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Abstract —The solutions of electromagnetic field equations of the broad-

side-coupled dielectric image guide are derived using the mode-matching

technique. The even- and odd-mode dispersion characteristics are pre-

sented as a function of the dimensional parameters of the guide for the

low-loss mode for which the principal electric field is parallel to the metal

image planes.

I. INTRODUCTION

The use of dielectric integrated circuits at millimeter-wave

frequencies has received increased attention in recent years

[1]-[10]. The transmission losses in the dielectric guides used as

the basic transmission media in these circuits are reasonably

small. However, the radiation loss at the curved sections of these

guides, except in the case of the trapped image guide [8] and the

nonradiative dielectric guide [10], often exceeds the tolerance

limit. In the trapped image guide, the metallic trough reduces the

radiation loss by redirecting the energy leaking from the bends

back to the dielectric portion of the guide. However, the metallic

trough makes the structure bulky and rather impractical for

integrated circuit applications. The nonradiative dielectric guide

proposed by Yoneyama and Nishida [10] is supported between

two parallel metallic plates with the plate separation being less

than half a wavelength. This guide is reported to have negligible

radiation loss at the curved sections. Introducing an air-gap at

the center of the dielectric slab parallel to the metallic plates

results in a broadside-coupled dielectric guide as shown in Fig. 1.

This structure can be regarded as a special case of the broadside-

coupled dielectric image line, where the principal electric field is

parallel to the metal image plane.

In the case of a single dielectric image line, Shindo and Itanami

[11] have shown that the transmission loss for the mode having

the principle electric field parallel to the metal image plane is

nearly less than half of the conventional mode having the electric

field perpendicular to the image plane. Broadside-coupled image

lines, when excited with the electric field parallel to the image

planes, should therefore find potentiaf applications in the design

of low-loss millimeter-wave components, especially couplers and

filters. The analysis of such broadside-coupled structures is not

reported so far.

In this paper, we apply the mode-matching technique [12], [13]

to determine the general electromagnetic field solutions of broad-

side-coupled dielectric image lines. Detailed data are generated

on the even- and odd-mode propagation constants as a function
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of the structural parameters for the excitation having the prin-

cipal E-field component parallel’ to the image planes.

II. ANALYSIS

Fig. 1 shows the cross section of a broadside-coupled dielectric

guide with a rectangular shielding enclosure. The metallic side

walls at x = – a and (3a + 2s) serve as image planes for the

guiding structure. The top and bottom conductors are separated

by a distance (2p+ b) and the height p cart be chosen suffi-

ciently large so that these conductors have negligible effect on the

electromagnetic fields of the coupled dielectric guide.

Due to the symmetry of the structure with respect to the plane

PP’, the analysis can be carried out in terms of the even and odd

modes. At the plane PP’, a magnetic wall can be assumed for the

even modes and an electric wall for the odd modes. It is then

sufficient to consider only one-half of the structure as shown in

Fig. 2, for the purpose of analysis. We assume the wave propaga-

tion to be in the z direction, and the field components to vary as
e–Iflz, where ~ is the propagation constant in the z direction. TO

facilitate the calculation of electromagnetic fields in the trans-

verse plane, the field region is divided into four parts as shown in

Fig. 2. In such a structure, fields in any direction maybe taken as

a combination of TM and TE fields in that direction [14]. The

electromagnetic fields of these modes can be expressed in terms

of two scalar potentials ~; and j.~ which are proportional to the

E, and H, field cc!mponents

(1)

(2)

where c, is the relative dielectric constant of the region u rider

consideration. In this paper, we approximate the hybrid fields in

terms of TM mode to y (TM”) and TE mode toy (TE ‘). For the

TM” mode, the electromagnetic fields are expressed in terms of

only f: by setting f,fl = O, and for the TE Y mode, the fields are

expressed in term of only ~) by setting f; = O. The potential

functions in the fcwr regions marked 1 to 4 in Fig. 2 for the TM

and TE modes are given by the following:

Regionl: (–a<x <a, p+ b<y<2p+b):

fhl(x$y) = ~ {~fi,cos(fll.y,,lx )+~ilsin(blx.lx)}
m=l

cos[P,,.l{Y-(2P+0}] (3)

sin[pl,,l{y-(zp+~)}] (4)
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Fig. 1 Cross-sectional wew of the broad side-coupled dielectric Image gmde
and Its typical field lines

l?egion2: (–a<x <a, p<y<p+ b):

fL(x, Y) = f {<,, cos(Bz,.lx)+ C;lsin(B~.y.,~)}
m=l

[%COS{P2A-P)}

+&(sin{/32,.,(. hP)}] (5)

[K),COS{P2,,,(.V-P)}

+K~sin{P,,,,(y- P)}]c (6)

Region3: (–a<x <a, O<y<p):

AL(X,Y) = f [{~.rcos(B3.ynzx) +~i1sin(P3xn1x)}
m=l

4%H,Y)] (7)

Ai(xY)= ,ti, [{ J,7cos(B31}7x)+J:sin(P3.y,,x)}

sin(iZ,,,y)l (8)

Magnetic WOII
Electrlc wall

T
P

b

P

lb) IP
Fig, 2. Cross-sectional half-portion of the broadside-coupled dielectric image

guide for calculation of field distribution.

Region 4: (a<x < a+s, o<y<2p+b):

For a magnetic wall at x = (s + a):

fi.,(x, y)= ~ E., cos{P4...,(s -a)}cos(B4,4y)y) (9)
~=o

N

fl, (x7 Y)=n;o Lrisin{F4xn(x –s–a)}sin(B4y)?Y)” (10)

For an electric wall at x = (s + a):

finl(x>Y) =m~o~nl’in {P4x.1(~– s–a)}co’(P4r.lY)

(11)

N

f/,j(xj y)= X ~)1COs{B4x), (x–s–a)} sin(B4y)1y) (12)
~=o

In the above equations, A,.,, lh, A,.,, ~d h.m ME the
wave numbers in the x-direction of the TMJ modes, and ~1,,,,

&, Fs.,,, ad Pd..,, are those of the TE v modes. When the
subscript x is replaced by y, these symbols denote the wavenum-

bers of TM’ and TEY modes in the y direction. The various wave

numbers are related by the following equations:

where ~. is the free-space propagation constant, We now set the

tangential electric-field components equal to zero at the conduct-

ing boundaries y = O and y = 2p + b and also at x = – a. Fur-

ther, matching the tangential electric and magnetic fields at the

interface y = p between the regions 2 and 3 and also at y = p + b
between the regions 1 and 2, we obtain

m7r
134}m = —2v+b’

m = 0,1,2,... (14)
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F4,,, = ~;: ~ 9 n=l,2,3, . . . (15)

AIM = B,.rml = &.Yli, = b.,ml (16)

ii..,, = ii.,,= F3.Y,l = 8.. (17)

BCD3= m= -..u=
tan(&.la)

B;, C;, D;,
(18)

G,, H J
—.4 .4=.

‘)cot ( Px,za
G; H; ~~

(19)

+ ~1 p’,, i73.vrr&,,r
— tan ( B3YH P ) +
/32,>.

tan (&,,, b
R.”.

)

Matching the tangential field components E,, E:, and Hz at

x=aover therange O<y <p, p<y<p+b, ~dp+b <y<
2p+ b, and by solving, taking into account an equal number of

TM’ and TEY modes (M= IV), we obtain the following equa-

tions:

TM’ Modes:
Even mode:

a~(f12 +/h)E?= Mx (B2+%’M)WW)
~=1

?= 0,1,2,.. .,M–l (22)

j~E}2) = f j~B~l)Zm, f=l,2,. ..,l–l
~=1

(23)

a,jwc.E/3)= ? jaco/&BA2)WA’),
~=1

t=o,l,2,. . . ,M–1. (24)

Odd mode:

a,~-(B2+f&)}E/4)= f (F2 +@n,)B#W,
~=1

t=o,l,2,. ’”, M–1 (25)

- j/3E~5) = ~ j/3B~~)ZM,
~=1

t=l,2,3,. o. ,M-1 (26)

TE-” Modes:
Even mode:

CY,{- JtipO}L\l)= f j~p~”#~,,G!’)@,,
~=1

t=0,1,2,. ..,l–l (28)

~=1

t=l,2,3,, . . ,M–1 (29)

a,{ -l?2 + &?xr}Lj2)= f (P2 +B~n)G!2)zr,
~=1

t=0,1,2,. ..,l–l (30)

Odd mode:

a[{–)tipO}L\4)= f j@p#,,,G~’)~,,
~=1

t=0,1,2,. ..,l–l (31)

~=1

2=1,2,. . . ,M-1 (32)

%(P2 +R?X1)L$’)= M~ (B’ +i%)c$)%
~=1

t=o,l,2,. . .,M–l (33)

where the expressions for the various parameters appearing in

(22)-(33) are given in the Appendix.

From the above set of equations, /3 can be computed by

varying its value from O to /?O& and finding its zero crossing for

TM~ and TE” modes separately. In this paper, we shall present

numerical results only for the TM p ( ~;~) modes of the guide.

The results of the nonradiative dielectric waveguide reported by

Yoneyama and Ni:shida [10] can be obtained as a speciaf case by

setting s = O.

III. NUMERICAL RESULTS

Fig. 3 shows a typicaf plot of the normalized propagation

constant /3/~. as ii function of p/b at two frequencies, namely,

25 and 35 GHz, 11 is apparent from this graph that the top and

bottom metaf conductors have negligible effect on /if/~. for

p/b >2 when /?//3!0 is greater than 1. Hence in afl the subsequent

computations, p/b is assumed to be 2.

The variation of /3/& as a function of frequency for the E{l
and E]l even- and odd-modes (denoted as E/l<, Ef10, E$l, and

E~lO) of the broadside-coupled dielectric guide are plotted in

Figs. 4, 5, and 6 for the aspect ratios b/2a= 5/3, 1, ~d 3/5,

respectively. The half spacing s‘ between the dielectric strips is

the variable parameter. The dielectric chosen in all three cases is

polystyrene having c,= 2.56. It is observed from Figs. 4–6 that in

the case of an even-coupled mode, the dispersion curves for

various spacings 2,s between the dielectric strips cross each other

at /3/~0 = 1, whereas, for the odd mode, they do not cross.

Further, for /3/f10:> 1, the even- and odd-mode propagation con-

stants approach each other with increasing value of s. This

phenomenon may be explained as follows. The region ~/~0 <1

corresponds to the waveguide modes, while the region ~/&> 1
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Fig. 3, Normahzed propagation constant /3//30 versus p/b of the dielectric
Image guide for J5fi mode (s + co in Fig. 2).
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Fig, 4. Normalized propagation constant ~/f10 versus frequency of the
broadside-coupled dielectric image gmde with polystyrene dielectric and
aspect ratio 5/3.

corresponds to the dielectric image guide modes. Further, for

P/P~>l, the fields in region 4 are evanescent. The coupling
between the two dielectric strips decreases with an increase in s

and forsufficiently large values of s, theeven-mode propagation

constant becomes equal to the odd-mode propagation constant.

For theparameters chosen in Figs. 4–6, theodd-mode cutoff

frequencies are greater than the cutoff frequency of parallel plate

structures having a plate separation equaf to 2(2a+~) and,

hence, the structure is not “nonradiative.” FiE. 7 shows the

I .4
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1
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T
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Fig. 5.

b~3mm, a:15mm

Cr:256, p:6mm

FREQUENCY (GHz) _

Normahzed propagation constant f3/(30 versus frequency of the
broadside-coupled dielectric image with polystyrene dielectric aud aspect
ratio 1.

variation of /?//30 with frequency for a larger value of (,= 9.6

andahigher aspect ratio b/2a =3/2. With these parameters, the

structure is nonradiative.

Fig. 8 shows the variation of effective coupling length as a

function of frequency for 3-dB, as well as O-dB coupling for

various values of half-spacing s between the two coupled dielec-

tric strips. The aspect ratio chosen is 3/5 and the dielectric

constant of the stnpsis 2.56. Theeffective length is calculated as

given by Rudokas and Itoh [6]. Referring to Fig. 8, the ratio of

the power between the ports 2 and 3 is given by

where

1’

;=,

B,.

For

P3

(-)

rrl
PI = ‘m’ 2L

L = &:&

[f=[+!!. L
7r

Ao=/z’IP,,(z)–P,o(z)]dz
Zo

effective length of the coupler,

length of coupled guide,

even-mode propagation constant,

odd-mode propagation constant.

the same values of aspect ratio and c,, the variation of

coupling length with frequen;y for 3- and O-d’B couplings in the

case of a side-coupled conventional image guide has been plotted

in the same figure. It can be seen from Fig. 8, that, for a fixed set
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Fig. 6. Normalized propagation constant ~/~0 versus frequency of the
broadside-coupled dielectric image guide with polystyrene dielectric and
aspect ratio 3/5.
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of parameters, namely, b/2a, ~,, and s, the coupling length

required in the case of a broadside-coupled image guide operating

in the TM p mode is considerably less than that required in the

case of a side-coupled conventional image guide coupler operat-

ing in the TM” mode.

Fig. 9 shows the comparison of characteristic of a nonradiative

coupler and a side-coupled conventional image coupler for 3- and

O-dB couplings. Although the difference in coupling lengths in

the two cases is small, the nonradiative coupler is expected to

offer much smaller conductor loss, since the principal electric

field is parallel to the metallic planes.

IV. CONCLUSION

The propagation parameters of a broadside-coupled dielectric

image guide are analyzed using the mode-matching technique.

For ~/~0 >1, the propagation corresponds to the image guide

mode and the frequency at which /?/~O = 1 is the same irrespec-

tive of the spacing 2s between the dielectric strips in the case of

the even mode. With the appropriate choice of the dielectric

constant and dimensional parameters, the structure can operate

as a nonradiative guide. The data presented on the even- and

odd-mode propagation constants of the broadside-coupled image

guide operating in the low-loss mode can be used in the design of

couplers and filters at millimeter-wave frequencies.

APPENDIX

I,(t)=j ()2p+bcos[Blpm{y-(2p+b)}]cos* 4
P+b

I,(t)=/
()

J’+bcos {p2,m(y-p)}cos * ~Y
P

I,(t)=j
()

‘+ bsin{~2pm(~–p)}Cos * ‘~

P

()
Id(t) =Jpcos(/3,,.,. y)cos * dy

I,(t)=j
N

2p+ bsin[pl P~{y–(2p+b)}] sin & 4
P+b

()
10(t) =~+bsin {~2Y~(y-p)} sin * dy

P

I,(t)=/
(1

~+ bcos{~2um(~–p)} sin z~fb ‘~

P

()

t ‘7ry
18(t) =/Psin(&,~y)sin —

2p+b
dy

o

7,(t) =J2p+b
()

sin[~l,,,, {y–(2p+b)}] sin ~ dy
P+b

()~,(t)=~+bcos {~,,ti(y-p)}sin * C@
P

(1
73(t) =~+bsin {~2,H(y-p)} sin & ~y

P

()

try
iq(t)=~psin (~q,,, y)sin —

2p+b
dy

o

P+b cos[&{y-(2p+b)}]cos & dyi5(t)=/2p+b
(1

~,(t)=~
()

t 77.V‘+ bsin{~zYM(y– P)}cos 2p+b ‘y

P

()~7(t)=~+hCOS{~2,n(~-p)}COS & dy
P

()

t77y
18(t) =Jpcos(&p,,y)cos —

2p+b
dy

o

()

2p+bE}lJ= E, z cos(/34yfs)

@2) = Elf cos ( p4# )

()

2p+b
E/3) = E& ~ sln ( lW )

()

2p+b
@4) . & _

2 sin ( 134.ylS)

E}5) = E,; sin (/341,s )

E}6) = EJ34Y,
()

Q#’ Cos( /34..fs )

l?!;) = B., cos(&a) + B; sin(p.~a)

B:) = – B., sin(p.,na)+ B; COS(&~a)

()

2p+b
Lfl) = L,/34y, ~ Cos( P4.,P )

()

2p+b .L\2 = L, _
2 sln ( &S )

L$3J= L,; sin(~4Y,s)

L$4)= L, f14Xf
()

* sin (&Yfs )

()

2p+b
L\5J . L, —

2 Cos ( 134,,r~)

()
L$) = L, ; COS(/34.yN)

G(l) = G. sin(j?,,la)– G~cos(&a)

G~21= G,, cos ( I,,la ) + G; sin ( Pyrla )

Q,,l = 133,.Fr tan (1331’mP)

R.r=DzY~cos(&,~b)

S., =Q., sin(i?~,.,b)

T,* = B2YM Cos ( &*P )

U.,=II(r)++
J

Tn,14(t)

‘n’= (R,>, -Sm,)COS(&~P)

Wm= Un,+ v.,

[

&n&(t)+Q.,~,(t)
xm=/31J5(t)-P2, m

–Rn, +Sm 1
p3,,,1Tn,18(t)

‘“= (R,,, - s,,,) cos(/33,n,p)
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A Method of Avoiding the Edge Current Divergence

in Perturbation Loss Calculations

LEONARD LEWIN, FELLOW,IEEE

Abstract —From a consideration of the properties near the edge of a fiat

finite-thickness strip and an elliptic cross-section strip, it is shown that the

dh’ergence that arises in the perturbation method near a sharp edge cats be

handled by halting the loss cafctdation at a definite distance just short of

the strip edge. This dktatice can be expressed in terms of the radius of

curvature at the tip for a rounded edge, and in terms of the strip thickness

for a flat edge.

I. INTRODUCTION

A commonly used loss calculation method proceeds by, taking

the tangential, magnetic field, as determined for the lossless case,

calculating first the surface currents on the metal boundaries and

then calculating the loss from these currents on the assumption

that they are not affected substantially in form by the finite metal

conductivity. The method can be applied if the metal thickness is

everywhere sufficiently greater than the skin depth, and can even

be used for itifinitely thin strips or diaphragms when the very

small amount of thickness that would be needed to appreciably

exceed the skin depth would not alter the field substantially from

the theoretical value in the ideal (zero-thickness) case. The one

place where this cannot be done is for the axiaf current along a

strip edge, since the ideaf current density near the edge varies as

r – liz where r is the distance from the edge. For this vafiation,

the n’ceded square of the current density varies as I/r and

produces a logarithm-sic divergence if integrated to the strip edge

at r = O. Since all such strips, in practice, have a certain tMlck-

ness, and often a slightly rounded edge, an examination of the

local fields in such cases may be expected to show how to deal

with the divergence,

One method of avoiding this divergence altogether is to simply

assume a finite thickness and to carry out the usually much more

involved analysis for the thick-strip case, This has been done by

Cockroft [1] for isolated rectangular conductors, arid by Kaden

[2] for a rnicrostrip configuration, The problem with this method

is that it requires a major change in the field calculations just in

order to accommodate a local feature in the immediate ,neighbor-

hood of the edge. Nosich and Shestopalov [3], assuming a rounded

edge of diameter equal to the strip thickness, noted that the

magnetic field from a cylinder of radius w varies as l/kw, so

that the actual field near the edge singularity should not become

greater than this. They therefore stop the integration short by the

requisite amount, of the order of ( kw ) 2, where k = 2 rr/A. Not

only is this truncation limit somewhat indefinite, but it is also

frequency dependent, and assumes that the edge is rounded like a

circular cylinder.

When the analysis for the nonzero thickness case is available,

there is, in fact, no need to utilize the perturbation method at all;

and Wheeler [4], rising a technique based on an “incremental

inductance” concept, showed how the losses could be calculated

more directly. However, since the purpose of this paper is to be

able to use the zero-thickness analysis, and to auoid extending it

to the nonzero tyckness case, it does not seem possible to adapt

Wheeler’s method for this purpose, since the needed normrd

derivative is not available.
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