Ey(x,y) = Ey(-x,y) ; Eyix,y) = Ey(x,-y>

E (x,y) = E (-x,5) ; E (x,) = - E, (x,-y)

H (x,y) = i (-x,y) 3 B (x,y) = H (x,-y)

2 (xy) = - B (-x,¥) s H (x,y) = H (x,-y) . (28)
It is interestﬁng tovnote that Ex’ Hz are continuous and that Ey’ Ez’ Hx

~ -~

are discontinuocus when B crosses BO {or more exactly: they are exponentially
decreasing). It is also of interest to determine the character of the
behavior of the x-compomnent of Poynting's vector., As one can easily see
from the previcus expressioms for the EM fields, the x~component of
Poynting's vector for the second mode 1is pro?ortional to oy and goes to

zero when é - éO' From this, one finds that the energy flow in the

-~ ~

x-direction is continuous when B8 intersects the point SO'
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Figure 2. The real and imaginary parts of an x-component of the electrjic field aSqunctions
of a longltudinal propagation constant for points of view: X = 0.1; = 0,0, 0.5.
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X
= 0.6

The real and imaginary parts of an x-component of the electric Field as functions
of a longlrtudinal propagarion constant for points of view:

u = 0.0, 0.5.
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IIT. NUMERICAL STUDY OF THE PROBLEM"

Because the zanalytical expressions derived in the second section
are rather complicated and difficult to analyze, we numerically evaluated
the solutions using a digital computer. The results are presented in this
section in graphical form. This section consists of two parts: in the
first we discuss the field components as functions of the longitudinal
propagation constant; in the second - as functions of the transverse

coordinates.

A. Real and Imaginarv Parts and Amplitudes of the Field Components

As Functions of the Longitudinal Propagation Constant

The graphics that are supplied in this section were plotted with a
step for 8 equal to 0.005. The point, 8 = 0.80009, also was used. The
figures were plotted using 188 points. The output for the real and

imaginary parts and the amplitudes of all five field components for eight

.-

observation points: L

0.1, 0.4, 0.6, 0.9 and = = 0.0, 0.5 are presenced.

From the figures 1t i1s observed that Ey’ Hx’ Hz are dominant components.

In Figures 6-9 the real and imaginary parts of Ey are given. By comparing

. Y , Y -
these results, one can observe for pOlntS'E = 0.0 and e 0.5 that the

E , H , H - field behaviors as functiocns of 3 are more complicated in
the middle of the waveguide. This is hardly surprising in view of the
largest contribution of the second mode for the above-mentioned com~

ponents for % = 0.0. When the point of observation approaches % = 0.5,
the contribution of the second mode for those components decreases and

has a limiting value equal to zero. In Figures 6-9, 14-17, 22-235 we

SO. The

1}

observe the step changing for the Ey, Ht components at 3

419
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. . - R . . . v
second mode is responsible for this misbehavior. When E + 0.5, the

. . - ¥ :
contribution of that step decreases, and for g = 0.5, it equals zaro.

~

One can observe that the curves are smooth at B = SO. It should be
mentioned that:

{a) The diséontinuous behavior is obsarved because we have
neglected the exponentially decreasing terms;

() In a lossy medium, the rate of decraase would be less. The
Hz-component (see Figures 18-21, 26) doesn't have the step behavior
because the contribution of the second mode is proportional to al,
which goes to 0, when ; - éo. The other two components, Ex and Ez, are
equal to zero on the x-axis and have their largest contribution for

% = 0.5 (see Figures 2-3, 10-13). Ez is smooth and EZ exhibits the step

-~

behavior at BO. ' The figures demonstrate that the complexity of the

curves occurs approximately in the region 0.7 < 3 < 0.8, where we
observe a sharp peak, which is due tc the resonance. In the region
0 < 8 < 0.5 the figures demonstrate the very smooth character of the

curves.

B. Real and Imaginary Parts of the Field Components as Functions

of Transverse Ccéordinaces

In this section we present the real and imaginary parts of the

dominant £ield components Ey’ Hx’ Hz as functions of the x-coordinate

for two values of % = 0.0; 0.5 and two walues of 3 = 0.4; 0.73. The

graphic output, shown in Figures 28-33, was obtained using the results

2

of calculations for B8l polnts of L in the region [0.1, 0.9] (step = 0.019).

All the graphs have very smooth characteristics. For 3 = 0.75 thev have

slightly more complicated form than for 3 = 0.4. As mentioned in the
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previous section, for % = 0.5 the contribution cf the second mode equals
zero., We see that the amplitudes of the curves are constant for the

. . . v .
entire region of view. For the g = 0.0, the field components are sums of

the contributions of two modes. One can observe that the amplitudes

of the curves are changing along the x-directiom.

421
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IV. CONCLUSIONS

In this report the problem of a source excitation of an open
parallel-plate waveguide was developed. Extensive numerical results for
the field components in the waveguide as functioms of several parameters

of the waveguide and propagation constant were supplied.
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VI. APPENDIX A& .

SOURCE EXCITATION OF AN OPEN, PARALLEL-PLATE WAVEGUIDE PROGRAM

A complete program for source 2xcitation of an open, parallel-plate wave-

guide program is presented. The computer program provides three- )
dimensional data-storage for the real and imaginary parts of £ive components

of the EM field. Data were obtained for-% between 0.1 - 0.9 with step 0.1;

-~

% between 0.0 - 0.9 with step 0.1; and B - propagation constant between
0.0 ~ 0.93 with step 0.005 plus () 0.80009. These data were used to
plot EM Ffield components as functions of the propagation constant. The

program can be readily modified to obtain data for plotting the EM~field

component as a function of the x—-coordinate.

S

&
Loy
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FROGRAM EﬂwmrdmHZ?CHwGCiJC4wﬂDTHUC TAFEL=IKFUT)
COMPLEX BBRyEBERAL:TI /FLsF2sEX0sEYO EZO v HXO s HIOsCONSTrAA E
d 3ﬂ NSION XX{P)sYY(10) »BETARCLEBY yREXQ{1T» Py 138) y AMEXT (L oco
YO{L0y ﬂmemutbzm%omHov%vawumm ZO(10+25y 188 AMEZO(L0sPs 13
SR chnwowﬂ »188) s AMHKO (L0 25 188 s RHZO(105 P L8R s AMHZO (10,9215
READCL s 2 Ws YBRIs YEBRSy YRRF » XBRT y XBRS y XERF
2 FORMAT(F7.398(F7.3)
M=1G00
FI=3.141592454
CONST=CHMFLX{(O.s 1.}
CON=2.,115931352
BETAR(1)=0,
0o 70 I=1s140
BETARB(I+1)=BETAE(I)+0.005
7O CONTINUE
EETAR(1862)=0.,80009
RETAR(1463)=0,803
LD 75 I=1ys23

s 1820 »
3
&)

75 BETARB(I+183)=BETAR(I+182:40.008
CONTINUE
U0 928 N=1s151
BETA=BETAR(N)
K=M
=10 KFIXKSART(L ~BETAXK2)
B=AXW/FI
ALFAL=8SART{(ERXE-1.
Oh=FIXAlLLFAl/ /W
CALL BEI{(A»ByBEKsPIsMyCONvALFAL)D
CAll. BE2(A»EsBEAL,PIM»CONsALFAL
Cakl, TEL{(AE»TL1,BEBRsFI
CAall, FI2(AsBryTLsALFALBRERKBRRALFLyF)
=XERI
J=1

IO Y=YRRI
I=1

20 EXO={PIXALFAL/ {10, kWXXD) VKF 2K INCFIRY Y XS T ML DDA
ETO=10.KPIXK(FLKCOSCARKIF (L.~ (L s/ (100, RWKXD) ) YKFOKCOS(FTAY %
SCOSIINNKX)I~CEXP(OHPLXC(O. s AXX) 3/ (2, %A
EL0=-CONSTXEETAK (P I/ WIKF2KSINI(PIRY ) XCOS (NI
HAO=~BETARLO AP IR (F1KCOS(AKX)+F2XCOS(FIRY IKCOS(ODKNDI =41/ (2, KA ) &
BCEXP(CHFLX(O, yA%K Yy
HZO=CONSTRAKF LASIN(AKX) +CONETAIDRF 2% 000 (P TRY I XS INCIDKY S —
FOLIRCEXF(CHFLXIO, sB%X )
COREXCG({ILsJdrRI=REAL(EXD)
AMEKOQ{I» Iy R)=8IMAGI{EXD)
REYO(I »Js K =REAL{EYOD)
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AREY (T sy N r=aIMAaloEY G
REZOIT s JrKI=REM_(EZD)
AMEZO(T » Jy K =AIMAG(EZD)
RHXD (T ¢ Je ) =REAL{HROD
SMHAO Ty JpRI=nAIHMAGIHKXO)
RHZD (T e Je R I=REAL (CHZO)
AFHZO (L s e ) =AIMAG{HZD)
T=Y EYRRE
T=l+1 :
IFIYLLEWYRRFY GQ 7O 20
X=X+ BRE .
J=J+1
TFIXWLESXBRFY GO TOQ 30
P8 CONTINUE :
00 99 L=142,188
BETA=RETAR{L)
=i
A=L0,ZFIKSART (1, ~BETAXX2)
X=XRRI ‘
S=1
E=AXW/FT
CAall BE(AsRB,BBsFPIs M)
K=XBRI
17 AA=CEXF{(CMPLX(O, »&%X))
EYQ=-0,.3%{AaA-BRRCOS (AKX /SART(L,-RETAXK2
ALO=~BETAXEYQ
HIO=0,.3K{-SIGN{1, I KAAFCONSTRERXSIN(AKX) S
g L8 i=1-1¢
REXGU(I v Js )=,
AMERO(Iy JeK3=0,
REZO(TsdeRI=0,
AMEZOLT s JsKI=0Q,
REYO(L s JrRI=REAL(EY(Q)
AMEYOCLy JyK)=2AIMAG(ZYO S
RHAO (L » i) =REAL {HXO?
mEHRO(I s v RI=4IMAGIHXES)
REZOTL s JsR) =REAL{HZO
18 AMHZOC(L» JsRI=AIMAG(HZO
A=X+ KBRS
J=J+1
IFIXJLEWXBRF) 30 TO 17
%2 CONTIMNUE ‘
WRITE{Z¢101) REXCyAMEXCYyREYOQ; AMEYOs»REZOvAMEZO s RMXO s AMHX G s RHZC » AN
EHTO
1G1 FORMaAT(LOFS.35)
0Y=0.1
UX=30.1
TY{LrI=0,
o 50 I=1:?
YYLI+Ly=YY {40y
A0 CONTINUE
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=0, 1
O I=1:8
T1 =Ry +0X
INUE
(3101 7YY AXsBETAR

mcmxochzm
COMFILEX Fs
AMLl=0,
00 1¢ I=2sM

AML=aMLI+B/I-A8IN{(B/I)

CONTINUE

F=CEXF{CMPLX(-BXFI/ 2, BX{(CON-ALOG(BI)=-FI/Z++Aa+aM1L>
BER=C(ALFAL+R)YXF

RETURN

ENT

SUBROUTINE BE2(AsByRRALFIsMyCONsALFAL)

COMFLEX FsBRalyD

AMi=0.,

00 10 I=2sM

AML=aMLl+aLFAl/ I-aSINCALFAL/SQRT{IXX2~1,3>

CONTINUE
FCEXRF(CHMPLX(~ALFALLPI/ 2, »ALFALX{(CON-ALOQG(R) Y +aMi+alLFALRA/RY )
D=CHMPFLX (L. r=aLFAal)

BRAL=FRIOKSOART(2.,YKXALFAL /R

RETURN

END

SUBROUTIME TEL1(AsEBEs TLsBERFID

COMPILERX TL1sBRRyIL

U=RXKSART(FI)/SQRRT(AXZ.,)

DL=CHMPLACL  + 1 =T

TL=BERKKX2XOL

RETURN

END

SUBROQUTINE Fil2¢arByTirALFAl+BERKSBEALSFLsF2)

COMPLEX TLlBER»EBALsFL1F2,01

O1=AlFAl® (L, +T1 % (BRALKKZX{G VKTLIXEB/ (L +TL)-callFal+oyxk2/allFal v/
B2y RAalFAalr=1.40

Fl=(BRRKEKI (L +TLoka) 3% (L. +2, ¥BHERaLxk2/ Tt

FR2=2. KkBXBERNKRBALA (AXTL:

RETURN

END

SUBROUTINE BE(AsR+LERyFPI M)

COMFILEX TsFsEER

CONET=1,11373131ls

AM1=0,

OG0 10 I=1usH

AML=AMLI+B/I-ASIN(E/I)

COMTINUE

T=CEXF(CHPLRX(~REPI+2,. X {EX{CONST-aLOG (R »+a+aMLY )
FL=3QRT{(FIYXR/SARTL2, x4

FelChPlx (L. +F1s=F1

RE=2.kT/{1.+T%F}

RETURN

EMND

El{#asBsRBEKFI My CONvaALFALY
I

IS
T
LB
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VII. APPENDIX B

ADDITICONAL NUMERICAL RESULTS

In Section IIT of this report, we have
calcuiated the electromagnetin fields as functions of 3, the
normalized propagation constant in the z-direction. The para-

meters chosen for the computation in the report were:

%=0.l6670, -Ifas, where . = —2f

0 0 mJEE

At the request of Dr. D. Giri of SAI? we have now derived
additional numerical results for the following choice of parameters,

which correspond to those i the experimental parallel-plate structure

being investigated at Harvard.

L=12.5m

H=12.75 @ B 1.020; I=1.041667
L Ao

f = 25 Mny (?\O = 12m)

*presently with LuTech, Inc., Berkeley, CA
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The propagation comstant in the x-dirsction can be written in the form:

oo vz
e, =3 - -om , m=0,1,2,.
where k = k_ vV 1 = 82 R k, = 2n
0 0=
0
KL < koL = 27 = = 6.544985
=k Y- o .

-

The asymptotic analysis presented in this report was based on the
assumption (kL>>1). Consequently, great care should be exercised when
the range of application of these formulas is extended below kL = 10.

It is not difficult to prove that in the range 0 < é < 0.,33791s,
only three modes are above cut-off in the x-direction. Furthermore,
two modes are propagating in the range 0.337916 < 8 < 0.882353 and only
one mode can propagate in the range é > 0.882353. The application of
the formulas and computer programs developed in this report, though
not the theory itself, is restricted to the range where two modes can
propagate in the x-direction. For this reason, we develop the numerical

results only for the region 8 > 0.3%4, and specifically for the range

~

We would like to mention that it is possible to develop the necessary
formulas and numerical results for the region 9 < % < 0.34 using the

theorr given in & previous report (1.
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