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A New Leaky Waveguide for Millimeter
Waves Using Nonradiative Dielectric

(NRD) Waveguide–Part I:
Accurate Theory

ALBERTO SANCHEZ, MEMBER, IEEE, AND ARTHUR A. OLINER, LIFE FELLOW, IEEE

.4b.stract —An almost-rigorous analysis is presented for a new leaky

wavegnide of simple configuration based on a recent nonradiative modifi-

cation of H guide suitable for millimeter wavelengths, The analysis

employs a transverse equivalent network that yields a dispersion relation in

closed form, and contains some interesting and subtle features. Numerical

values are presented for the phase and leakage constants in terms of the

different geometric parameters and the dielectric constant comparisons

with measurements are made in the companion paper, part 11.

I. INTRODUCTION

T HIS INVESTIGATION was motivated by a search

for new types of leaky-wave antennas for millimeter

waves. At those shorter wavelengths, waveguide losses

increase and structures become harder to fabricate in view

of the reduced size. To overcome those difficulties, we

selected a leaky-wave structure that is simple in form,

uniform longitudinally, and based on a low-loss wave-

guide. Even though the application is to antennas, the

method of analysis employs microwave network techniques

of direct interest to microwave engineers. Furthermore,

this antenna is essentially a modification of the waveguide

itself and it can be integrated directly with the remainder

of the circuitry.

Two papers appeared recently [1], [2] which proposed a

new type of waveguide for millimeter waves, and showed

that various components based on it can be readily design-

ed and fabricated. The simple but basic modification intro-

duced by the authors, Yoneyama and Nishida, trans-

formed the old, well-known H guide into a potentially

practical waveguide with attractive features. The old H

guide stressed its potential for low-loss long runs of wave-

guide by making the space between the metal plates large,

certainly greater than half a wavelength; as a result, the

waveguide had lower loss, but any discontinuities or bends

in it would produce leakage of power away from the guide.

Yoneyama, and Nishida observed simply that when the

spacing is reduced to less than half a wavelength, all the
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bends and discontinuities become purely reactive; they

therefore call their guide “ nonradiative dielectric wave-

guide,” or NRD guide. As a result of this modification,

many components can be constructed easily and in an

integrated circuit fashion, and these authors proceeded to

demonstrate how to fabricate some of them, such as feeds,

terminations, ring resonators, and filters [2], [3].

These papers [1], [2] treat only reactive circuit compo-

nents, and no mention is made of how this type of wave-

guide can be used in conjunction with antennas. The

present paper serves two functions. First, it shows that a

leaky-wave antenna can be readily fabricated with “non-

radiative dielectric waveguide,” and, in fact, that it can be

directly connected to the above-mentioned circuits in in-

tegrated circuit fashion if desired. Second, it presents a

very accurate theory for the leakage and phase constants

of the antenna. A key feature of this theory involves an

almost-rigorous transverse equivalent network, which re-

quires two coupled transmission lines. Some subtle fea-

tures are involved in the derivation of the elements of this

equivalent network, including the best choice of con-

stituent transverse modes, an analytic continuation into

the below-cutoff domain, and mode coupling at an air–

dielectric interface. In the discussion below, we present the

structure of the antenna, the principle of operation, the

almost-rigorous theory, and typical numerical examples

that can serve as guides for antenna performance.

The form of the antenna is also responsive to problems

facing line-source antennas at millimeter wavelengths; that

is, the antenna is simple to fabricate since it is composed

of a single continuous open slit. It is fed by a relatively

low-loss waveguide so that the leakage constant of the

antenna dominates over the attenuation constant of the

waveguide due to material losses. The antenna is also

simple to design because it is possible to vary the leakage

constant without measurably affecting the phase constant

and because. our theory yields closed-form expressions for

the leakage and phase constants.
A somewhat similar antenna was analyzed and mea-

sured some time ago by Shigesawa and Takiyama [5]–[8],

but it was based on H guide rather than NRD guide.

Nevertheless, the mechanism for leakage is basically the
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same as ours, employing a foreshortening of outer walls;

this antenna concept, although conceived independently

by us recently, should therefore be credited to them. Their

use of H guide rather than NRD guide made their antenna

less practical, however, since substantial radiation occurred

from their feed arrangement itself. In addition, their an-

tenna radiated from both sides, whereas ours radiates from

only one side. The leakage from their feeding arrangement

also produced substantial errors in their measured data,

since they employed an indirect (insertion loss) method for

determining the leakage constant. Their theory was also

approximate whereas ours is almost rigorous, and their

theory did not agree very well with their measurements. In

sum, they conceived of the antenna type first, but our

actual structure is more practical, and our theory and our

measurements are both accurate and agree very well with

each other.

The present paper, part I, discusses the new leaky wave-

guide and its principle of operation, derives an accurate

theory for its characteristics, and presents numerical values

for its behavior. The companion paper, part II, presents

the measurement phase of this investigation. In that paper,

we describe the experimental approach and the measure-

ment setup, and we then present detailed comparisons

between accurate theoretical calculations and these mea-

sured results. It is shown that uery good agreement is

obtained between the measured and theoretical values over

a large range of working parameters.

II. PRINCIPLE OF OPERATION OF THE

LEAKY WAVEGUIDE

The new waveguide, shown in Fig. 1, looks like the

earlier H guide except that the spacing between the plates

is less than half a wavelength to ensure the nonradiative

feature. In the vertical (y) direction, the field is of the

standing wave form in the dielectric region and is ex-

ponentially decaying in the air regions above and below.

The guided wave propagates in the axial (z) direction. The

leaky-wave antenna based on this waveguide is shown in

Fig. 2 (a), where we see that the antenna is created simply

by decreasing the distance d between the dielectric strip

and the top of the metal plates. When distance d is small,

the fields have not decayed to negligible values at the

upper open end, and, therefore, some power leaks away.

The upper open end forms the antenna aperture, and the

aperture distribution is tapered by varying the distance d

as a function of the longitudinal variable z. The polariza-

tion of the antenna is seen to be vertical in view of the

principal electrical field orientation in the waveguide. Be-

cause of the hybrid nature of the basic mode, however,

there is also some cross-polarized (horizontally polarized)

radiation in (split) off-axis beams, but not in the principal

plane (the yz plane).

The antenna is seen to be very simple in structure. A

side view of the antenna, shown in Fig. 2(b), indicates that

the taper in the antenna amplitude distribution (required

for sidelobe control) is achieved easily by positioning the

dielectric strip waveguide with respect to the upper open

FIX 1, Cross section view of nonradiatme dielectric waveguide, where

a < AO/2.

r
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Fig, 2 (a) Cross section view of leaky-wave structure where leakage is

controlled by distance d. (b) Side view of the leaky waveguide with

tapering.

end, and also that the feeding strip can be readily con-

nected to some other part of the millimeter-wave circuit

and, therefore, can serve as the output from it.

HI. ALMOST-RIGOROUS TRANSVERSE

EQUIVALENT NETWORK

A. Summary

The antenna is analyzed as a leaky waveguide that

possesses a complex propagation constant ~ – ja, where B
is the phase constant and a is the attenuation constant or

leakage constant. It can be shown that the knowledge of ~

and a as a function of the geometric parameters is suffi-

cient to permit the complete design of the leaky-wave

antenna in accordance with the prescribed radiation re-

quirements. We thus establish a transverse equivalent net-

work for the cross section of the antenna, and from the

resonance of this network we obtain the dispersion relation

for the /3 and a values. An almost-rigorous equivalent

network is presented in Fig. 3, where it is seen that two

coupled transmission lines are required in the representa-

tion. The reason for the two lines is that the waveguide
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modes are hybrid and possess all six field components in

the presence of the radiating open end.

If we employ the usual TE and TM modes in these

transmission lines, which represent the constituent trans-

verse modes, the lines will remain uncoupled at the air–

dielectric interface but will be coupled together at the

radiating open end. On the other hand, the open end is

uniform longitudinally, and this geometrical arrangement

suggests the use of E “)-type and H(z)-type modes (alter-

natively called LSM and LSE modes, respectively, with

respect to the xy plane). Transmission lines representing

such modes will not couple at the radiating open end, but

do become coupled at the air-dielectric interface. These

two valid but alternative representations were considered,

and we chose the second of these as the simpler approach

for our antenna.

The transverse equivalent network in Fig. 3 is thus based

on the E (=)-type and H(’)-type transverse modes men-

tioned above. The coupling network at the air–dielectric

interface was obtained from an adaptation of a network

presented earlier [4] for cylindrical air-dielectric inter-

faces, and suitably transformed for planar interfaces. Its

derivation and utilization in planar form are new.

The principal new feature in the transverse equivalent

network in Fig. 3 relates to the terminal admittance and

‘impedance representing the E (=)-type and H (=)-type modes

incident on the radiating open end. Those immittances

were not available in the literature but were derived by

analytic continuation of expressions for reflection coeffi-

cients given by Weinstein [9]. Those reflection coefficients

applied to normal incidence of ordinary parallel-plate

modes; modifications were made to account for modes

below cutoff and then for a longitudinal wavenumber

variation (corresponding to oblique incidence), the former

step producing results which appear totally different since

the phases and amplitudes of the reflection coefficients

then become exchanged.

The terminal immittances in Fig. 3 assume that all

higher modes in the transmission lines decay exponentially

to infinity. In principle, they” see” the air–dielectric inter-

face a distance d away. In practice, that distance is electri-

cally large; for example, for the first higher mode in a

specific case the field at the air–dielectric interface was

about 30 dB lower than its value at the radiating open end.

Because of this feature, however, we refer to this analysis

as almost-rigorous, rather than rigorous.

B. The Modes Employed

The coordinate system to be used appears in connection

with Fig. 4. The final leaky wave propagates in the axial

(z) direction, and the transverse transmission line direc-

tion is the vertical (y) direction. The transmission direc-

tion of the transverse modes is thus the y direction.

However, the structure is uniform with respect to the z

direction. The E-type and H-type modes to be employed

in the transverse representation are, therefore, separable

with respect to z, but propagating in y. It is accurate,

therefore, to designate them as E (’)-type and H(’)-type

Fig. 3. Rigorous transverse ,equivalent network for the structure shown
in Fig. 2(a), The network is placed on its side for clarity.

z

1
+0<
1, I

Fig. 4. Parallel-plate waveguide and associated coordinate system.

modes (or, alternatively, as LSM and LSE modes with

respect to the xy plane).

We shall choose the E-type and H-type notation, and

follow the formulation developed by Altschuler and Gold-

stone [12] but with our coordinate system. They presented

the derivations of the pertinent field ‘relations and the

orthogonality relations, so we will not repeat them here.

However, it is necessary for us to know the field compo-

nents and the characteristic impedances for these modes

corresponding to our choice of coordinate system. The

constituent vertical guiding regions in our antenna struc-

ture, shown in Fig. 2(a), are portions of parallel-plate

wuegtdde, either dielectric-filled or air-filled. We also re-

call that ordinary TM (or E) and TE (or H) modes

propagating in the y direction would be characterized by

the presence or absence of the y component of field,

whereas these E-type and H-type mlodes are distinguished

by the presence or absence of the appropriate z compo-

nent.

The E-type modes shall be denoted by primed quantities

and the H-type modes by double-primed quantities. The
transmission direction is y, so that the components of the

mode functions for the i th E-type modes are h ;l, e;,, and

e:,, with h;, = O. Correspondingly, the components of the

mode functions for the ith H-type modes are e{, h;,, and

h:, with e;= O. For the air-filled regions, the relations

between them and the expressions for the characteristic
immittances Z,r and Yz’~ are

E lzJ-tvDe modes:

(2)



740 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT35, NO. 8, AUGUST 1987
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(a)

(b)

Fig 5. (a) Infinite parallel-plate waveguide showing one air-dielectric
intervace, (b) Transverse e~nivalent network for the air-dielectric
interface in the inhomogeneo;sly filled parallel-plate waveguide shown
in (a).

Hc’)-type modes:

(4)

The explicit field components for the parallel-plate wave-

guide constituent regions, under the condition that a net

traveling wave propagates along the z direction, so that

d/i3z yields – j~, where k,= f?, are given in the Appen-

dix.

C. The A ir – Dielectric Interface

We note from the structure depicted in Fig. 2(a) that

two air–dielectric interfaces appear in the cross section

when viewed in the y direction. One of these interfaces is

shown in Fig. 5(a).

If the ordinary TE and TM modes were employed in the

y direction, the air–dielectric interface would represent a

simple junction between transmission lines, and the TE

and TM modes would not be coupled together at the
interface. For the E-type and H-type modes we employ,

however, these modes do couple at the interface, and the

purpose of this section is to derive a simple network to

describe this coupling.

A coupling network of this type was derived previously

by Clarricoats and Oliner [4] for the inhomogeneously

filled circular waveguides. There, the geometry was radial,

and the transmission lines were the so-called E-type and

H-type radial transmission lines developed by Marcuvitz

[10]. These radial transmission lines represent propagation

in the radial direction, but are found to be separable with

respect to the axial direction. In our case, the geometry is

planar rather than cylindrical; the modes propagate in y

but are separable with respect to the z (axial) direction.

The strong similarities present suggest that the procedure

introduced there can be adapted for use here, and indeed

this turns out to be the case.

The boundary conditions that must be satisfied at the

air–dielectric interface are

E,. = Et

H,, = H, (5)

that is, the tangential electric and magnetic fields must be

continuous across the interface. In terms of components,

relations (5) become

XO(E;C + E;:) +zOE;C= x,(EJ + E;’) +zoE;

XO(H;C + H;:) +ZOHZ: = XO(H.J + H;’) +20 H.” (6)

where X. and ZO are unit vectors and the arguments of the

components are dropped for simplicity. Expressing (6) in

terms of mode functions, and equating the XO components

and the ZO components separately, we obtain

Vc”e~ + V,’eJ, = V “e: + V ‘e;

Vc’e~6= V ‘e; (7)

l<’’h;C + I;h;, = I“hj’ + I’h;

I,f,h[ = I I,h !!
:. (8)

Upon examination of the mode fmctions (Al) to (A3) and

(A7) to (A9) of the Appendix, we find that

e:, = e; h: = h;

h~,=h~ e~=e~

e;c # e; h& # h“~.

On use of (9), relations (7) and (8) reduce

V,’=vf

I,!! = I 11

(9)

to

(lo)

(11)

When the relations in (11) are divided by I” and V’,

respectively, and use is made of (10), (11) becomes

I: I’ I,, h;_ h,,
xc

——— .—

V,’ V’ V’ h: “
(12)

The two equations (12) can be multiplied together,

eliminating the ratio V ‘/1” and yielding

Finally, (13) can be rewritten as
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where ~[’ and ~ are the impedance of the H-type mode

and the admittance of E-type mode at the air–dielectric

interface looking into the dielectric region, and ~” and ~’

are the corresponding quantities looking into the air re-

gion. We recall that a change in sign results when an

impedance or admittance is taken looking in the opposite

direction.

A simple network form, shown in Fig. 5(b), can be

drawn based on (14) which is representative of the cou-

pling between the E-type and H-type modes at the air-

dielectric interface. The turns ratio N in this network is

then given by

h: – h~< e:– e:,
NZ =

h: e; “
(15)

When expressions (Al), (A3), (A8), and (A9) are used for

the mode functions in (15), we obtain for the turns ratio N

k~(6r–l)p(7/a)

‘= (k; -p’)(Erk: -13’) “
(16)

The network in Fig. 5(b) can be used as a constituent in a

transverse equivalent network that is representative of the

H guide or NRD guide structure shown in Fig. 1. A

transverse resonance equation can then be set up using

E-type and H-type modes, utilizing relations (16) for N

and (A4) and (A1O) of the Appendix for the appro-

priate characteristic irnmittances of the transmission lines.

Sanchez [11] has shown that the dispersion relation derived

in this fashion reduces readily to the one given in the

literature and found by employing the usual TM mode in

the y direction. It is a cumbersome method for that simple

problem, but it is indeed mathematically equivalent to the

standard procedure.

D. The Radiating Open End

If ordinary TE and TM modes with axial (z) variation

are incident on the open end of parallel-plate guide, they

become coupled by the discontinuity. The modes remain

uncoupled, though, when E (’)-type and H(z)-type modes

are employed instead. In obtaining the terminal complex

immittances for these, modes, which are needed in the

transverse equivalent network, we are able to make use of

the expressions for reflection coefficients derived by Wein-

stein [9] for a simpler situation.

His results apply to propagating TMI (or El) and TEI

(or HI) modes in parallel-plate guide norrnaUy incident on

the radiating open end. Our case involves modes with

longitudinal variation along z which are below cutoff, so

that it was necessary to analytically continue Weinstein’s

results in an appropriate manner. His expressions are of

great value, however, since they were derived using the
factorization, or Wiener–Hopf, method, and are therefore

rigorous.

The analytical continuation required two steps. First, we

recall that for NRD guide it is necessary to maintain plate

spacing of less than half a wavelength so that the incident

modes will be below cutoff even in the absence of axial

variation. This circumstance calls for an analytic continua-

tion of Weinstein’s reflection coefficients to modes below

cutoff.

The next step accounts for the longitudinal variation of

the incident E “)-type and H(z)-type modes. These modes

become the normally incident TEI and TMI modes, re-

spectively, when /3 = O in expressions I(A1) to (A12) of the

Appendix. The paper by Altschuler and Goldstone [12] has

also indicated how reflection coefficients must be modified

when a longitudinal variation is introduced into the E-type

and H-type modes, provided that these modes remain

uncoupled by the discontinuity in question, as is the case

here. The modification is to replace kO wherever it appears

by (kg – ~2)112.

1) Summary of Weinstein’s Formulation: Weinstein’s

rigorous analysis [9] applies to TM and TE modes nor-

mally incident on the open end of parallel-plate guide. He

solves for the reflection coefficients of the surface currents

in each case, but we can relate these to the modal voltage

and current reflection coefficients of interest in our prob-

lem. His coordinate system, time dependence, and other

notation are also different.

In his notation, the reflection coefficients are written as

Rl,l = – lR1,lle-JO (17)

where

hk,=&H)/(q +Y)~’-my=IR[ll (18)

?
and .

q=a/A y=kY(a/2r)=~~. (20)

Quantity O is also given for both mode types by

[
0 = 2 2– C+ln(2/q)–(1/2y )sin-l(y/q)

m=oo

1-(l/y )sin-l(y/JZ)-!- u - Z AZm+1%Y2’” (21)
~=1

where

(
~=~

C= 0.577 ”.”= >iw ~ l/n -ln N
~=1 )

~=~
~ = 0.265...= ~ [l/(n -l)- l/J-] (22)

~=3

and A 2M+ ~ are the coefficients of the series

m.~

sin -’x= ~ A2m+1x2m+1 (23)
~=()

where Al =1, A3 =1/6, A5 = 3/40.”. and S~ is given by
~m*

S~= ~ l/[n(n-ll)]m+’/2 (24)
~=3

with S1 = 0.123, S2 = 0.014, ”.” .
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We find above what is customary in these factorization

procedures, that the magnitudes are simple in form but the

phase expressions are complicated.

We next need to relate these reflection coefficients for

the wall current densities to the modal voltage and current

reflection coefficients corresponding to our transmission

line formulation. In this connection, we may write [13] for

the TEI (or Hl) mode

~z = ~ylwdl = (v@ P)vt”( YO x Jz) (25)

where the time dependence is exp (jut). Since

E,=v(y)et(x)

we see that the reflection coefficient for the current density”

j= is also the voltage reflection coefficient. Consequently,

R;= – lR~,le-JO (26)

for the TEI (or Hl) mode, where lR~:l and O are still given

by (18) and (21), and the double prime is employed

because of the mode involved.

For the TM, (or El) mode, we may write [13]

j,= – ~zlwall= – ~(Y)~2(x). (27)

Therefore, the reflection coefficient for the current density

for this mode corresponds to the current reflection coeffi-

cient

R;= – lR[,lle-Ja (28)

where lRj II and O are still given by (19) and (21).

It was indicated in (20) how q and y are related to

frequency and wavenumbers in our notation. Elaborating

further, we find

q = a/A. = (lcoa)/(2n) Y = (ICya)/(2d (29)

so that y = ~~ becomes

ky = ~- (30)

and factors found in (18) and (19) become

/(q Ty)/(q *Y) =~(ko-y)/(ko*ky) = :, (31)

which we have called r{~l and r{, ~ for simplicity in the

following discussion.

2) Analytic Continuations: The first step is to analyti-

cally continue the expressions for the reflection coeffi-

cients so that they apply to modes below cutoff. The term y
in (29) is now imaginary and should be written as y =

– jlY 1.The expression for the phase angle is not ambigu-
ous if principal values are taken for the terms in (2/q),

sin-’ (y/q), and sin- 1(Y/~). We need only to be careful
in the choice of branches in the complex plane for the

factors r{:l and r{, ~ since e +NIYI is not ambiguous either.

In Fig. 6(a) and (b), we draw the three mappings that

are involved in ascertaining the choice of branches that

correctly analytically continue the reflection coefficient

magnitudes IR;,}I and IRIII.

a) The mappmg q + y maps the segments of real axis

1/2 < q < 3/2 and O < q <1/2 onto the segments O < y
< ~ of the real axis of the y plane and the segment of the

y Plane q Plane

o

1}

--- --~
‘a 0 -+- -~

I/2 3/~

-(t/2)j

I r;, Plane

~--+ -4w--
-1

I J

I c’

-j v
(a)

y Plane q Plane

-~
-2 4 3/2

I r:,l Plane

+j

c

Y
C“-~(3 -2/2)/ (3+2/2 F=O. 176

-j

(b)

Fig. 6. (a) The q + y and q + r<,l mappings. (The single and double
arrows refer to different segments associated with the mappings.) (b)
The q + Y and q + r{~l mappings.

imaginary y axis between O and ( – l/2)j, respectively. We

recognize that q = 1/2 corresponds to mode cutoff.

b) The mapping q + r{,l maps the segment of the real

axis 1/2 < q < 3/2 onto the segment of the real axis of the

r;,l plane between 1 and C‘ = [(3+ 2@)/(3 – 2fi)]l/2 >1,

and the real segment O < q <1/2 onto the arcs of unit

circle subtended by the second and fourth quadrants.

c) In a similar manner, the mapping q -+ r{,’l maps the

segment of the real axis 1/2 < q < 3/2 onto the segment

of the real axis of the plane r~~l between 1 and c” = [(3 –
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2fi)/(3 + 2fi)]112 <1, and the real segment 0< q < 1/2 y,

onto the arcs of unit circle subtended by the first and third
o

quadrants.

The continuity condition of the mappings IR{,ll and c~

ll?j~ll at q =1/2 along the real tis of the q plane imposes
m

the choices of the arcs of unit circle situated in the fourth t>

and first quadrants as the correct analytical continuation

of the r~,l and r{,’l quantities. Thus,
Y;

Re(/(q+~)/(~~y))>o

when the mode just goes below cutoff. l--.
Yi-1

Until now, we have not taken into account the uariation -V2
()

with z that is present in our problem. When we include this

f~
-

V4

variation, the TM ~ and TEI modes treated above become 14N 1

the Ht’)-type and E (=)-type modes of concern to us. To IN

determine the effect of this variation with z, we change q P

to q’, where Y; 2.:

Fig. 7. Complete network showing the sign conventions used in (37).
q=ko(a/27r) q’= (k; –~2)1’2(a/2n). (32) Transmission lines are replaced by their equivalent lumped elements.

From (26), bearing in mind that the voltage reflection

coefficient is the negative of the current reflection coeffi-

cient, we have

– r; = r; = (R:l)” ~,= – Iltfle-je
4’

(33)

while from (28)

( I.l)Tlq/= - l%le-Jelq/. (34)–r; =r;’= RI

The terminal impedance for the H(z)-type mode and the

terminal admittance for the E (’j-type mode corresponding

to the radiating open end are, therefore, given by

It should be remarked that the characteristic impedance

kY)~eo and admittance kY/u~O appearing in the last two

equations are the ones for the El and HI modes when k;

is replaced by k; – ~ 2 and not the ones corresponding to

the H(zl-type and E (’)-type modes. In the transverse

equivalent network given in Fig. 3, Zfl and Y~ are written,

respectively, as R“ + jX” and G’+ jll’.

E. Complete Transverse Equivalent Network

Once the equivalent networks for the air-dielectric in-

terface and the open-ended parallel-plate guide are found,

the transverse equivalent network of the leaky-wave an-

tenna shown in Fig. 2(a) can be established as shown in

Fig. 3.

The equivalent network in Fig. 3 is redrawn in Fig. 7

with lumped element equivalences of the transmission lines

corresponding to the dielectric strip. The transmission

lines of length d are included in immittances ~~ and ~:’,

which are defined in (39) and (40).

This network is analyzed via a hybrid method, where

nodal equations are written for nodes 1 and 2 whereas

mesh equations are used for’ meshes 3 and 4:

(~+ Y;+ Y{)v~ + Y;V2 + NI~ . 0

Y; V1+(Y: + Y{ + Y;)V2 –N14=0

NVI +(2;’ + z:+ Z;)13 + zfl~ = o

– NV2 + zj’13+(z:’ + z;+ 2;’)14= o. (37)

The ambiguity in sign of the transformer terminal magnitudes was resolved by taking the sign convention that was used

in [4]; this choice in (37), when applied to the simpler H guide case, for which d = m, led to an equation of the form

(14).

F. The Dispersion Relation for the Leaky Mode

The dispersion relation is found with the help of the usual method, i.e., by writing the compatibility condition for the
homogeneous system of equations (37). By doing so, one obtains

(38)
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where

jY: + Y~cot(k,,ad)
(39)

‘J= ‘: Y; Cot (kyad) + ~yi

and

jz;’ + Z:cot (k,ad )
(40)z;’ = Z’ z;t~ot ( kyad) + jz: “

Y: and 2;’ are given by the reciprocals of (A4) and (A1O)

of the Appendix, and Y~, Z?, and N2 are given by (36),

(35), and (16), respectively. The pi and tee equivalent

parameters of the transmission lines within the dielectric

region are given in [14] and written here for convenience as

Y{= jY: tan (k,Cb/2) YJ = - jycsc(ky,b) (41)

where Y,’ is given by the reciprocal of (A4) with c. being

the dielectric constant of the strip, and

z{’ = jZ[’ tan (kYcb/2) Zj~ = – jZ:~cSc (ky,b) (42)

where Z;’ is given by the reciprocal of (A1O).

The compatibility condition (38) reduces itself to a

much simpler form when the antenna can radiate from

both sides and the strip is located at the middle point of

the parallel plates so that the structure is symmetrical. We

replace Yu’ and Z:’ by ?: and ~~’ in the determinantal

equation (38), and after simple algebraic manipulations,

(38) factorizes to either

(2:’ + 2(’ )(~+Y/+2Y; j=N2 (43)

or

( Z+yl’)( )~; + 2{’ +2Z~ = N2 (44)

which can be written in a more revealing form, after using

(41) and (42) and simple trigonometric identities, as either

(z;’+ j.z{’ tan (k,,b/2))(n- jK’cdk,,~/2)) =N2
(45)

or

(~1+ .W: tan (k,,~/2),)(~:’– JZ: @ (kvcb/2))= N2.
(46)

One can readily recognize that (45) and (46) correspond to

leaky modes with a short circuit or an open circuit at the
plane of symmetry. The antenna is operated in the lowest

mode, which is the one corresponding to the short-circuit

condition.

IV. NUMERICAL RESULTS

Using the dispersion relation (38), we have obtained the

values of the phase constant /3 and the leakage constant a

as a function of various geometric parameters. These quan-

tities are the ones we need in order to design the antenna

in response to performance requirements. The dispersion

relation was solved by a numerical procedure that requires

a first estimate of the root searched for. In most cases, the
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Fig. 8. (a) Phase constant /2 in radians/meter of the leaky-wave stnrc-
ture in Fig. 2 as a function of d in mm. showing that 8 is independent

-r ,

of d beyond some minimum value of d. (b) Leakage constant a in
dB/meter of the leaky-wave structure in Fig. 2 as a function of the
distance d in mm between the dielectric strip and the radiating open
end.

estimate was taken from the value of ~ for the nonradiat-

ing case for which the dispersion relation is simple and

yields real roots. A typical number of five iterations was

enough to achieve convergence, and double precision was

required to obtain accurately the values of a.

For simplicity in design, one desires that ~ remain

constant while a varies as a function of a specific parame-

ter. In that way, the geometry can be changed to alter a

without changing /3, thereby permitting one to taper the

amplitude distribution and simultaneously maintain the

phase linear along the antenna aperture length. The varia-
tions of a and P with d, the distance between the air–di-

electric interface and the radiating open end, satisfy this

requirement provided d remains greater than some mini-

mum value. Figs. 8(a) and 8(b) present these dependence,

and show that for d >2 mm, ~ remains essentially un-

changed, as desired. It is also seen that a increases as d is

shortened, as expected since the field decays exponentially

away from the dielectric region. Thus, the value of a that

one can achieve spans a very large range. The results in

Figs. 8(a) and 8(b) correspond to a set of geometric and

constitutive parameters given by Yoneyama and Nishida

in their original paper [1] on NRD guide.
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Fig. 9. Curves of phase constant ~ and leakage constant a as a
function of the thickness b of the dielectric striu, for the foreshortened-
top NRD guide antenna.

The dependence of a and ~ on the thickness of the

dielectric strip appears in Fig. 9. These calculated curves

were found, as mentioned above, #om the dispersion

relation (38) of the complete network. Here, both a and P

change as b is varied. Most significantly, the leakage

constant a decreases as the strip becomes thicker. This

behavior is to be expected physically, since a thicker

dielectric strip produces a greater field confinement to the

region of the strip; as a result, the field amplitude at the

radiating open end is less and, in turn, less leakage power

is produced.

The variations of a and P with the separation between

the plates are given in Fig. 10. For convenience, the curves

were calculated with the dispersion relation in (45), which

corresponds to a symmetrical structure with a short-circuit

bisection, but taking the radiation from one end only.

Comparisons for specific points computed from the com-

plete and asymmetric structure show that the differences

are very small in the range of a values used in these

curves. Here, we find an inverse situation, but as expected.
As one varies the plate separation, the value of /3 changes

greatly, but a changes only little, except near cutoff. In

fact, a remains flat over a reasonably wide range of a/X ~.

The dependence permit the designer to vary spacing a to

adjust ~ and, therefore, the angle of the radiated beam,

and to vary d to adjust a and, therefore, the beamwidth.
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Fig. 10. Curves of leakage constant a and phase constant /3 as a
function of the plate spacing a, for the foreshortened-top NRD guide
antenna.

The variation of a versus a in Fig. 10 also implies that a

small variation in plate spacing will negligibly affect the

sidelobe distribution.

The last parameter that can be varied is the dielectric

constant 6, of the dielectric strip; the effects of c, on a and

~ are shown in Fig. 11. The curves were calculated in the

same fashion as those in Fig. 10, using the dispersion

relation corresponding to the bisected structure having a

short circuit at the bisecting plane. It is interesting that the

leakage constant varies two orders of magnitude between

cutoff and the onset of the slow-wave region, and that this

whole range can be spanned by changing E, from 2.0 to

3.4. Furthermore, a strip with c,= 2.20 can have roughly

double the leakage of a strip of the same dimensions but

composed of polystyrene with 6, = 2.56. This decay of a

with increasing c, is readily understood physically since

the fields are more confined for higher’ c, values, so that

less field arrives at the antenna aperture, and the leakage is

reduced. We note that the normalized phase constant

#/kO changes greatly with t,, as expected, but also that

the variation is linear over a wide range of values of c.
when the guide is away from cutoff.

V. CONCLUSIONS

We have shown that a leaky waveguide can be readily

fabricated with nonradiative dielectric (NRD) waveguide,

and we have presented a very accurate theory that provides
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its leakage and phase constants in closed form. Curves

displaying the variations of the leakage and phase con-

stants as a function of all the geometric and constitutive

parameters were calculated using this accurate theory, and

are also given here. Careful measurements were also taken

of the leakage constant for several different frequencies

and geometric parameters. A description of the experimen-

tal setup and comparisons between these measurements

and our accurate theory are presented in the companion

paper, part II.

APPENDIX

E-TYPE AND H-TYPE MODE FUNCTIONS FOR

PARALLEL-PLATE GUIDE

The mode functions presented here are those ap-

propriate to the perfectly conducting parallel-plate guide
sections making up the NRD guide in Fig. 1 and the

leaky-wave structure in Fig. 2(a), when the field variation

along z is such that d/6’z - – j~. Since in this case the

variation in z is consistently exp ( – j~z ), the z depen-

dence is suppressed. From the wave equation for e; and

h: and the vector eigenvalue problem for the vectorial

functions e‘ and h” [7], one obtains the relations below.

(Al)

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

( ( ))E4=K’’(y)e.4= W’(y) -Wcos ~ (As)

H;: = I;’(y)h;n

‘1~(y)(6,k;_~];~sin(~] ~A9)

crk; –/32
yn,r = (c, =1 for air regions)

k;napo
(A1O)

—(VXH;’)Y=-~HjiE;: = 1 (All)
j@tOc,

—(v Xl?:’)y=q;;= –1 P
—--E;; . (A12)

japO Up ~
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