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propagation characteristics were obtained as a function of various geometric parameters,
te aid in the design of antennas based on these leaky structures. Special design
considerations, including optimization procedures, were also developed where possible.
In the case of the foreshortenad top antenna based on NRD guide, detailed measurements
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o were also taken, which showed very good agreement with our theory. . .
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A. INTRODUCTION

1. chg§ of Program

Antennas for millimeter waves fall into two broad categories: those
that can be successfully scaled from their microwave frequency counter-
parts, and those that cannot, In the first catepory, one would place re-
flectors, lenses and horns. The small size in fact enhances their attrac-
tiveness, since higher directivity can be achieved with small size. The
second catagory includes such antennas as slot arrays, leaky wave antennas,
and phased arrays. This contract is toncerned with antennas in the second
category.

Milllmeter wave antennas present particular challenges because of two
main problems, The first problem relates to the small wavelengths involved,
requiring antennas of smaller size, For certain types of antennas this
feature is a boon, but for others it presents a greater difficulty of fabri-
cation, The second problem is higher metal loss, For components which are
about a wavelength long, the higher loss does not produce much of a problem,
so that useful millimeter wave integrated circuitry can be designed up to
100 GHz or so using such relatively lossy guides as microstrip or finline.
For antennas that employ traveling waves, on the other hand, the antenna
lengths may be typically 20 to 100 wavelengths long, and the waveguide loss
may compete with the leakage, or radiation, loss, theraby distorting or
upsetting the antenna design.

The smaller size and higher loss can cauge problems for antennas in
the second category mentioned above, so that direct scaling from known
microwave designs is not suitable for such antennas. It i8 therefore ne~-

cessary to seek novel structures or modifications of known structures as

the basis for new antennas. This recognition has furnished the motivation
ﬁ for the research program on this contract.

. The contract proposal contained many suggestions for such new antennas,
including lumped-element radiators that could serve as elements in phased
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arrays, and new types of leaky wave antennas. The title of the contract
reflects this broad scope of possible new antenna structures, Of the
various possible directions we could pursue, we chose first to explore

novel antennas of the leaky wave type, Thils choice was dictated in

part by our past experience with such antennas and in part because leaky

wave antennas form a natural class of antennas for millimeter waves, in

view of the small size of waveguldes in the millimeter wavelength range.
In addition, such antennas can be used as elements in a phased array in
which the array is comprised of leaky wave line sources all parallel to
each other and fed from one end, with phase shifts between them to pro-

duce scanning in the cross plane,

We were successful almost immedlately in our study of novel leaky
wave antennas. Because of the results achieved, and the further promise
evident, we wrote in Quarterly Status Report No. 5: "...the studies so
far have turned out to be very productive, with several new antennas
emerging from them, Because of the success achleved already, and because
of the indications that additional antennas with different properties are
also possible, we feel that it is best for us to continue along these lines
rather than to diversify and explore other structures." In this context,

we discussed this matter with the contract's Scientific Program Officer,
Dr. Hansg Steyskal, and he gave his approval for this change in'the stress,
and therefore in the scope, of this contract's activities, Despite the
original title, therefore, this Final Report doea not cover any lumped-
element investigations, but describes the accomplishments in connection
with several new types of leaky wave antennas.

On the other hand, it should be noted that the original proposal ad-
dressed only theoretical investigations, aund did not contain any experi-
mental phase. In the course of the studias on one of these new leaky wave
untennas, however, it became desirable to take measurements of thae leakage
constant., Approval was also given Ly Dr, Steyskal to modify the scope of
the contract to add this experimental phase, since such measurements would
improve the content and quality of the scientific program. The need for
such measurements, and details regarding both the measurement method and

-2
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;% the results of those measurements, are contained in Part III, Section C, jé$§3
' of this Final Report, RSy
Eé E;f@!
5§ Leaky wave antennas for the millimeter wave range face the two main g%&ki
ij problems mentioned earlier. The first relates to the small wavelengths ~ﬁdh
i! ' involved, which require small waveguide dimensions and pose fabrication u *
%g difficulties. The second problem 1s higher metal loss; for antennas which é?ﬁgﬁ
{; are many wavelengths long, the leakage (which results in radiation) may ?iiij
%n compete with the intringic waveguide loss, and the antenna design can be ﬁiﬁéj

Bt

adversely affected. We overcome the first of these problems by considering
leaky wave structures with 1ongitud1nally-concinuoug apertures, and the
second by basing the antennas on low-loss waveguides. These are the two
principal features that characterize all of the new antennas discussed here,

Of the possible low~loss waveguides that have been proposed over the
years, we have salected two on which to base ocur new leaky wave antennas:
the groove gulde and the nonradiative dielectxic (NRD) guide. In order
to assist the reader who may not be familiar with the properties of these
two waveguides, we present in Sec. B of Part I some general remarks about
low-loss millimeter waveguides, and then some specific background on NRD
gulde and groove guide and their relatioms to H guide.

A leaky wave antenna is basically an open waveguide possessing a
mechanism that permits a slow leakage of power along the length of the
wavegulide. This slow leakage is characterized by a phase constant 8 and
a leakage constant 0, and these quantities are the end products of any
analysis of a leaky wave structure., The ralations between B and & and
the properties of an actual leaky wave antenna, such as the angle of maximum
radiation, the beam width, and the side lobe distribution, are standard.

For the convenilence of the render, some general properties of leaky wave

antennas, and their relations to B and o, ars summarized in Sec. C of

Parc 1.
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Several different mechanisms have been introduced to produce the ;}gﬁf

' necessary leakage, These mechanisms include asymmetry, foreshortening of
- :-‘_“4. N
the structure, and leaky higher modes. The first two approaches apply O
: ORI
to antennas based on both the groove guide and the NRD guide, but the &j:ji
third one is suitable only for the groove guide. The polarization of 5i*i'

i the radiated fields can also be changed according to the mechanism se- '
lected. Further details regarding these different mechanisms are pre-

N sented in subsection 2 of this Introduction.

For each of the leaky structures analyzed, we have developed the

appropriate transverse equivalent network, and we have derived accurate,

f yet closed-form, expressions for each constituent of the networks. As
3 a result, the dlspersion relation for the propagation properties (& and
ﬁ B) for each antenna is also obtalned in closed form., Calculations were
E then made which show that the antennas are feasible, and they also in-
)

dicate how the propagation propertles depend on the frequency and on
various geometric parametera, From this information, optimum designs

e TR

1 4

for each antenna type can be deduced, ' é§§$.

DI

Six different leaky wave antenna structures have been analyzed on
this program (four based on groove guide and two on NRD guide), but not

all have received equal treatment in depth. The two which have received L%tﬁQ‘

the greatest attentlon have been the asymmetric strip antenna based on lijiﬁf

groove guide and the foreshortened-top antenna using NRD guide. Complete Eﬁ;?;f
; analyses have been obtained for all six structures, however, and deri- ;f£m‘
N vations as well as some numerical data are presented here for each, T
S
; This Final Report is divided into three parts, as mey be seen from g;ﬁ‘“
r the Table of Contents., Part I is devoted to introductory remarks, such R {J
?1 as those above, and some background material to place the studies in better 0a%
; perspective. Comments were made above with respect to Secs. B and C of ) ;,}
S: Part I. Also included in Part I is Sec. D, which 18 of a different nature, i A
j' As the first stage in the analysis of the asymmetric strip antenna based -
g: on groove gulde, we found it desirable to obtain an improved solution Eor fiﬁgﬁ
5 %
- ‘
" -4~
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the properties of the dominant (bound) mode of groove guide. That solu-
tion was later incorporated into the transverse zquivalent network for

the asymmetric strip antenna. That early study on this program was very

thorough and very successful, and it conati :es a contribution in its own
right. A short version of that work appear. . in a symposium digest, and

a longer version has been accepted for publication. Since‘thia work repre=-
sents an accomplishment on this program, it must be included here, but
since it 1s not directly an antenna study (although it underlies it) it is

P A Y O PR

placed into Part I. Actually, the short version appears as Sec. D, aud
! the longer paper constitutes Appendix A.

Parts II and I1I are devoted to the various leaky wave antennas based
on groove gulde and on NRD guide, respectively. The order of the presen~
tations and the devailed listings of the contents are presented both in
the overall Table of Contents and in the partial ones appearing at the
beginning of each part. We shall not repeat them liere. As an aid to the
reader, however, summaries are presented at the beginnings of Parts II and
I1I, indicating what is included and what is important. Turther summaries,
containing increased levels of detall, are to be found at the beginning of
each section., It is recommended that these summaries be read firstc to
. obtain a good idea of the cverall effort and to learn where to look for
. what,

AR T e JEIR P TR

f Earlier on this contract, an Interim Scientific Report was issued, and

a comprehensive report was submitted on the new asymmetric strip leaky wave -
antenna based on groove guide, Since this latter report has not yet appeared,
it is included in this Final Report as Appendix B. It is included here for
two reasons: first, for completeness, and, second, because heavy reference
is made to portions of it in connection with other, later studies, and this

material would otherwise need to be repeated,

The various investigations on this contract have 4lso resulted in e
number of publications and presentations at professional soclety meetings,
with short papers appearing in the proceedings or digests assoclated with




those meetings. In many cases those short papers represent excellent
introductions to the work and summarlies of the rc¢sults obtained. Because

of their utility in this connection, use has been made here of such short
papers, and they have been incorporated in context in Parts II and III.

Five such short papers are included, two in Sec, A, 1 and two in Sec. B, 1
of Part 1I, and one in Sec. A, 1 of Part III. A complete list of the
publications and presentations appears in subsection 3 of this Introduction.

The author of this Final Report has been the Principal Investigator
of this program. General technical assistance has been provided by
Prof. 8. T. Peng, and detailed contributions have been made by Dr. P.
Lampariello, now an Assoclate Professor at the Univarsity of Rome, Italy,
and previously a NATO Postdoctoial Fellow who spent a year with us at the
Polytechnic Institute of New York, Dr. A, Sanchez, & Ph.D. student who
received his doctorate in June 1983, and Mr. Q. Han, annther gtudent.
Dr. Lampariello contributed to the various antennas based on groove guide
contained in Part II, and Dr. Sanchez conducted the theoretical analyses
for the foreshortened-top antenna deacribed in Part IIT (and most of these
analyses were incorporated into his Ph,D., thesis), and Mr, Han performed
the measurements discussed in Part III.

2. Mechanisms Used to Produce Leakage

Several different mechanisms have been introduced to produce the
required leakage from the waveguide mode that is ordinarily purely bound.
In all cases, however, these mechanisms involve continuous apertures, making

the antennas relatively simple to fabricate,

One mechanism, that was employed for antennas based on both the groove
guide and the NRD guide, is asymmetry. Many open waveguides have modes that
are purely bound when the structure is symmetrical; the introduction of
asymmetry produces mode conversion to another mode that then leaks power
away., This concept was first employed, to my knowledge, by W, Rotman in
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his invention of the asymmetric trough guide antenna [l] in the late 1950's.
The revival here of that concept was made first to the asymmetric strip

leaky wave antenna based on groove guide. That antenna was analyzed in
great detail, and the results are contained in Sec, A of Part II. An
asymmetric leaky wave structure in NRD guide was analyzed only late in the
contract period, but results for it are presented in Sec. D of Part III.
It 48 to be stressed that many different meaus may be used to produce the
leakage, and that the specific atructures discussed here were selected iu

BT e——— . v
L]

part because they were amenable to closed-form analysis. A second example
of an asymmetric struc .re based on groove guide is the very simple one
treated in Secs. C and D of Part II, obtained by bigecting the basic groove
guide vertically, and a third example also presented in Sec, C, 18 a
modification of that structure employing added strips in order to 1ncreaseA

. .. X £

e >

w a

the leakage constant.

LA % .

b

b

¥ A second mechanism involves foreshortening part of the guiding struc-

: ture to permit an evanescent field to see free space before the field de~

| cays to negligible values. This mechanism was examined in great detail ia "'
Eﬂ connection with an antenna based on NRD guide, and discussed thoroughly in

j Secs. A, B and C of Part III, Section A describes the antenna and presents
N the derivations in the analyses, Sec., B presents two different perturbation
! procedures which simplify the analysis, and Sec, C. containg the results

E of measurements (which agreed very well with our theory). This same mechan-
R ism can be employed with groove guide, hut we did not pursue it there be-

3 cause it would not yield something basically different.

b

»

A third mechanism, that was relevant to groove guide, is based on the
fact that higher modes in groove guide are leaky. We prove this statement,
and derive expressions for leaky structures based on the first higher odd
mode and then the first higher even mode. These snalyses are described
in Sec. B of Part II.

EaA

e
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Different mechanisms can also lead to different polarizations for the
radiated fields. The asymmetry mechanism, because of the mode conversion
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to a TEM-like mode, results in horizontal polarization. The mechanism based
on foreshortening maintains the polarization of the exciting mode, which
here implies vertical polarization, whether for groove guide or NRD guide.

£ -3 -5 W
e .

‘o w

The leaky higher mode mechanism for groove gulde results in vertical pola-
rization for the f£irst higher odd mode and horizontal polarization for the
first higher even mode.
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3., liat of Publications and Presentations
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This list is arranged chronologically.
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B, LOW-LOSS WAVEGUIDES

f
‘l

l. General Remarks

*

I
o,

About 25 years ago, the advantages of millimeter waves began to be
understood, and serious attention was paid for a few years to means for
overcomning the new challenges that these higher frequencies had posed.

o One of these challenges related to waveguiding structures, It was recog-
nized that coaxidl or rectangular waveguide would have appreciable loss

at these higher frequencies, and thought was given to devising new wave-
guides with lower loss, particularly in connection with long rune of wave-
guide. Several naw waveguiding structures were inventaed during this period

in response to this challenge, and among these ware the H guide and the
groove guide,

After a few years, interest in these new waveguides declined, in part
because practical sources of millimeter wave power were not available, and
in part because there were no real needs yat for these smaller wavelengths.
Within the past decade, however, sources have become plentiful, and needs
have multiplied, There is great interest today in millimeter waves, and
attention has again been paid to new types of waveguide.

The primary drive now with respect to these waveguides is not long
runs of them, however, but their utility and ease of fabrication with re=
spect to building components, particularly in an integrated circuit sense.
Some of these waveguides, such as microstrip line and finline, are in fact
not low-loss guides at all, but they satisfy these componeant needs. Most
ccmponents area short, having lengths only of the order of a waveleangth, ao
that the loss in the line exerts only a small effect on the component's
performance, For leaky wave antennas, howaver, which may typically be
20 xo to 100 ko in length, where ko is the free space wavelength, the
intrinsic loss in the waveguide, due to the losses in the metal walls or
tha dielectric medium, can be comparable to the leakage loas and therefore
compete with it, distorting the antenna performance. The problem is par-
ticularly sever: for antennas with narrow beams, since then a long aperture
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is required, and the leakage per unit length (which produces the radiation)
must be kept small.

For leaky wave antennaa, therefore, it is necessary to concentrate
on low-loss waveguides. (We recognize, of course, that leaky wave antennas
are comprised of waveguides that are perturbed to produce continuous leakage
of power along their lengths.) A common characteristic of many low-loss
waveguides 1s that the electric field of the moda that is used is main-
tained parallel to the waveguide walls almost everywhere. The reason for
this field orientation is that the metal wall losses decrease as the fre-
quency 1is incrcased if the electric field is parallel to the walls, but in-
crease with increasing freaquency if the elactric fleld is perpendicular to
the walls, The two low-loss waveguidas on which leaky wave antennas hava
been based in this study are the groove guide and the nonradiative dielec~
tric (NRD) gulide, which is a recent variant of ﬁ guide. 1In both of those
waveguides, the electric field is purposely polarized parallel to the
wavegulide walls for the above reason,

These two waveguldes will be described below in more dctail,lbut
it should be ment'oned hare that both waveguides are outgrowths of the
H guide originally devised and discussed by F. Tischer. The groove gulde
was invented by T. Nakahara as a means to overcome the dielectric loss in
H guide without increasing its metal wall loss appreciably, and its fiaeld
confinament behavior strongly resembles that of H guida., NRD guide was
proposed by T. Yoneyama and S. Nishida, and it is similar to H guide ex~
capt for the plate spacing, which is made less than a half wavelength to
eliminate radiation from discontinuities. ¥uller explanations of thesa
polnts are made in context below,

2. NRD Guide

Although this study began with an analysis of groove guide, and in
fact Part Il deals with leaky wave antennas based on groove guide, we
shall here consider NRD guide next because it ism so closely related to
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ties of H guide.
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3 el
X e
§4 H guide, and, as mentioned above, both NRD and groove guide ware basically H:i:
l outgrowths of H guide, We begin, therefore, with a summary of the proper- o

The cross saction of the basic form of H guide is showm on the
left side of Fig. 1l.1l. It is seen to congist of two vertical metal wails,
with a thin dielectric strip placed between them, The electric field
orlientation is vertical, so that it is almost everywhere parallel to the
metal walls, The function of tha dielectric strip is to concentrate the
field vertically, so that the field in the air regions above and below the
dielectric strip is evanescent vertically away from the strip., The field
distribution 1is reminiscent of that of the TEln mode in rectangular wave~
gulde, in which the electric field is vertical, and the variation h 'izon-
tally is sinusoidal. Although the presance of the dielectric stri; intro-
duces additional field components so that the mode becomes hybrid in the
longitudinal direction, the vertical field is still & dominant feature,
The guide structure looks like a rectangular waveguide loaded in the
middle with dielectric, and without its top and bottom walls since they
are no longer needed because the fields are now vertically evanescent in

the air regions.

The purpose of this structure was to sliminate all metal walls at
which electric fields could terminate perpendicular to the walla., Thus,
the top and bottom walls of rectangular wavegulde were removed, and the
dielectric strip was introduced to confine the field vertically. As
mentioned above, the metal lossas increase with increasing frequency when
the electric field lines are perpendicular to the metal walls. From the
standpoint of metal losses, therefore, H guide is etill useful at the
high frequency end of the miliimeter wave range. At this end, however, the
dielectric losses become more significant, and groove guide was proposed
as a way out of this predicament.

In thig section, however, we are concerned with what NRD guide
is and how it differs from H guide. The cross section of NRD (nonradiative
dielactric) waveguide 1s shown on the right side of Fig. 1.1, It 1is seen
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« to be identical with H gulide except that the spacing between the metal

! plates is less than one half free space wavelength in contrast to H guide,
h where the spacing is deliberately made greater than half a wavelength to
S further decrease the wall losses. This seemingly trivial modification

" makes an enormous practical difference, (It is of passing interest that
F both T. Yoneyama, one of the original proposers of NRD guide, and J.A.G.
lS 7 Malherbe, who claimas to have independently invented it but. did not publish

in time, told me at the 1984 International Microwave Symposium in San

- Francisce that they had devised the NRD guide by some totally different
i route, and only afterwards realized its simple relation to H guide.)

® ' H guide was originally conceived to be useful for long runs of guide,
Q) so the objective would be to achieve as low an attenuation as possible,

For this reason, the spacing between the plates was made wide, certainly
greater than a half a wavelength. As long as the guide was uniform and
straight, the dominant mode was purely bound no matter what the plate

spacing wae, but any discontinuity present, such as a bump or some junc-
tion connected with a component, aven if it maintained the requirved
symmetry, could excite the first higher mode batween parallel plates,
When the plate spacing is greater than half a free space wavelength, this
first higher mode 1is above cutoff, go that power can leak away from the
H guide by means of this parallel plate mode. Because of this faeature,
it was difficult to bulld components in H guide, and that gulde type was
deemed Impractical (except for long runs).

T. Yonayama and 5. Nishida [2] of Tohoku Univarsity in Japan proposed
that the plate spacing in H puide be reduced to less than a half wave-
length so thet the first higher mode in parallel plate guide would remain
below cutoff, 1In that way, all junctions or other discontinuities that
maintained the symmetry of the dominant mode would be reactive and the
radiation problem faced by H guide would be eliminated. Components could
than be constructed readily, and the guide would become practical. Al-
though the structural change is simple, the practical implicatious of it
are so widespread that the authors felt it best to give the guide a new
name: NRD guide,
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Soon thereafter, Yoneyama and Nishida quickly and easily built a

{ 'y

I variety of components (3], paralleling atructures common in microstrip line, 'T?

. and demonstrating that these components could be arranged in integrated R

: circuit fashion. A page from one of thelr earlier papers [3] is repro- ¥S§kl
duced here as Fig. 1.2, showing how simple it is to build such components WQX?\

y

v

)

! as filters and ring resonstors. Since that time (late 1981), they built
and analyzed many other components, such as bends (4], couplers (5],

more filters [6], etec..

To our knowledge, no antennas have been designed that are based on
NRD guide., Our study, described in detail in Part III, is the first in

this direction.

PUNLY _ g SEFE

3. Groove Cuide

———

I Groove guide was invented by T, Nakahara [7) as a way to overcome the
dielectric loss in H guide without significantly affecting the metal
losses. The waveguide is shown in Fig, 1,3, and is seen to consist only
of metal, Instead of the dielectric in H guide, the center region of
groove guide is made wider than tha upper and lower outer ragiona, The
fields in the vertical direction then have a trigonometric dependence in
thae grooved reglon, but are exponeuntially decaying (evanescent) in the
narrower reglons above and below. The flelds are‘thlrefore gonfined to

- =
- -’.’J

R 4

AW [

the central grooved region in a manner similar to those in the ceanfral
. dielectric region of H guide,
ﬂ.-
;' A sketch of the electric field lines in the cross section of groove
é . guide, and an approximate plot of the vertical component of the electric
% field, consistent with the discussion above, are shown in Figs. 1.4 (a)
o and (b},

2 ol X

The dominant mode in groove guide is seen from Fig., 1.3 to be an
even closer ralative to the TElo mode in rectangular waveguide than the
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Fig. 1.2 Page from paper by T. Yoneyama and 5, Nishida {31,
showing how components such as filters and ring
resonators can be conatructed simply in NRD guide.
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Fig. 1.3 The open groove guide, comprised of two parallel metal
plates whose central regions are grooved outwards.
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. (a) (b)

Fig., 1.4 The electric field of the dominant mode in open groove guide,
(a) A sketch of the electric field lines in the cross sectionm,
(b) An approximate plot of the vertical component EY as a

function of vertical position y, showing that the guided mode
is bound transversely to the central grooved regionm.
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H guide is. The groove guide indeed looks like rectangular waveguide
without most of its top and bottom walls: since the fields are evanescent
above and below the central grooved region, we may say that the top and
bottom metal walls have been replaced by reactive walls. The electric
field is also primarily vertical for the groove guide, as sketched in
Fig. 1l.4(a), but the mode is not hybrid in the longitudinal direction

as it was in H guide.

The top and bottom of groove guide are still primarily open, so
that the electric field is still essentially parallel to the side walls,
resulting in lower loss at the higher frequencies. However, one dves not
get something for nothing; the elimination of the dielectric losses was
obtained at the expense of small sections of metal walls (in the central
grooved section) that are perpendicular to the electric field. Those small

sections contribute terms to the metal losses that increase with frequency.
Hence, no guide 1s perfect as regards attenuation at the higher frequencies,
although groove guide does rather well in this connection, with the metal
losses first decreasing and eventually increasing as the frequency con=-
tinues to be increased.

After Nakahara returned to Japan, he continued to explore the proper-
ties of open groove guide [8,9] with N. Kurauchi, and a bit later H.
Shigesawa and K, Takiyama ([10,11] of Japan studied the closed groove guide,
where the top and bottom ends were closed off by metal plates. TFollowing
Nakahara's original work, independent invrstigations were conducted in
the U.3.A. by F. J. Tischer ([12) and by J.W.E. Griemsmann [13], and later
by N. Y. Yee and N. F., Audeh [14]. Interest in the groove guide then
declined for a few years, along with the millimeter wave field as a whole,
but then, in the mid 19/0's, it was revived and developed further by
D. J. Harris and colleagues [15,16] in CGreat Britain (Wales). Harris at
first studied various baaic -operties, mo.tly experimentally, but later
he concentrated on the feasibility of certain basic components for groove
guide, Other recent work included that of J. Meissner, who investigated
the coupling [17] between groove guides, and the radiation losses of
bends [18].
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The investigations on this contract, presented in detail in Part II,

represent the first contributions to antennas based on the groove guide,

C. SOME GENERAL PROPERTIES OF LEAKY WAVE ANTENNAS

A leaky wave antenna is basically an open waveguide possessing a
mechanism which permits a slow leakage of power along the length of the
waveguide, The leaky wave that exists at the opening along the length
of the waveguide provides the aperture field distribution of the
antenna, and the length of the waveguide over which the leaky wave c¢on-
tains significant power defines the anteénna aperture length. It is cus-
tomary to retain a length for which 90% or 95% of the npower can leak
away; the remaining 10% or 5% is absorbed in a load placed at the end cf

the waveguide.

The rate of leakage per unit length along the waveguide is given by
the attenuation constant o of the complex propagation constant kz(-B-Ja)
of the leaking waveguide mode. If the value of a is small, the antenna
aperture will be long, and the far field radlation pattern will possess
a narrow beam. If a is large, the pcwer is radiated more rapidly along

the antenna length and a wider radiated deam will be obtained,

The design of a leaky wave antenna proceeds by firat specifying the

desired performance characteristics of the antenna: the angle of maximum

radiation, the beam width, and the side lobe properties. The angle em

that the maximum of the main Leam makes with the normal to the antenna
aperture (broadside direction) ;s given approximatsly by

sin Gm = 8/k = A/AB (1.0

where 8 is the phase conatant of the complex propagation constant kz'
The bYeam width A8 ie related linearly to the reciprocal of the apearture
length L, and a rule of thuwibd for A6 is

- A
89 = Tos n (.2

Relation (1.1) above is summarized pictorially in Fig.1.5.

For the aside lobe propertiles, it is well known that the antenna
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N Fig. 1.5 Pictorial representation for sin §,, = 8/k, where 8y, i8 the angle that
B the maximum of the radiated beam makes with the norma.l to the antenna

o aperture surface, and g is the phase constant of the leaky wave that

o travels along the aperture surface.
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N acnieve the desired side 1lobe requirements. The necessary tapers @ﬁ&
X P )
2 - corresponding to various side lobe specifications appear in standard ~kpq
¥ antenna texts. When the aperture distribution is tapered, relation(l.2) vy
ff. for the beam width is affected somewhat numerically, but not more than !3&
el £25% depending on the taper, so that (1.2) remains a useful and reason- -ﬂ@

ably accurate indication of the beam width.
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When the geometry of the waveguide is uniform along its length, the
aperture distribution consists of a slow exponential decay. To produce
the taper needed for the side lobe requirements, it is necessary to vary
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% the a of the waveguide along the length L, and therefore to vary the Eg%
ﬂk transvei'se dimensions in some fashion along the waveguide length, The . i
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The dispersion relations for the leaky structures yield the values
of o and 8 corresponding to specific geometrical parameters in the cross
section. That relation must be used in a specific design to produce the
0.(z) needed while maintaining B(z) constant. Part of the design consid-
erations to be discussed in this Final Report are aimed at recommending

which geometrical parameter or parameters should be varied to change o

but not R.

The analyses in thils report discuss the behavior of the leaky struc-
tures when the cross section 1s maintained constant, and they stress
the variation of B and o with frequency and with various dimensional
parameters, If we assume, as is common, that the antenna aperture of
length L radiates 907 of the power (with the remaining 10% absorbed by
a load), then the power level at the end of the antenna aperture is
10 dB down from its value at the beginning. In the numerical values
that follow, we shall present the a value in the form a/k in nepers, so
that the value of o in dB per wavelength is 2m(8.686) (u/k) = 54.6 (0/k).
The antenna length L 1In free space wavelengths is then approximately

L. _d0 1 -0.18
A S0.6 o/k ~ o/K (1.3

The precise value of 1L will depend on how the aperture distribucion
is tapered. TIf the percentage of power radiated is different from 90%,
the length L in (1.3) will differ somewhat numerically, but may be
readily computed,

In summary, the values of 8/k and o/k that are presented in this re-
port permit us to determine readily tbe values em,from (1.1), the aper-
ture length L from (1.3), and the beamwidth A from (1.2).




D. TIMPROVED SOLUTION FOR THE DOMINANT MODE OF OPEN GROOVE GUIDE

It was mentioned in the Introduction {(Sec. A, 1) that an improved
solution was derived for the properties of the dominant mode in groove
guide. Although this investigation was motivated by the need for a
better solution for use in the transverse equivalent network of the
asymmetric strip leaky wave antenna, discussed in Sec. A of Part II,

A P R PRARRPREAEY » e LW S TN

it represented a complete and thorough investigation on its own, and

1s of interest in its own right. The improved solution is notable in that
it is compact, simple, accurate. has all its elements in closed form,

and ylelds better agreement with measurements than any previous solution,
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A talk on this new solution was presented recently at the IEEE

International Microwave Symposium, held at San Francilsco, CA, on

May 30-June 1, 1984. The title and authors of this talk are: "Simple
and Accurate Expression for the Dominant Mode Properties of Open Groove
Guide," by A. A. Oliner and P. Lampariello. A short paper summarizing
the study appeared in the Digest of that symposium on pp. 62-64, and it

o L L K S,

is reproduced here in this section.
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In addition, a more complete version was written up to be issued as
a report on this contract. After it was ready, it was recommended that

it should be issued as & paper rather than a report, and it was subse-

~¥
3
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quently sent to the IEEE MIT Transactions. It has been accepted for
publication, but since it is not yet available either as a report or a
paper it 18 included here as Appendix A. The title and authors are:

"The Dominant Mode Properties of Open Groove Guide: An Improved Solution,"
~ by A. A. Oliner and P. Lampariello.
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Summary of Principal Features
SIMPLE AND ACCURATE EXPRESSION FOR THE
DOMINANT MODE PROPERTIES OF bPEN GROOVE GUIDE
i
by A, A, Oliner and P. Lsmpariello \
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SIMPLE AND ACCURATE EXPRESSION FOR THE DOMINANT MODE
PROPERTIES OF OPEN GROOVE GUIDE

A. A. Oliner” and P. Lampa.riel.lo"

*Polytechnic Institute of New York
Brooklyn, New York 11201

v “Untversita' di Roma "La Sapienza"
00184 Roma, Italy

Abstract

Groove guide, one of several low-loss wave-
guldes proposed some years ago for use at milli-
meter wavelengths, ls again receiving attention in
the literature., A new transverse equivalent net-
work and dispersion relation for the properties of
the dominant mode are presented here which are
extremely simple in form and yet very accurate,
Comparisons with accurate published measgure-
rments indicate better agreement with this new
theory than with any previous theory.

A, INTRODUCTION

Croove guids is one of a2 group of low=loss
waveguiding structures proposed some years ago
for use at millimeter wavelengths, Results for
the propagation characteristics of the dominant
mode in groove guide have been published pra-
viously. There exist theoretical exprassions
which are simple but approximate, more accurate
expressions which involve infinite sums and are
messy to compute {rom, and careful measured
resultsa. We present here a new expression for
the propagation constant of groove guide, which is
very accurate, yatin closed form and simple, The
microwave natwork approach used in the derivation
of the new expression is summarized, and then
comparisons are made with previously published
theoretical and experimental results, It will be
seen that the new expression provides excellent
agreemont with measurement, and in fact better
agreement than with any previous theoretical data,

The motivation for obtaining an improved axe
preasion for the propagation constant of groove
guide, and in the proceas a transverse equivalent
network which ic simple and whose constituents
are all in closed form, is that groove guide ap-
pears to be an excellent low-loss waveguide upon
which can be based a number of novel leaky<wave
antennas for the millimeter wavelength range,
The results of this paper then form an important
atep in the analysis of such antennas, Qne anten-
na in this class has been described recently|[ 1, 2],

The cross section of groove guide s shown
in Fig. 1, and an indication of the dominant mode
eleztric field lines present in its cross section is
given in Fig, 2(a), Ono should first note that the
structure resembles that of rectangular waveguide
with most ot its top and bottomn walls removed.
The groove guide cun therefore be excited by

providing a smooth tapered transition between it
and a feed rectangular waveguide, Furthermore,
if symmetry is maintained, many components can
be designed for groove guide which are analogues
of those in rectangular guide,

The greater width in the middle, or central,
region was shown by T. Nakahara [3-5], the in-
ventor of groove guide, to sarve as the mechanism
that confines the field in the vertical direction,
much as the dielesctric central region does in H
guide, The field thus decays exponentially away :
froin the central region in the narrower regions [
ahove and below, as shown in Fig, 2(b), If the by

asrrower reglons are sufficiently long, it does not :‘,‘-“M,-f;
matter if they remain open or are closed off at the .-;-,"_\'-‘::_:
ends, ;':’L’:g:

The theorstical approach to the propagation RN

constant of the dorvinant mode taken by most of

the previous investigators has been to produce

a first~order result by taking only the dominant
transverse mode in each region of the cross sac-
tion, and then obtaining the dispersion relation on
use of the transverse resonance condition, That
procedure, which neglects the presence of all
higher transverse modes, is equivalent to account~
ing for the step junction betwean the central and
outer regions by employing a transformer only,

and by ignoring the junction susceptance entirely,
With that approximation, a simple dispsrsion re=
lation is obtained, which produces reasonably good
agreement with measurad data when the step dis-
continuity is small, More accurate theorstical
phrasings ware presented .n some refersnces by
accounting for the susceptance by taking an infinit.
number of higher modes on each side of the stap” |
Junction and then mode matching at the junction, '
The rasulting expressions involve matrices which, -
aven after the nacessary truncetion, are mesay to
compute from, When only one or two higher modes
are included, the improvement in accuracy is

quite small and the added complexity in caleculation
is substantial,

The approach in this paper is to establish a'
proper transverse squivalent network, identify
the appropriate transverse mode (which ia hybrid),
obtain an accurate expression in closed form for
the step junction susceptance, and then apply the
transverse rasonance condition to the now=complate
transverse equivalent network, which ylelds the
relevant dispersion relation for the propagation
constant, This diaparsion relation is simple, in
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closed torm, and very accurate, as demonctrated
by comparison with measured datafromreferences
4 and 5.

B. THE TRANSVERSE EQUIVALENT NETWORK
The complete transverse equivalent natwork
for the groove guide is derived by atarting with a
proper phrasing of the problem and then by putting
together all the constituent ¢elements. The essen~
tial new constituent in the transverse squivalent
network {s a simple closed form expressionfor the
step junction susceptance,

To begin with, however, we must {dentify the
correct mode in ths y direction (sea Fig, 2), We
first note that with respect to the z {longitudinal)
direction the ovarall guided mode is a TE (or H)
mode; that is, there exists only & component of
H in the z direction. This result is to ba ex-
pected since the groove guide consists of & per-
factly conducting outer structure filled with only
a single dielactric material (air), In the y direc-
tion, however, there exist both E,, and H,, com-
ponents, so that the mode is hzbrrd in thdt direc-
tion.

Since the groove guide is uniform in the z
direction, and its field has only an H, component,
the hybrid mode in the y direction is sesn to be
what is called by some an H-typs mode with re-
spect to the u direction, and by others an LSE
mode with respoct to the ¢ direction. We prefer
the former notation, and we |h7l)’ designate the
mode in the y direction as an H\*)-type mode.
Altachuler and Coldstone [ 6] discuss such modes
in detail and present the field components for
them and the characteristic admittances for trans=
mission lines representative of them. For this
mode, we find that the charactaristic admittance
is given by

k2. k2
Yo " wukv )

where ky is the propagation constant of the trans-
mission’line,

The step junction is a lossless asymmaetric
digscontinuity, and it therefore requires threa real
quantities for its characterization, It has been
found by experience, however, that for most situa=
tions the network conveniently reduces to a shunt
network comprised of a shunt susceptance B and
a transformer with turns ratdo n,

Employing the mode functions for the H(’)-
type mode mentioned above, the turns ratio n can
be derived in the usual manner to yleld:

193/2 4 cos -E-’-'
Rl by SR

To our knowledge, an expression for the shunt
susceptance for the step junction subject to the
excitation shown in Fig. 2(a) is not avallable in the

literature, By a simple additional step, however,
we can adapt an available, but not widely known,
result to our discontinuity of interest,

The available result is a symmetric discon-
tinuity which is contained in Vol, 8 of the MIT
Radiatien Laboratory Series [ 7) and is presented
there as an illustration of how Babinet's principle
may be used creatively. That result, combined
with appropriate stored power considerations, per-
mits us to cbtain the following result for the step
junction discontinuity susceptance:

B

Y

4
= 0,55k 23 «:ol:z J2
° yn

FTY (3)

The resulting transverse equivalent network
becomes that shown in Fig, 3, where bisection
has baen employed, and where the network has
been placad horizontally {or convenienca, The ex«
pressions for parametara B, n and Y, (and there-
fore Y.) are given respectively by (3), (2), and
(1). The form of the network and the expressions
for ite constituants are seen to bseminently simpla,
and {“ they characterize the structure very sccu=
rately.

Once the network in Fig. 3 bacomes available,
the determination of the dispersion relation for the
lowest mode becomes an sssentially trivial task,

By applying the transverse resonance condition,
we obtain

k .
b_1 ¥ 2a 2m!
°°tky'i';'2' Ik;l +ky0.55—" cot 'Ei— (4

The early first-order solution derived by varis
ous authors corresponds precisely to the first two
terms in (4). The third term in (4) represente &
particularly simple and conveniant way to take into
account the influence of all the higher modea, which
the lirst-order solution admittedly neglscts,

C. NUMERICAL RESULTS; COMPARISON WITH
MEASUREMENTS

We naxt verify the accuracy of these new theo-
retical results, as embodied in dispersion relaton
(4) and the simple transversa equivalent natwork
shown in Fig. 3. Toward this end, we present
now a comparizon batween our theoretical numbaers

and the careful gxperimental results of Nakahara
and Kurauchi 4,5 | (referred to balow as N-K),

In Fig. 9 of reference 5 and Fig., 10 of refar-
ence 4, NeK present the results of careful mFa-
gurements on a variety of groove guides. ey
give the measured values of ), as a functon of
a’ for groove guides of diffarent cross sections,
and they show how thase values compare with
curves obtained using first-order theory. All of
those duta, plus our theoretical numbers, are cons
tained in Figs, 4(a) and 4(b) presented heve; the
first-order thoory is represented by dashed lines,
our more accurate theory by solid lines, and the
measured data as diucrete pointa, The cross sece
tions corresponding to each set of curves are
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shown as insets,

1t is seen that our theoretical curves agree
very well with the measured values in almost all
cases. On the cother hand, the {irst-order theo«
retical values are systamatically somewhat be-
low both cur theory and the measured data. It ap~-

. pears, thereiore, that the first-order theory re-

presents a rather good approximation, conaldering
its simplicity, and that the new thsory using (4)

is indeed gignificantly more accurate,
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Fig. 1. The open groove guida.

LS L O S N 4

(a) (b) |

Fig., 2 The slactric {ield of the dominant mode
in open groove guide, (a) A sketch of the
electric field line¢ in the crusa section,
(b) An approximatse plot of the vertical
component E,, as & function of y, showing
that the guidiad mode is bound transvecssaely
to the central grooved region,

"'575"" n:

Fig. 3 Complete transverse eguivalent network
for open groovae guide, for the axcitutio
indicated in Fig., 2(a). -

()

Fig. 4 Comparisons between measured and thao=
retical valuas of the cutoff wavelength 1,
for groove guides ofvarious cross mections,
The solid lines represcnt our improved
thaory, the dashed curvea ave the firste
order theorstical values, and the polnts
sve the measured results of N=-K [ 4,5],
The insets indicate the cross-sactiona
neomaetries for sach measured point, whers
the numbers are in cm.,
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PART TII. ANTENNAS BASED ON GROOVE GUIDE

ASYMMETRIC STRIP ANTENNA
Summary of Principal Features
Discussion of Comprehensive Report

LEAKY MODE SPECTRUM OF GROOVE GUIDE
Summary of Principal Features
Derivations for the n = 3 (0dd) Leaky Mode

(a) Wavenumber Considarations to Demonstrate Leakage
(b) The Mode Functions and the Field Components

(¢) Turns Ratios for the Step Junetion

(d) The Coupling Network at the Step Junation

(e) The Dispersicn Relation

Derivations for the n = 2 (Even) Leaky Mode

(a) Wavenumber Considerations to Damonstrata Leakage
(b) The Mode Functions and the Field Components

(e) Turns Ratios for the Step Junction

(d) The Coupling Network at the Stap Junction

(e) The Dispersion Relation

C. ANTENNAS BASED ON THE n = 2 TLEAKY MODE

Antenna of Simple Configuration
Antenna with Added Strips

D, ALTERNATIVE THEORETICAL APPROACH FOR THE
n = 2 LEAKY MODE ANTENNA
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“ II. ANTENNAS BASED ON GROOVE GUIDE Y
! o
! Two basic low-loss waveguides for millimeter waves were described in R{QK%
) LS
¥ Secz, B of Part Ij they were both used in this study as the basis for new \‘:}._'\
types of leaky wave antennas for application to millimeter wavelengths. 3:‘5
) The first of these waveguldes is thu groove guide, and the various anten- A
i nas based on it that were analysed and evaluated in this study are discussed bi‘f‘
: in this part of the Final Report, 'ngs
R T
X v(!.;‘.‘:r\
l Two different leakage mechanisms were employed in these antennas., F e
o -.hr ‘@
The first mechanism 1s asymmetry; the structure proposed and analyzed .y?%§
g
based on this mechanism utilized an added anymmetric strip to produce the &{u%i
K Il:.‘vi.h‘l 4
' controlled leakage. The second mechanism makes use of the fact that all yQ;J
of the higher modes of groove gulde are leaky; only the dominant mode is j:;

purely bound, New antennas become possible based on the n = 2 (even)
and n = 3 (odd) higher modes, and they radiate in different polarizatioms,
according to the basic mode.

The agymmetric strip antenna is the one that was analyzed iu the
greatest detail, and on which we have the largest amount of numerical
performance data, The study of that structure also emergad with varilous
optimization considerations. Two short papers were written that summarized
the princilpal features of this antenna; both appeared in Electronics

.‘-1

;} Letters, Just prior to their publication, two talks were presented at

‘~I

E professional socilety meetings on the same basic material; they were giien
o at the LEEE International Symposium on Antennas and Propagation at

Albuquerque, New Mexico, in May 1982, and at the European Microwave Con-
ference at Helsinki, Finland, in Septembar 1982, The first talk covered b
the principles of operation of the antenna, and the second one stressed

o sn s AL o8 4
? ' 5" eTs e
R S

‘ .

;g the design considerationa, The two short papers followed a similar format.

;u

4

Ey The studies on the asymmetric strip antenna are covered in Sec., A below.

W In Sec. A, 1, we include the two short papers that appeared in Electronics

o

ﬁ? Letters, because they represent an excellent summary of the principal

Fi features relating to the antenna, including the principle of operation, the

nk transverse equivalent network, selected numerical results, and some remarks
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concerning dimensinnal optimization. Those papers contain no derivations,
however, and they omit many of the numerical results. Because there was

much more to present, a comprehengive report was written that contains much

additional informat.on. Since this comprehensive report has not as yet
been issued by the Alr Force, it 1s included in this Final Report as Appen-
dix B, so that it becomes available to those who wish to see it at this
time. In addition, we refer to its contents several times in connection
with some of the derivations presented below., A few remarks concerning

this comprehensive report are presented as Sec. A, 2.

The second inechanlism that serves as a basls for groove-gulde leaky

wave antennas, as indicated above, is that all higher modes on groove
guide are leaky. Although it was known that higher odd modes were leaky,
we showed that the leakage statement was also valid for higher even modes.
More important, however, is the fact that, before our studies, no analysis
had been made to determine the amount of the leakage. We derived appro-
priate transverse equivalent networks, and determined not only the amount
of the leakage but alsoc some of its parametric dependences., These studies

on the leaky mode spectrum of grocve guide are presented in Sec, B,

In Sec. B. 1, we include two short published papers on this toplc that
asumnarize the most important features of this work., These papers contain
discussions on the physical basis for.this higher-mode leakage, the trans-
verse equivalent networks, and some numerical results, together with a dis-~
cugsion on why the curves of o and B as a function of frequency and di-
mensional aspect ratio behave physically as they do. The first of these
papers was published in Alta Frequenza in 1983, and the seccnd appeared
in the Proceedings of the URSI Symposium on Electromagnetic Theory, held
in Spain in August, 1983, Thelr contents differ in the following way:
although there is clearly some overlap, the first paper treats only the
odd higher modea, comments on the dominant mode, and presents data as a
function of frequency. The second paper presents an overview, but is

concerned primarily with a comparison between the behaviors of the odd

and the even higher modes.
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Before these short papers appeared, two talks were given on their

L3

contents, These talks were presented at the Fourth National Meeting on

Rl

Electromagnetic Applications at Florence, Italy, in October 1982, and at

the TEEE Internaticnal Microwave Symposium at Boston, Mass., in June 1983,
The first of these talks led to the above-mentioned paper in Alta Frequenza,
and the second constituted an overview comparing the properties of the odd

PN s T olSS RFRFNPRFAY LD
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and even higher modes.
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The derivations uf the expressions for the constituents of the trans~
I verse equivalent networks are not included in these paper or talks, because - P

ﬂ of the limited space and time available. They are therefore presented here :j&t&k
? in Secs. B, 2 and B, 3 for the n =3 and n = 2 leaky higher modes, ﬁgiﬁi
ﬁ respectlvely, Eﬁjﬁél
g ‘ The mid-plane of the groove guide for the. n = 2 higher mode 13 an tz&g;g
o electric wall, from symmetry. By bilsecting that structure, énd placing Eﬂﬁﬁi
. a metal wall at the mid-plane, we obtain an asymmetric antenna of gimple . ;:%t&ﬁ
! cross section, It 1s interesting that this latter structure can be viewed l Ef?fj

ag leaky eilther because of asymmetry or because the field distribution t;k“i.
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is that of the first higher even mode, which is leaky. Either way, the
: structure is an interesting candidate for a millimeter wave leaky wave

-t

F—

4--..--...
(.r-x“f‘—

) ey

' antenna because of its simplicity. Comments on the performance of this ‘ 3
N O
) structure, and its limitations, appear in Sec. C, 1. The principal limi- P&;;&
' J.' “*‘
tation is that its leakage constant is lower than that found for the other h{;*{
RRS S
antennas. _;;

. For this reason, small strips ware added at the sitas of the step :

Junctions in the cross section. This modified structure was analyzed;

a higher leakage constant 1s obtained, of course, but at the expense of
some added fabrication difficulty. In Seec. C, 2, we present the modified
structure, the derlvation for its properties, some numerical valuea [or o

and B, and suggestions regarding its fabrication.

The calculations in Sec. C, 1 also indicate that for maximum radiation

the cross section dimensions resembled a small tee stub on a vertical guide.
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\ Our theory is probably no longer accurate in that range of groove dimen~
ﬁ sions, so that these numerical results may no longer be reliable, It was
therefore necessary to view the structure differently, and to derive a new

theoretical result.

N )
i Thls new theoretical approach is discussed in Sec. D. The structure T .
o was viewed as a tee stub on a parallel plate guide, rather than a. a modi- *
- flied groove guide, in this range of dimensions, A transverse equivalent

network was derived consistent with this point of view, and expressions

I for its parameters were obtained. WNumerical values for the leakage con-
uy
: stant obtained via thils approach were substantially larger than those

obtained previously.
This transverse equivalent network is valid in the horizontal direc-

tion, whereas that for the groove guide approach applied to the vertical
direction. The theories are therefore totally different, both in appear-

-

o ance and in substance. The derivations involved in this new approach are

! described in Sec. D, 1, and the numerical results, together with a dis- '"*‘Q
ﬁj cussion of thelr limitations, are contalned in Se¢, D, 2, Recommendations Pzitg
ﬁ for future work are also included there. g&uét
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A, THE ASYMMETRIC STRIP ANTENNA

’

As indicated above, the studies conducted on this antenna have been

e
s

Pl

summarized in two short papers, described in two talks at professional

o«

society meetings, and written up in substantial detail in a comprehensive
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) report., The two short papers, both of which appeared in Electronics
Qf Letters, represent an excellent summary of the antenna's principal features,
?} For this reason, they are reproduced here in Sec. A, 1. The first paper i \
ﬁ. presents the structure of the antenna, its principle of operaticn, and a o
ll typical set of numerical results as regards dimensions and antenna per- ——
o) N
o formance. The second paper summarizes the transverse resonance analysis, e
xj including the transverse equivalent network, and then discusses design B
ég considerations in the context of sume numerical results, ;
o The comprehensive report, which contains much more information, in- ﬂf@
wﬁ cluding derivations and additional numerical results, is reproduced as VY'
W Appendix B, but is discussed briefly in Sec. A, 2, e
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1. Summary of Principal Features

b (a) NOVEL LEAKY-WAVE ANTENNA FOR MILLIMETRE
WAVEC BASED ON GROOVE GUIDE

by A. A, Oliner and P, Lampariello

(b) THEORY AND DESIGN CONSIDERATIONS FOR A ?  ;
NEW MILLIMETRE-WAVE LEAKY GROOVE-GUIDE .'d
ANTENNA *

et
by P. Lampariello and A, A, Oliner X%“ﬂ
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NOVEL LEAKY-WAVE ANTENNA FOR
MILLIMETRE WAVES BASED ON GROOVE
GUIDE

H-guide, The field thus decays exponentiaily uway from tlie
central region in the narrower regions above and below, If the
narrower regions are sulliciently long, it does not matter if
they remain open or are closed off ar the ends.

Work on the groo-e guide progressed in Japun®?® und the
United States*'® until the middlz 1960s, but then stopped
until it was revived and developed further by D. 1. Harris und
his colieagues in Wales (see, for example, Refersnces / and B),
To our knowledge, the present letter represents the lirst con-
tribution to untennas based on the groove waveguide.

o

r e -

{ndexing terms. d:mennus, Leaky-wave antennas, Millimerre
wares, Groove gulde

A new type of leaky-wave anienna, with a simple longitudi-
nally conynuous configuraticn, is described. The antenna s
hased on the groove guide. a low-lois waveguide for nuili-
metre waves.

< BN

s

Operating principle of new leaky-wave antenna: The new lenky-
wave antenna is shown in Fig. 2. The basic difference between
the structures in Figs. 1 and 3 is that in Fig. 2 4 coniinuous
metal strip of narrow width has been added to the guide in

intruduction: The groove guide was one of several waveguid-
ing structures proposed fov millimetre-wave use about 20
years ago in order to overcome the higher attenuation oc-

=
.

Y curring at these higher frequencies. Although these new low- asymmetrical fashion. Without that strip, the field of the basic
i loss wuveguides were introduced many yeurs agc, they were mode of the symmetzical groove waveguide is evansscent vert
e not pursued beyond some initial basic studies because they ically, so that the field has decayed to negligibie values as it
% were not yet needed. Now, however, millimetre waves are reaches the open upper end, The function nl the usym.
o again becaming importunt, and attention is again being paid  metrically placed metal strip is 1o produce some emount of

net horizontal electric field, which in turn sets up a mode akin
to & TEM mode between parallel plates, The fHeld of that
mode propugutes all the way to the top of the wavepuide,
where it leaks sway, [t is now necessary to close up the

to new types of waveguide. Amung these are dielcetric strip
wiveguides of different types, the H-guide in sgveral forms,
aid the groove guide,

The present letter describes a novel type of leaky-wave an-

g 3

-

'S. tenna which is based on the groove waveguide, Although lossy bottom of the waveguide, us seen in Fig. 2, to provent rudi-
e waveguides muy be acceptabls for components only a wave- ation from the bottom, and (nonelectricaily) to hold the strue.
te length or so long, they are no suitable for leaky-wave an- ture together. Of course, the upper walls could end as shown
- tennis, which may typically be 204, to t004, in length, where in Fig. 2 o1 they could attach to a ground plane,
" 4y is the free-space wavelength, For these antetnas, therelore,
it is necessary to employ o low-luss waveguide, and the groove
i guide sutisties that requircment. The antenna involves & simple

’

longitudinally continuous structure; as a result, it should be
eusy and cheap to fabricate, und can probabiy be made by a
simple extrusion progess. In view of the small size of wave-
guiding structures ut millimetre wavelongthe, lsaky-wave un-
tennas form a nutural class of anennas for these waveguides,

The antenna has been anclysed in un almost rigorous
manner, and & closed-form expression has been derivedd for the
dispersion relation for ns complex propagation constant,
From numerical caleulations, we tind that excellent control
can be effected over the leckage constant 2, 50 that radistion
patterns can be designed in a systematic way.

T e e .
NS S

.

Busie groove waveguide: ‘The ¢ross-section of the groove wave-
guide iy shown in Fig. 1, together with aa indication of the

Fig. 3 Cross-section of navel lvakvewave uitenna, where leakaye s
produved by inteoduction of un asymmetric continuous metal strip

W¢ now have available u leaky-wave line-source antenna of
sinple conscruction. The value of the propagation wave
nimber f§ of the leaky wave is governed primarily by the
properties of the original unperturbed groove guide. and the
value of the attenuativn constant « is controlled by th- width
and loction of the perturbing strip.

Typical set of numerical vesults: ... with any leaky-wave an-
tenny, one can, by suitably changing the dimensions and the
= {requency, ubtain a variety of scan angles und leakage con.

Fig. 1 Crossesection of aymmetricul, nonradiating groove wareyubde
Ends van either e left open, us shown, or be closed off

clectric tleld hines present, One should note that the structuce
resembles that of a recterguiar waveguide with most of its 1op
und bottom walls removed. Since the attenuation associuted
with those walls increases as the frequency is increased, where-
as the sttenuation due to the presence of the side walls (with
the clectric field puralle! to the walls) decreases with increasing
irequency, the overall attenvation of the groove waveguide at
higher trequencies is much less than that for a rectangular
wuveguide. The reduced attenuation losy will therefore intsar-
fere negligibly with the leakage losy of the novel antenna to be
described.

The greater width in the middle, or central, region was
sitown by T Nakahara,''? the inventor of the groove guide, to
wrve ds th: mechanism that vontines the tield in the vertical
direction, much as the Jielectric central region dooes in the

stants, Let us choose as o typical case w'sq w 0:70, hia = 080,
o/ §215, ¢/t wa O 148, "id @ 1050, d7a = 021 und Ay uo-
1:20. For this particular set of dimensions, our culculutions
yield fi/ky = 0749 and 2/k, = 6:24 x 104, This value of teuk-
uge conatant x yields a leukuge rate of about 0:34 JdB per
wavelength, resulting in an antenna abour 304, long if, us 18
customury, 90% cof the power is to be radiated, with the re.
maining 104, dumped into a loud. The resulting beam width
of the radiation is approsimately 2:9*, and the beam radiates
a2 an ungle of about 49 to the normal, At a froquency of 50
GHz, for example, dimension a would be 0:50 cm and the
untenna would be 18 ¢m long,

We have described here a new type of Jeaky-wuve sntenna
suituble for millimetre waves, it is bused on the groove guide,
which s 4 low-loss waveguide, 10 that the wavi uide nitenu-
ation will interfere nealigibly with the leakage process, The
structure is simiple and longitudinally continuous. rendering it
attractive for fubrication at the small wavelengths in the
niillimetra-wave range.

e MW
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THEQORY AND DESIGN CONSIDERATIONS
FOR A NEW MILLIMETRE-WAVE LEAKY
GROOVE-GUIDE ANTENNA

Indexing terms: Antennas, Leuky-wave antenna, Millimetre
wanes, (ironve yuide

A transverse equivalent network is presented for a new type
af leuky-wave untenna based un the groove guide and suit-
uble for millimetre waves, Employing this network, the an-
tenna's performance characteristics are explained and
systematic design considerations are deduced.

Introduction: A recent paper! discussed a new type of leaky-
wave antenna for millimetre waves based on the groove guide.
The operating principle underlying the new antenna was pre-
sented there, together with background ralating to the basic
groove guide and the presentation of a typical set of numerical
performance data,

As stated there, the antenna is created by the introduction
into the basic groove guide of an additional longitudinally
continuous metal strip. The strip is introduced in asymmetrical
fashion so ac to produce some net horizontal electric field, In
effect, & new tronsverse mode is created thereby, which propa-
gales all the wuy to the top of the waveguide, whete it leaks
uway, thus transforming the initially bound mode into a leaky
one.

The leaky-wave antenna has been analysed hy deducing the
proper trunsverse eyuivalent nutwork, deriving simple closed-
form expressions for the various parameturs of this network,
and then obtaining the dispersion relation for the compiex
propugation constint of the leaky mode from the lowest res-
onance of the tranaverse equivalent network. The resulting
expression for the complex propagation constunt is aisv in
closed form, and {s judged by us to be very accurate,

From this sxpression, numerical calculations were made of
the antenna's performance characteristics, and their depen.
dence on the various dimensional parameters of the antenna.
From these results we noted certain radiation peculiarities,
due to the prusence of a transverse standing wave, and we
were then able to deduce syitematic design considerations
which permit one to optunise the antennd performance,

In this letter we first present the transverse equivalent net-
work and discuss the transverse modes which are coupled by
the added continuous strip. Then, utilising this transverse
squivaient network, we explain the performance behaviour
obtained as the values of dimensignal purameters ure varied,

At 194 1

Flg, & Cross-section of novel leaky-wave antenna, where leakage is
produced by (neroduction uf on asymmetric continuous metal strip

and finally we outline the design consideruuons for opti.
mation, again employing the tzansverse cquivalent network.

Transverse resonance cralysls of the new antenna: The basic
structure of the new lesky-wave antenna iy given in Fig. 1. Ax
discussed in Reference I, it iy the added continuous stnp of
width & that introduces usymimetry into the basic groove guide

AL LR D R AR, P LT A N W T g s s A et e AP

and creates the leakage. The strip therelore gives rise to an
additional transverse mode and couples that mode to the orig-
inal transverse mode which by itself would be purely bound.

The transverse cquivalent network for the cross-section of
the structure shown in Fig, | must therefore be bused on these
two transverse modey, which propagate in the y direction and
ure coupled together by the narrow asymmetrical strip, These
coupled trunsverse modes then combine to produce a net TE
longitudinal mode {in the x direction) with a complex propa-
gation constant f§ — ja.

In view of the uniformity of the structure along z, the
appropriate transverse modes ure the i = 0 and i = | Hotype
(or LSE) modes with respect to the 2 direction. The complete
equivalent nstwotk based on these transverse modes is given
in Fig. 2. In the network, which has been placed on ita side for
clarity, the /= | transmission lines represent the original
mode with a half-sine.wave variation in tha x direction in Fig.
1, and the | = 0 transmission lines represent the new mode
which has no variation with x. In the central region, corre-
sponding to the unprimed parameters, both the =1 and
{ w O transmission lines are above cutoff; in the outer (primed)
regions, however, the | = | transmission lines are below cutoff
but the { = 0 ones are above cutoll, leading to standing waves
in sections ¢, ¢’ and ¢”, and to radiation via G,
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¢ ing b ngl ¢ ¢
Flg. 2 Transverse equivalent network for siructure whose crass-section
is shuwn In Fig. !
F‘u"r clarity, the network is pluced horizontally rather thun vertis
cally

Although the fields in the ; = | transmission line of length ¢/
are evanescent, ¢ Is sufficiently short that the added strip
located at ¢ can convert some of the { w | mode power into
the | » O mode. ‘Thy amount of powsr converted per unit
length clearly depends on the length ¢’ and the width & of the
atrip. Particular note should be made of the simple form of the
network at ¢’ which couples the two transmission lines. Thut
form and the expressions for the elements in that network
were derived using small obstacle theory in a multimode con-
text; it was necessary to extend the formulutions available in
the literature because ona of the constituent transmission lines
(i = 1) is below gutoll.

Space dues not permit listing the expressiona for the various
constituents of this network, nor the final expression for # and
%, but they, together with their derivations, will soon be pre-
vented for publication. It should be mentioned, however, that
the theoretical expressions for the individual constituents, as
well aa for B and 4, are in closed form,

Dasiyn considerasions: In order to systematically design radi-
ation patterns, one must be able to taper the antenna aperture
smplitude dissiibution while muaintaining the phase linear
along the aperture length, i.c. one must be uble to vary « while
keening # the same, Fortunately, several parameters can be
varied that will change a while affecting # hardly at nll; the
best ones ure d and ¢, il ¢ is long enough.

Since the { = 0 transverse mode is above cutoff in both the
central and outer regions of the guide cross-section, however,
a standing wave effect is present in the { = 0 transmission line.
As u result, & short circult can occur in that transmission line
at the position of the coupling strip of width 4, and the value
of 2 then becomes zero, Hence, we must choose the dimen
sions to avoid that condition, and in fact to optimise the velue
ol a

In the design, one first chooses the width « und adjusts o
and A to achieve the desired value of f/k,, which iy determined
easentially by the /= | transverse mode, That value of g/k,
iminediately specifics the angle of the radiuted beam. It is then
recognised thut the value of 2 can be lncreusad if the voupling
strip width o i incraused, vr {f the distance ¢ betwoen the step
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junction and the coupling strip is decreased, since the coupling
sirip is excited by the / = 1 transverse mode, which is evanes-
cent away from the step junction in the outer regions. After
those dimensions are chosen, the length ¢ must be det:rmined
such that the standing-wave effect mentioned above optimises
the value of & If ¢ is sulliciently long, it will affect only the
{ = 0 transmission line and influence § negligibly. The length
¢ also affects x strongly and B weakly, and it also must be
optimised because another, although milder, standing wave
exists between the coupling strip and the radiating open end.

We have obtained numerical values in graphical form of the
variation of 2 and § with each of these dimensional par-
ameters, so that design optimisation can proceed in systematic
fashion. However, we present here, in Figs. 3a and b, respec-
tively, only a curve of a/k, as a function of ¢' (Fig. 3a), and the
value of ¢ + ¢’ (Fig. 3b) that must be sclected so as to achieve
the optimised value of « given in Fig Ja. In effect, therefore,
Fig. 3b indicates the valus of ¢ required once « (via ¢') is
specified. It is interesting to note that ¢ + ¢’ is almost constant
for optimisation.
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a Leakage constant a/k, of leaky-wave antenna shown In Fig, 1 as
a function of distance ¢'/a of parturbing strip from siep junction

b Optimum value of leakege constant a/k, as & function of
(¢ + ¢')/a required for optimisation

It is important to realise that the dimensions for opti-
misation are independent of frequency, since the transverse.
wave numbers are all frequency-independent. Of course, when
the {requency is altered the values of 3 and a2 will change, but
the dimensional optitnisation is undisturbed. In fact, for the
dimensions discussed above, the radiated beam can be
scanned with frequency from about 15° to nearly 60° from the
normal before the next mode begins to propagate.

The new leaky-wave antenna suitable for millimetre waves,
for which the transverse resonance analysis and design con-
siderations are presented here, is therefore capable of straight-
forward understanding and systematic design. It is also
sufficiently flexible with respect to the dimensional parameters
which can be varied that a reasonably wide range of pointing
angles and beam widths can be achieved with it,
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The two short papers comprising Sec, A, 1 summarize the main features

D of the asymmetric strip antenna, but they necessarily omit much material
because of their limited length. For that reason, & comprehensive report
was written to supplement the short papers and present the remaining in-
formation. Because this comprehensive report was sugmitted only a few
months ago to the Ailr Force, and it has not yet been distributed, it is
included here as Appendix B, In this way, it is available now as part of
the total discussion of the various new antennas based on groove guide.
Tt is also useful to have it available because some of the derivations in
Sec, B rely heavily on material contained in this report.

The form of the transverse eqﬁivalnnt network was presented in Sec. A,
1, in the second paper, but no expressions were given for the constituent
elements of this network, and, of course, no derivations were includad of
these expressions. Accordingly, detailed derivations of the various ex-
pressions are presented in this comprehensive report; in fact, about half

of the report is devoted to these derivations. The considerations include,

first, the transverse modes that must be used to cope with their hybrid

nature in the transverse direction, and then the representations for the
N discontinuity structures present in the cross section, including the step
junction, the asymmetric strip, and the radiating open end. Special atten-
tion must be paid to the asymmetric strip, that couples the incident bound
1 = 1 transverse mode to the radiating 1 = 0 transverse mode. That struc-
ture was analyzed using small obstacle theory in a multimode context, but
it was also necessary to extend the available theory to include the fact
that one of the modes is below cutoff. All these considerations are
treated in detall.

Many additional numerical results are presented near the end of the
report so that one haé available the dependence of the phase constant
and the leakage constant o on each of the possible geometric parameters.
For the design of leaky wave antennas, one wants to be abla to vary o
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without affecting 8, and vice versa. These results offer guidance in

that context, and, of course, recommendations are given as well. These
recommendations are also to be taken in connection with the optimization

and other design conalderations presented there. "

Section E, 1 of this report contains some general rules regarding the
behavior of leaky wave antennas in general. As mentioned in Part I, this
section, with minor changes, has been reproduced as Sec, C of Part I be~
cauge it is relevant to all the leaky wave antennas treated here, and is
of basic general interest.

Lastly, it should be remarked that the asymmetric strip antemna is an
example of how the initially bound dominant mode of groove guide can be
transformed into a leaky mode by the introduction of asymmetry. The
aaymmetry could be introduced in many different ways, depending on con-
venience, This structure was chosen because it was amenable to accurate
analysis, as well as being reasonably simple in structure.
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B, THE LEAKY MODE SPECTRUM OF GROOVE GUIDE

It turns out that only the dominant mode of groove guide is purely

. bound, and that all higher wcdns are leaky. Nakahara and Kurauchi [9]
had shown toward tha »ud of an article many years ago that the odd higher
modes were leaky but they gave no indication of the magnitude of that leak-
age. We extended thulr result to show that all higher even modes are also
leaky, and we derived appropriate transverse equivalent networks for the
first higher (n = 3) odd mode and first higher (n = 2) even mode, and
computed from them the extent of the leakage and its dependence on fre~

quency and dimensional ratios.,

As mentioned earlier, these studies have been summarized in two short

T BT B X B 5 e s e e mn - - ——— - - e o o _

papers and in two talks before professional soclety symposia. The two il
papers summarize the main features of the gtudies, and they present the jf
physical bgsis for the higher-mode leakage, the form of the transverse '}d
equivalent natworks (but no expressions or derivations), and some numer- E;J4
ical results with physical discussion. The two papers overlap somewhat in Pﬁ%fz:
content, but differ in stress in addition to other content, The first e
paper, which appeared in Alta Frequenza in 1983, treates only the odd f{};é
higher modes, contains remarks about the dominant mode, and includes F’g§

:: explanations of why the curves of & and 8 behave physically the way they gﬁgﬁz

; do as a function of frequency and dimensions, The second paper is con- @ﬁ%ﬁ

L cerned primarily with a comparison batween the odd and the even highar ﬁ;&‘w

5 modea, with respect to the behavior of o and B and the differénce in —

A polarization of the radiation,

: Because these two short papers furnish an excellent summary of tha

g i conclusions reached by these studies, they are reproduced here as Sec. B, 1.

v

E ' The expressions for the constituents of the transverse equivalant

i networks, and the derivations of those axprassions, are presented in

5 Secs. B, 2 and B, 3 for the firat higher odd mode, n = 3, and the first

5 higher even mode, n = 2, respectively.
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: It should, of course, be understood that these two leaky mcdes fur- R

‘ nish the basis for two new leaky wave antennas. The leakage from the ilf

: n = 3 mode occurs in the form of the n = 1 mode, with E parallel to é%}

. Ik

' the walls, If the structure is maintained vertical, the radiation will « k' ;

"\ then be vertically polarized. Since the leakage from the n = 2 mode r{ﬁ?

\ [ '_." T

Q occurs in the form of the TEM, or n = 0, mode, the radiation from that {ﬁ&i;}

. ity

d antenna will be horizontally polarized. i
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1, Summary of Principal Features
(a) BOUND AND LEAKY MODES TN
SYMMETRICAL OPEN GROOVE GUIDE
by P. Lampariello and A. A. Olinor
' (b) THE LEAKY MODF SPECTRUM OF GROOVE GUIDE
by P, Lampariellc and A. A, Oliner
\
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Bound and leaky modes
in symmetrical open groove guide

Paclo Lampariello

DIPARTIMENTO DI ELETTRONICA, UNIVERSITA DI ROMA

VIA EUDOSSIANA, 18 - 00184 ROMA
Arthur A. Oliner

POLYTECHNIC INSTITUTE OF NEW YORK
333 JAY STREET - BROOKLYN, N.Y. 11201

Abstract. 1t is shown that on symmetrical open groove guide, which was proposed some years
ago us o low-loss waveguide for millimeter waves, the dominant mode is purely bound but all
highet modes are leaky, Analytics] expiessions and numerical values are obtained for the pro-
pagation characteristics of the dominant and first higher modes, including the leakage constant

for the latter.

1. INTRODUCTION

Ciroove guide is one of several wuveguiding structures
proposed for millimerer wave use about 20 years ago in arder to
overcome the higher attenuation oceurring at these higher
frequencies, Although these new lowslos waveguides were
introduced muny years ago, they were not pursued beyond
some initial basic studies because they were not yet nceded.
Now, however, millimeter waves are again beconving important,
and uttention I again being pald to new types of wavegulde,
Amony these are dielectric strip waveguides of different types,
H gulde in several formy, und groove guide,

2, THE DOMINANT MODE OF GROOVE WAVEGUIDE

The basic form of apen symmetrical groove guide Is shown
in Fig. 1, rogether with an Indlcation of the electeie fleld lines
present for the lowest mode, One should note that the structu-
re resembles that of rectunguiar waveguide with mone of the top
and bottom walls removed. The uttenuation assoclated with
thote walls increases as the frequency s incteased, whereas the
ateenuation due to the side walls (with the electric ficld parallol
to the walls) decrruses with increasing frequency, Therefore, the
overall attenuativn for groove yulde at higher frequencics ls
very much fess thun that %::r rectangular waveide,

The yreater width in the middle reglon was shown by
1, Nukahura 11,2], the faventor of groove nuld, to serve as the
mechanistn that confines the field in the vertical direction,
e -h us the dlelectric contra! vopion does in H guide The fielt
thus decuys exponentially away from the central region in the
narrower reglons abuve and below. Work on the groove guide
proyressed in Japan {2,3] and in the United States [4-6] until
the middle 1960', but then stopped untl it was revived and
developed further by D), Harrls and co-workers 17,8) in Wales,

It hus been shown in the previous publications that the
dominant mode In groove pakde ir o TF mode in the longirudi
nal direction whose theoretical propugation characteristics agree
ressonubly well with meusuremants, ‘The flest portion of the
present (nvestigation involves the derivation of an improved
dispersion relation for the dominant mode which {5 more
accurate thun any given previously und is a ¢losed-form transeen-
dental relation that does not reuire uny summation of terms,
This result, simple In form and uceurate, agrecs better with
meusured Jata |3) than any carlier cheoretical results over
wide range of paratneter values.

The carlier theories either neglect entirely the susceptance
contribution from the step junction in Fig, 1, or they perform
moue matching there so that the dispersion relation involves in-
finite sums which produce a complicated dispersion telution
even aftor truncation, Our approach was to derive a simple but
aceurate expression for the susceptance of the step junction, ex
trapolating from a littleknown but available vesult for a closely
telated discontinuity, An sccurate trantvarse equivalent net-
work then becomey available in which all the clements ure tepre-
sented by simple closed-form expressions,

3, PHYSICAL BASIS FOR LEAKAGE OF BIGHER MODES

‘The second portion of our wtudy, whick involves the major
contribution, relates to the leaky wave noture of the higher
modes of groove guide, The leaky wave nature of these modes
was originally noted by Nakahars and Kursuchi (2}, and was
brought to our attention by Prof. D.)J, Haeris, By exumining
the simple talations among various wavenumbers, Nakahara and
Kurauchi coneluded that the dominunt mode is always bound,
and that ol bigber modvs ure louky, These considerstions
show whetber or not the particulsr modu Is leaky, but they do
not indivate the magnmitude of the leakage,

Que first step was to verify these original conclusions and,
by extersion, to abtin ndditional infarmation on the propage:
ting or cvanesvent nature of various field components, We then
denved a transverse equivalent netwark that takes into secount
the coupling between the dominant and the first higher trans-
verse modes. This network s shawn in Ty, 2,

To understand the propagation behavior of the fint
higher longitudinel mocde, we First tecognize thae the aross sec-
tion aimensions must be large enough to permit both the do-
minane and the firee higher longitusiml modes 0 propagate,
Luoking {n the y direction in the structure of Fiy, 1, we observe
that at the step junction anis= { transverse mode will couple to
all other transverse modes of the same symmeteyy Le, [t will
couple to all { « 3, 3, 7. transverse modes. In the trunwverse
enuivelrni network of iy, 2, the | « 1 and | « 3 rransverse
riades are separated out. ond separate transmission lines ure
furnished lor each of them. It is necesnary to derive expressions
for all the parumeters ot the network in Fig. 2, and we have
ohtained simpie closed-tym expressions for all of them. The
coupling susceptanie hetween thic tranamission lines was derived
using smull obsracle thecry 0 2 multimod- context,

When the groove gulde 1o cccited in dominunt mode

Estratto da «ALTA FREQUENM AR, N, 3 vol. Lil + 1983 - du pag, 164 u pag. 186
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fashion, the i « 1 transmission line is propagating in the central
region of width a, but evanescent in the outer narrower regions
of width a’. Also, it cun be shown that the i = 3 transmission
line is below cutoff everywhere, so that the dominant longitu-
dinal made iy purcly bound. On the other hand, when the
groove guide is excited in the first higher longitudinal mode,
cortesponding to the i « 3 transverse mode, the i = 3 transmis-
sion line is propagating in the centeal region but evanescent in
the outer reglons, tut, the i = 1 transmission line can now be
shown to be propaguting in both the central and the outer
regions. The result is that the first higher mode is leaky, but
with the interesting feature that the encrgy that leaks has the
variation in X of the dominant mode, not of the first higher
mode,

These coupled transverse modes therefore combine to
produce a net ‘TE longitudinal mode (in the 2 direction) with
« coraplex propagation constant, § « ja. From the transverse
equivalent network of Fig, 2 one can readily derive the disper-
sion relation in the form of o transcendental relation all of
whose condtituents ure in o simple closed form. The leakage
constant & van be found readily from this dispersion relation,

4, NUMERICAL RESULTS

We now present some numerical results for the behavior
of the phase constant § and the attenuation constant ¢ of the
leuky mode that results when the groove guide is excited in
the tiest highee longltuding mode (the | « 3 transverse made),
In Figs. 3(a) and 3(b) we plot the variution of g und o as u fune-
tion of frequency, We see from Fig 3(a) that #is almost lincar
with frequency ue the higher feequencles, but shows substan
tial curviature near cutoff, ‘The varlation of a with frequeney,
in Fig 3b), is seen to be almost hyperbolic at the higher
frequencioes; nearer to cutott, « iv seen to rise substantially,

These vuriatons follow divectly from che simple wave:
number relationships, By taking the real part, and notitg that
the teansverse wavenumbers are Independent of frequency,
we tind that £ Is approximataly linearly proportlonal to the
frequency when a s small, which oceurs for the higher fre.
quencies, Such behuvior {5 In agreement with that In Fig.3(a),
When we tike the imaglnary purt, we find that the produet af
should remaln independent of frequency. In the frequency ran
ge for which ¢ is proportional to frequency, we thus find that
o must vary us the reciprocal of the frequency, In ugreement
with Fig, 3(b),

The varlations of 8 and @ with the dimenslon b, which is
the heighe of the contral region, are prevented in Figs, 4(a) and
4{h}. ‘The behavior of a, in g, 4(b), is particularly interesting,
We nbyerve that the curve seams to he comprined of o basie
envelope which deereasey monntonically ay b increases, modi-
tied by o xeries of nully which depresy the envelope curve perio-
dicully, The hasic envelope shape can le understood physically
when we recopnize that the Ryy dependence (of the exciting
mode) In the central region varles with b, When b is lurge, kyy b
s farger and the variation of the field in the v directlon in the
centrul region approximates u hall-perlod sine wave in shape,
Thus, the fleld at the stop junedons is substantisily lower thun
the field at the middle of the central reglon. As u result, the
ineeraetion beeween the |« 1 and { v 3 modes ls substanclally

reduced, und the value of o becomes much lower, When b is
smull, kyyb iy small, and the field variation in the centrul region
becomes only a fraction of the half- period sine wave, so that
the field at the step junctions is nearly the same as that in the
middle of the central region, Then, the interaction between the
i=1andis 3 madesis increased, and « increases,

The eause of the nulls in iig. 4(b) may be understood by
reference to the transverse equivalent network in Fig 2, A
standing wave in the vertical dircetion is present in the {1
mode in the central region, When che electrical length of that
standing wave is a multiple of =, it is seen from Fiyg, 2 that
a short circuit will appear across the terminals in the i = 1
transrnission line that connect the i = 1 line with the exciting
i » 3 line, No power is then coupled into the i = 1 line froni the
I « 3 line, und no leakige occurs for those values of b. Of course,
as b upproucies #c*o those terminals are again short-circuited
und the leakaye vanishes, as seen in Fig, 4(b),

1t is therefore found that the value of the leakaye constant
o varies with frequency and is strongly dependent on the dimen-
sion by we also see thee o can vary from zero to significant
values,

Manuserlpe received on February 16, 1983,
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THE LEAKY MODE SFECTRUM OF GROOVE GUIDE

LAMPARIELLD P. (#),-DLINER A.A, (%#)

* Dipartimento di Elettronica, Universitd di Roma, Via Eudossiuna 18 - 00184 Roma, {taly
*¢ Pulytechnic Instiiute of New York, 333 Juy Sureet - Beooklyn, N.Y. 11201, U.S.A.

ABSTRAGT, - The mude spectrm ol open symmetrical groove gulde, a lowdoss waveguide proposed some years
ugo Tur millimeter wavelengths and of interest again toduy, I investiguted quantitatively, ‘The deminunt mode is
purely bound, ux ls well known, but we lind thut ald Aigher modes are leaky. We first verilied un early prediction that
all the odd higher mudes leuk, and we find that «ll even higher modes 4o also, The leukage for the lowest odd and
even leaky modes §s obtained quantitatively by deriving accurate trunsverie equivalent networks, ull of whose cle-

tnents are in closed [orm,

INTRODUCTION

Groave gulde is une of a group of waveyulding structures pro.
poted 20 ur mare years uyo Tor use ut willimeter wavelengths, Those
waveguiles were not pursued beyond some initial basic studles
hecause they were not yet needed, und because adequate suurces
fur milimeter waves were not yet available, Today, such sources are
readily avallable, and the many advantages uf millimeter waves are
becoming incienningly appreclated.

It wai also recognized sme yeurs agu that she shorter wave-
lengths wasoclated with mitlimeter waves produce problems reluting
to the smull size of components and the high attenuation of the
wavepuldes, Nuw typer of waveguide were therefore propusel
fur which the artenuativn per unit length would be subitantially
lowet than thut for customury wuveguides, and for which, in some
cases, the cross section dimensions were greater, Groove guide is
une of the waveguides in that category, and ateention is again being
puld to it in the context uf components fur jt and new leaky-wave
anteninas which are bused on it. -

The basic form of vpen symmetrical grouve guide is shown in
Fig, 1, together with an indication of the electric field lines present
fur the Jowest mode, One should note thay the siructure resembles
thut ot rectangular waveguide with inost of the top and botunn
walls removed, e uttenuation ussuciated with those walls increases
ax the [requency is increased, whereas the attenuaton due to the
side walls (with the electric ficld parallel to we walls) decreuses
with inerearing frequency. Therefure, the uverall uttenuation for
groove gulde at higher frequencies is very much less thun thut for
rectangulur waveguide,

The greater width in the middle regian was shown by T\ Nuka-
hara, {1781, 19684] the inventor of gioove gulde, to serve as the
mechanism thut cunfines the feld in the vertical direction, much as
the dietectric central region does in H guide, The flek! thus decuys
exponentlally away from the contral region in the nierower ragions
abuve und below. Wurk on the groove gulde progressed in Jupan
[T, Nakahara - N, Kurauchi, 1964; H. Shigesawa - K, ‘Tukiyama,
1967) und in the United Scates [ 1], Tischer, 1963, ].W, Grienmsmunn,
196841 NLY, Yee . NJF. Audel, 19683] undl the middle 1960', hut
then stopped until it was revived and developed Turther in the
1970' by DJ. Hawris and coaworkers {DJ Llarrds - KW, Lee, 1877,
DS Harrds - 5, Mak, 1985 ] 10\ ales.

Iy hws been shown in the previous publications thut the domb
nant mode it grouve guide is o TE mode in the longitudinal diree.
ton whose theotetical propagation characteristics agree reasonably
well with measurenment, Little iv known, however, about the nature
of the higher modes. The only reference i the literuture relutes o
the vdd higher mudes, and it cortespunds v a small sectiom in o
paper by Nukahara and Kurauchli [1984], By examining the simple
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relutions wnmong various wuvenumbers, these authors obiained the
very interesting conclusion <hat the dominunt mode s always
bound, and that all odd higher modes are leaky, These conslder.
utions show whether ur not the purtieulas mode s leaky, bu they
du not indlcate the magnitude of the leakage. )

A recent publication [P, Lumpariello + AA, Oliner, 1982] sum.
marzed an lnvestigution by the present suthors which verified these
yualitative conalusions, wntl developed un uccurate cloved-furm
disparsion relation for the nagnitude of the leakage for the fliw
higher odd mode, Some new results are now presented for the lows
ent lesky even mode, together with some of the earller muterinl
fur the first higher odd mode s that comparlsons can be inade be-
tween them,

HIGLLER QDD MODES

After verifying the originul {T. Nakaharu « N. Kurauchl,
1964) qualitative conclusions for these ndd higher modes, we de.

. Hved a trasuverse rquivalent network that tukes into account the

coupling hutween the dominant and the first higher udd trunsverse
modes; this neiwork s shown in lg, 2. From the dispersion
relation  thue Tolluws froon this equivalent network, we have
obtained quantiative values of the prupugation bebuvior, including
the leakage constunt,

Let us recugnise that we are Investiguting the case for which
tht cmes section dimensions are Jurge enough to permit buth
the dominant and the first higher odd longiadinal muodes to prop-
agute, Looking In the y direction of Fig 1, we then see that
the yuide can be initlally exciied such that the incident puwer is
basically elther in the { = 1 tranwverse mode, fur which the x
dependence is @ half sing wave, ur In the [ = 3 transverse mode, for
which the x dependence contuina three hall sine waves. These
excitations result in the n = | and u = 3 longitudinal modes,
respectively, In either case, we observe that at the step junction un
I =1 or | =3 wransverse mode will couple to all nther transverse
modes of the same symmetrys for example, the | = 3 mnde will
couple to all of the L = §, 5, 7, . ., tranaverse modes, In the
transverse equivalent network of Flg, 2, the i = 1 ond | = 3 trans.
verse modes are separated out, and sepurate transiniision lnes are
Murnished for each ol them, L s necessury to detdve expressions fue
All the purameters of the nework in i, 2, and we have abinined
simple closed-form  expressions for all of them. The caupling
susceptance between the trenamission lnes wur derived using small
nbatacle theory in a multimode context,

When the yrouve guide is excited in dominant mode fmahion,
the | = 1 runsmission line b propaguting In the contral reglon of
width g, but evanescent in the vuter narrower reglons of width o,
Also, it can be shown that the | = 3 trnemission line is below cutol?

o

-

g

138




EASAL N

2

g - 3

-
-

e gy
P

bt 3
~

2

ar’

e

N P 55

e

1)

1
:\(7‘!
.

everywhere, .30 thut the dominant longitudinad mode 15 purely
beund. On the other hand, when the groove guide is excited in te
first kigher odd Imgitudinal mode, coriesponding to the i = 3 vans.
verse inode, the i = 3 transmission line is propagating in the central
region but evanescent in the outer regions. Buy, the i = ! transmis.
ston line can now be shown to be propuguting in borh the central
and the vuter regions, The result is that the first higher udd mode
is {caky', but with the interesting feature that the encrgy that leaks

»s the varfatien in x ol the domingnt inode, not of *he first higher
mude.

Th se coupled transverse modes combine 10 produce a et TE
tougivadinal mode (in the z direction) with a complex propaadon
constant, § — jae, From the transverse equivident network of Fig, 2
one cun readily derive the dispersion relation in the form of u
transcend=ntal relztion all of whose constituents are in a simple
closed form. The leukage constant & cun be found readily from this
dispersion relation,

NUMERICAL RESULTS FOR FIRST HIGHER ODD MODE

We now present some numerical results for the behavior of the
phase constant § and the attenuation cunstunt & of e leuky mode
that results when the groove guide is excited in the first higher ndd
longitudinal mode (the | 7 ¥ traasverse mode), We have obtained
numerical values for the variation of § und o us & function of
frequency, of the relative width a'/a, and ol the uspect rutio bja.
Only the last:mentioned variation will be discussed here, because
of space limivations,

The variativns of 8 and o with the dimensioe b, which is the
height of the centrsl regiun, are presented in Flg. 3 () und 7 (b),
The  chavior of o, in Fig. 8 (b), is particularly interesting, Ve
ubserve thaut the curve seems 10 be comprised ol a busic envelope
which decreascs monotonically as b increater, modilied by u series
uf nulls which depress the envelope curve periodically, The busic
envelope shupe can be understuod physically when we recognize
that the k,3 dependence {(of the excitlng mode) in ihe ceatral
region varies with b, When b is lurge, ky3b is large und the variation
of the field ia the v direction in the central region approximaies a
half-period sine wave In shape. Thus, the field at the step junations
is substantinlly lower than the tield at the middle of the central
reglon, As a result, the interaction between the | = 1 and { =3
modes i3 substuntially reduced, and the value of a becomes much
lower, When' b iy small, kyab is small, and che ficld variation in the
central region becumnes only a fraction of the holliperind sine wave,
so that the field at the step junctions is neurly the same as that i
the middle of the central region. Then, the interaction between the
i=1 andi =3 modes is incizased, and « increases.

The cause of the nudls in Fig. 3 (b) muy be understood by ref
erence to the tranaverse equivalent nexwork in Fig. 2. A sunding
wave in the vertical direction is present in the i = 1 mnde in the cen-
il regivn, When the clectrical length of thut stunding wave is o
wnultiple of x, it is seen from Fig. 2 thut a short circuit will uppear
across the tern ‘nals in the { = 1 transmission line that connect the
i =1 line with t.e exciting i = 3 line. Nu power is then coupled into
the | = 1 line fron the i = 3 line, und no Jeuknge occure for those
vilues of b - Luurse, as b upproaches zero those teiminals are
aguins short-circuited and the leakage vunishes, an scen in Fig. 3 (b).

HIGHER EVEN MODES

“The resulty described above apply to the specirum of odd
higher modes, We have alan examined the spectrum of even higher
maotles. We find there that qualitatively the same leakage behavior
is ubtained, but that certain interesting differences uppear in the
dependence of the leakage constant nn the dimensional parameters,

When un udd higher mod- s incident in the symmetrical groove
wuide shown = Fig, 1, the ve plane which bisects the structure
vertie Yy, bezoraes an apenccircuit wall (or maynetic wall). Becuuse
uf the symmetry of the step junctions, all of the transverse modes
excite:d at thuse step junctions uliu pussess the open cireuit bisec.
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tion property. 1has, when the i = 3 truy verse mode s incident,
the st junctioss couple it wo the va |5, 70, muodes, and we saw
above that the § 2 1 transverse made, being above cutilft transverse:
ly in the outer reginn ol width o', causes the cosulting n = 3 lonygi-
wdinal mode to be leaky. Now, when an cven higher mode is incie
dent, say the @ = 2 transvoese mede, the bisecting yz plane he.
comes a shortcarcuit wall {or clectric wall), The transverse muodes
excited by the synuaeteic step junctions are now the i = 00 4,6, ...
modes. The ;= &, 6, ... transverse modes all retin the hasic by
vature of the oxciting | = 2 tiode, as do all the odd modes (except
for the vpen or short circuit nature of the bisecting ye plane), The
i = 0 trunsverse mude is difterent in that it resembles o TEM mode
between purallel plates.

The transverse - aivalent notcork Lor the longiwdingd n = 2
mode thus requires the inclusion of the | = 2 und the i =0 transm s
sion ines, coupled together at the step junctions, When the groove
gaide is bisected horizontally at the xz plane, the simpliliad bl
sected trunaverse equivalent network has exaatly the sarie form as
thut in Fig. 2 for the liest higher odd made. In faet, the appropri.
te network is achieved, in fommn, by simply replacing 3 and | every.
where in the network by 2 wul G, respectively, The exprassions
representing the purameters of the network are dilferent, of course,
but we have again derived closed-foem results for them,

When the | = 2 transmission line is excited we Find that in the
trungverse cquivalent network the i ™ 2 transmission line iy propuge.
ting in the central region of width u, but evanescent in the auter
narrower regions of width a', On the nther hand, the § = 0 transmis-
sion line, which corresponds to a TEM-ike trunsverse maode, is
ubove cutolf In both the inner and ouger regluns, 1 we expect, Asu
result, the n = 2 longitudinul mode, which is the first higher even -
motle, is leaky, biug the zransverse form of tha leakage is TEM like
and noi of the form of the exeiting i = 2 mode,

In a sense, this leakuge behuvive is similar to thit found for
= 3 (Hest higher odd made) excitatiun, but the polarization of the
electric fleld of the leakige encrgy iy horiuntal here whereas it
was vertical there,

NUMERICAL RESULTS FOR FIRST HIGHER E'/EN MODE

The variutions of § and & with dimension b, the height of the
centrel reglon, are presented in Figs, 4 (1) und & (b) tor the n = 2
longitudinul mode, which rewuits in leakage with a TEM-like trans.
vorse form, The curves in these [igures are to be compared with
those in Figs. 3 (a) and 3 (b). Although the basle forms of the
curves are clearly similar, compurison yields certain Interexting
differences, (1t should be noted thut Tor the n = 2 mude curves it
Figs. 4 the value of a'/u is 0.6, whereus the u'/a value Jor the curves
in Figs, 3 i 0,7, The reason for the selection «f the particular a’fa
vulues s that the leukage constant & reached ite naximum in each
case for upproximately those values of a'fi.).

I'he most striking difference iy thue the leakuge tate for the
cven mode it much smaller thun ¢has for the odd mode (the ordi
nate scales hive been made equal), One can also note that for the
vven mode the misimuim oceus. 4t a larger value of b, These ditfer-
ences ure due primarily o the polarization of the leakage energy.
For the udd mode, the leakmge occurs via the § = | transvei.e
mode, which has a ;reduiainuntly vertical electric lield, That field
component has a maximum at the horizontal bisuc-un plane
y = (), so that the leakage can remain high even near to b =0, kFor
the even mude, the leakage i3 due to the | = 0 mode, which has a
horiztntal electric Field that goes to zero at the v = O bisecuon
plane. Since stronger leakage occurs for smaller values of b, as
comnntented on earlier, o contrudietion arises for the even mode
case, thus preventing the leakage from reaching large values. ‘The
same effect would tend to push the maximum for the even mode to
sumewhat larger values of b,

Tt is aso seen that the nulls for the rwo cases in Figs. 3 (b)
and 4 /h) vceur at ditferent vidues of b, which is t be expected
since the trarsverse wavenumbers kyy und kyg are different. It
is alse ubgerved from Figs, 3 (1) and 4 (a) that the value of 3 is




yreater fur the even mode, a result consistent with the fact thut the
i =2 mode is a fower mude than i8 the i ® 3 mode, since the excating
mode determine < the value of § to o predominant extent,

the espresons for the susceptances in the transverse equivi-
lent notworks hecome less accurate for small values ol b/, which is

Low-Loss Transmission System for Short Millimetric Waves®,
Flectron, Lett, vol, 13, no. 285, pp, 775-776, Protessor iareis
and his colleagues have published muny papers an this ropic,
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; verse cquivalent negworks were also derived, which yielded disper. ta Frequenia,
" sion relutions for the § and & of the first higher tongiudinal muocdes 5. T, Nukahara, 1961, Polytechnic Institute of Brouklyn, Micro-
a of even and odd symametry | some numerical valucs of their behavior wave Research Institute, Monthly Performonce Summaty,
- ure presented above, and the even and od: modes are compared, Report PIBMRI - 875, pp. 17-61,
M 6. T. Nakshara und N, Kurauchi, 1964, “Transmission Modes In
l ACKRNOWLEDGMENT the Grooved Guide”, J. Inst, Electronics and Commun, Engrs,
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Fig. 2 - Transverse equivalent netwurk, bisected in view of symme-

try, for the scructire whose cross section is shown in Fig, 1
(for clarity, the neiwork is placed horlzontally rather than
vertically),
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2. Derivations for the n = 3 (0dd) Leaky Mode

(a) Wavenumber Consideratioms to Demonmstrate Leakage

We shall first present, following Nakahara and Kurauchi [9 ], the
simple wavenumber considerations that indicate under what conditions the
n = 3 mode is leaky.

When we excite the groove guide in the n = 3 mode, the field vari-
ation in the x divection, across the guide, possessaes three half sine
waves, 80 that ka = 3n/a and k;a - 3ﬂ/a' . As before, the primed and
unprimed quantities refer to the regions of narrowar width a' and greater
width a, respectively. More precisely, we should say that the i = 3
transverse mode has these x variations, If the n = 3 longitudinal
mode involved only the 1 = 3} transverse mode, then it would be purely
bound, with ky3 real and k;3 imaginury, Actually, if the groove
guide cross section 1is excited in the 1 = 3 transverse mode, then, when
this mode 1is incident on the step junction between the sections of widths
a and a' , an infinite number of odd transverse modes will be excited
there, 1.2., the 1 = 1,5,7,9 ... modes. Let us cxamine the proprrties
of the i = 1 mode,

We may write

b2 k4 (24 it (2.1)
k8 kP + (20 - kP (2.2)

since
TR I LY . (2.3)

and

b mkd 4 (I;')“ + kavl mkd (":{‘;’)2 + (k,'\)’
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1

but we do not yet know the nature of kyl and k;l. However, from (2.1)
and (2.4), we note that

k%41 "knvo + (_3;_#_)9 - ("E‘)’ kg + 2(2%,)2 (2.5)
go that kyl is real, and we also obsurve that
e
i () mekyy ok (22 = (o2 (2.6)
o 80 that
wd
b \
fnd (k1) > kyy > 0 (2.7)
W if
Ly
tﬁ a’ 1
i T 7 (2.8)
;g, which 1s always true in any practical groove guide.
,f: We therefore see that, if (2,.8) 1is satisfied, both kyl and k;l
i.:_mi

are real; the fact that k;l is ireal means that real power is carried away,

&g and the overall mode is leaky. Furthermore, the power that leaks has the .
t:{ x dependence of the 1 » 1 mode, not the 1 = 3 mode. o
0y
- When these wavenumber properties are viewed in the framework of the 1&
transverse equivalent network shown in Fig., 2 of the first paper in %;
Sec. B, 1, their meanings become clearer. For this reason, the transverse ;LN
equivalent network is repeated here for convenience as Fig. 2.1. Also, the ﬁrﬁ“
wavenumber statements made at the top of page 2 of that paper are proven “&h?
by reference to equationa (2.1) through (Z.Q). * 'q;:
. . ,'%:
. 'ﬂo.
e
) ’;
el
A
5
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Fig. 2,1 Transverse equivalent network for open symmetrical groove gulde,

corresponding to excitation in the first higher odd (n = 3)
longitudinal mode. The network shows the coupling between 1 = 1 and
i » 3 odd transverse modes, and has been bisectad to take advantage of
symmetry. The network has also been placed on its side for clarity.

(b) The Mode Functions and the Field Components

Although the net longitudinal mode is a TE mode (Ez = 0), the trans-
verse modes are hybrid, possessing five components of field. We take ad-
vantage of the fact that Ez = 0 by characterizing these transverse
modes, which are hybrid in y, as H~-type modes with reepect to =z, or
H(z)-:ype modes. Such modes, with their orthoganality properties, have
been digscussed in detail by Altschuler and Goldstone [19]. The modes
carried by the transmission lines in the transverae equivalent network
referred to above are therefore the 1 = 1 and the 1 =3 H(z)-type
modas.,

The mode functicns and the field components for these modeo have
been derived, and are listed below. The transmission direction im y

for these transverse modes,

T T e L Tt
Aode “"“v'":‘
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For the 1 = 1 transverse mode

¢ (z,2) = ‘\/:i-sin-w—aie-'*"
hy(z,3) = - \/-:Tlln l;-e""
%, 2 TZ =~k
hyy(2,2) o= -E.,—_F.,-\/—--;cm-a—e '
< 1 Oey, 27 1 rE -,
¢y1(2,2) -W?T-\/;Tmc“ rak
3 k
)

hp(2,2) wm = e b))

Ep(z,y.2) = V(y) e(2,3)
, ey (2, 12)
Ep(z.9,2) = Z, I\(y) 77:—"- Sutb

E,(z,y,2) =0

Hy (2,9 2) = I,(y) hyi(2,%)

ky b

Hyl(xly") fand Yl Vl(y) ['— "k—f"""i"g-] hu(‘-’)
0~ A

Hy(z.y,2) = I,(y) Ay(2,2)

with
k- k2 1
L= wuky,, ZI-T’T
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(2.11)
(2.12)

(2.13)

(2.14)

(2.18)

(2.16)

(2.20)
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For the {1 = 3 transverse mode

toa(z,2) ma ':-aln 3.’7:_'&'_ fﬁ"

hala,2) o= - \/.-?sln E-E-i oM

has(z,2) = -k-‘g:’;:; -:- gal cou-'-"{—'-- M

¢ya(2,2) =~ -JI:T- i;-;l - % 3}- -37:-; cos 9%5- oM
hys(2,2) me - ’,;%’:."",‘5.7 hyy = % 7‘% alnﬂ;f- oM
Ey(2.y,2) == Vi(y) epe(n,3) | .

CIPRER
Eyz.9.5) = Zy Iy(y) 7,,‘—';-’-';—:-’-1)-

En(z,y.2) m0 -

Hoo(2,y,2) == Ia(y) hygl2,2)

kyak,
Hy(z,y.2) = Y3 Vi(y) [— ;-,!E-E-;]h..(c.z)
[ R }

Hy(2,y,3) == Iy(y) ho(2,2)

with
k3~ k2 -
Y - —’—!.— , - -!—.
s wik,, Zs Y,
Yl and Y3 are the respectiva charactaristic admitcances.

(2.21)
(2.22)
(2.23)
(2.24)

(2.28)

(2.28)
(2.27)
(2.28)

(2.29)
(2.30)

.(2.31)

(2.32)
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(e) Turms Ratios for the Step Junction

There are two turns ratios for the step junction, one each for the
-l

1=1 and 1 = 3 ctransverse modes, Let us deaignate them by ny

and
ng , respectively, where the superscript s denotes "step."

The expreasicn for n: is the same as the one that was derived for
the 1 = 1 mode in the asymmetric strip antenna, and it is derived in
Appendix B in Sec. C, 2(a) thare, The expressiocn for it is given there
as aq, (15), which 1is

82 CO8 mmnmnee
TR _‘_l_'_ 4 da
a
&R Proceeding in a fashion similar to that described in Appendix B, we

find for the 1 = 3 mode, using (2.21) for the required mode functionm,

3a’
[ o ]‘ﬁ . COS[N(1+T:) ]
'l' | =3 — it (2‘34)
8 a ar 1 ( t;'),

(d) " The Coupling Network at the Step Junction

The step junction alsmo couples the 1 = 1 and 1 = 3 tranaverse
modes; all the higher modes excited at that juﬁction are lumped into the
susceptance element ;ll' The simplified form of the coupling network,
shown in Fig. 2.1 emerging at an angle, is consistent with the small ob=~
stacle theory used to evaluate the coupling elements.

The viewpoint adopted with respect to the evaluation of the step

junction discontinuity susceptance is the following, The step ratio a'/n
is usually 0.7 or greater, so that the step is small compared to the actual
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guide width itself. The coupling effect is therefore sufficiently small
that, for the polarizations involved, a reasonably accurate result should
be obtained on use of small obstacle theory. Here, however, we have a
gtep geometry rather than a flat obstacle, but, ou use of stored power

. conaiderations, we may solve for the Y11 for the flat obstacle case
and then take

v w =
5z,

Sk

Vi =085y, (2.35)

$% for the susceptance of the step. This procedure was described in detail

E*TC in Appendix A, in Sec. B, 3 there, where it was applied very successfully.

W The justifications will therefore not be repeated now.

E‘ The remaining consideration is that small obstacle theory requires -

that the obstacle be far from the walls, in addition to being small, and 3

j that here the gbstacle is located at the wall. That situation was also Wt
present in the asymuetric atrip anterina. where the coupling strip was E"*-;m
located at the wall. As explained there (Sec. C, 3 in Appendix B) in t{:“ta
detail, this difficulty is covercome by employing symmetry. One recognizas 3,\&5
that the actual obstacle on the wall in the actual guide is equivalent F““Q
to a centered obstacle of twice the width in a waveguide of twice the ‘~F§

width, with a higher order mode incident such that the mid-plane is an
electric wall. The calculationa should then reflect this consideration.

The appropriate smsll obstacle theory has been discussed in some
detall in Sec, C, 3 of the zeport in Appendix B, so that we shall not
rapeat the details hera but instead follow the procedure described thera.
After reducing the genaral expression to scalar form, as appropriate to "Eﬁﬁ
the problem here, we may write, from eq. (25) of Appendix B, -

Iy

Yif w-jwm (p Y/ Yj hy:'o hyso - € Sete baje) (2'30)
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For our problem, 1 and j are 1 and 3, and
m e {-(a- a’)? (2.37)

At the cbstacle locatior, x = =-a/2, the mode functioms (2.9), (2.13), ‘
(2. Y and (2.25) reduce to

G0 ™=~ \/g-" €r00 (2.38)

kb k
hyro e kL \/3’_' LY
pi0 k‘ﬂ_ k‘g a h,lo k’. (2\39)

The z dependence 1ls dropped because of the complex counjugates appearing
in (2.36). Finally, we need the characteristic admittances Yl and Y3,
which are given by (2,20) and (2,32), respactively. '

Using (2.37) through (2.39) together with (2,20 and (2.,32), we find
from (2.36),

-
Y et Rty (2.40)

We also learn from the discussion in Sec. C, 3 of Appendix B that
in Sec. C, 3 of Appendix B that the traneformer turns ratios ng and
ng appearing in the coupling natwork in Fig., 2.1 are related to the
susceptance elements Y11 and Y34 by

Vi =y n) n} (2"“) .
Yas =y, 03 ng (2.42)
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In view of (2.40) together with (2.41) and (2.42), we obtain

nd =1, ng =1 (2.43)

%
[
HE
;\-

where the superscript o signifies "obstacle."

QE Based on thig approximate theory, the coupliug network has hecome
o particularly simple, with the turms ratios becoming equal to unity and
!! the susceptance slement ;11 being given by (2.33) together with (2.40).
W

X

;ﬁ (e) The Dispersion Relation

The theoretical approach employed iu this analysis has as its con-

: clous goal a simple approximate transverse aquivalent natwork with clused-

. form expressions for its constituents. As a result, the dispersion rela-
tion that corresponds to a free resonance of this network will be simple

. in form and have all its elements in closed form. At the same time, the

*% derlvations have attempted to maintain reasonable accurasy while striving

for simplicity. The principal approximation relates to tha coupling net-

work, where the value of susceptance ?11 may be on the low side, with the

result that the value of & , and therefore the beam width of ths radiation,

may be a bit smaller than the actual value.

Almost by inspection of the transverse equvalant network in Fig. 2.1,

<) we may write down the dispexsinn relation as

L -j LA SV -
N b Y. cot k'. 7 = (n:) Yg + —_1— N 1 0 (2-44)
1

Fn o b1 i
;Y cot ky, : + TIL 1 | -

-

whera coupling susceptance ;ll is glven by (2.35) together with (2,40), E}
characteristic impedances Y. and Y; by (2.32), Yl and Yi by (2.20), LS

3
and turns ratios nz and n; by (2.34) and (2.33), respectively. Eﬁ%
. &
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3, Derivations for the n = 2 (Even) Leaky Mode

There 1s much in these derivations that parallels those in Sec. B, 2
above for the n = 3 mode, but there are also important differences., In

the derivations below, we point out these differences where they occur.

WS e

I

(a) Wavenumber Considerations to Demonstrate Leakage

x

Tk
[3
x

i We first note that the incident transverse mode is the 1 = 2 mode,
!l and that it couples at the step junction to the 1 = 0 mode.
".‘L\‘«;

i All of the other even modes, 1 = 4, 6, ..., are also exclted, but
Ei they only comtribute to the reactive content of the step junction. To
show that the higher even modes leak, and in particular the n = 2 mode,
which is the first higher even mode, we parallel the derivation for the
n =13 case. We should note that Nakahara and Kurauchi [ 9] did not con-

sider tlie even higher modes.,

To understand the behavior of the 1 = 0 transverse mode, i.e., .
whether or not it is above cutoff transversaly, we first write

k2 o k34 (-’-“"-)g +k%y (2.45)
B kP (20T P (2.46)
since
y’ﬁ - lky'gl ' (2-47)
and .
k3 ek + kO, mmkd 4 (k) (2.48) :
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b ,

because kxo o kxo = 0, The {1 = 0 transverse mode is akin to a TEM mode
" traveling at an angle between parallel plates, so that there is no field
g variation across the plaﬁes. From (2.45) and (2.48) we observe that

x

‘l

. (k))? ==k, ak’,g+( )ﬂ (2.49)

PR,

From (2.49) we conclude that

86 et

k% > k% >0 (2.50)
'y
ku and that
ﬂ (ky)® > k% > 0 (2.51)
o
‘\ so that both ko = und kyo are real. An interesting difference between
f: the even and odd mode cases is that in the even mode case there is no re-
ii striction necessary, like (2.8) in the odd mode case.
i% Since k'o is always real no matter what the rvatio a'la ia, the
ﬁ? even modes will be leaky under all conditions, Furthermore, tha power
,“‘
ii that leaks hus no x dependence, and it propagates at an angle away from

the groove region like a TEM mode.

(b) The Mode Functions and the Field Components

The form of the transverse equivalent network for the n = 2 even
mode is identical to that for the n = 3 odd mode, but the constituent
transmission lines are different (now involving the 1 =0 and 1 = 2
mades), and the expressions for the constituent elements are different,

’ of course, For convenience, the transverse equivalent network is given

in Fig. 2,2, . )
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N Fig. 2,2 Traunsverse equivalent network for open symmetrical groove

o guide, corresponding to excir:iicnm in the first higher
even (n = 2) longitudinal mode. The nei'r..x shows the coupling be-
tween the 1 =0 and 1 = 2 even trunsverse modes, and has been

N bigected to take advantage of symmetry. The network has also bee.

: Placed on its side for clarity.

§

:\‘ .

: T

-~ The modes carried by the i = 0 and i = 2 transmission lines in p ?td

e ) W 1ol

o Flg. 2.2 are again H(z’-type modes, and the mode functions and fileld ﬁwfﬁg
K ,rs

.. cowponents for them are now listed below. The transmission directiosn it

for these cransverse modes is again y.
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For the i = 0 ‘*ransverse mode
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‘ ’I“(Z.Z) = 0 (2.54)
|

tp(2,2) =0 (2.55)

T kyks "“-\/.‘:.f.'_ s 2.560
h,.(l.l) = 7-;:;:7."3 ' d b” ¢ . ( )

" Ey(2.9,2) =0 | (2.'59)

I
:.\: ,;‘?v(‘A '.
)“' - -' A n‘
? Eu(z,y,2) = V,(y) e(2,7) » (2'_57)
: 2.58) i
T Er(z’y»z) - 0 ( I "
:d; X i
. \:4
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H,(z.y,2) =0 (2.60)

k
£ Hy(z.y,8) = Y, Vo(y) ["E‘L.Ihu(’t')

“ 1

H,(z.y.2) = I,(y) hy(2.3)

with
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‘ For the 1 = 2 transverse mode

yo(2,2) == — cos —‘-"- ¢ (2.64)

hig(z,2) = - \/:?;cos -ﬂ;—z- P (2.85)

* - :
hog(@,3) = - -k-;,—_‘—k:; \/g-:—sin _?_7&1 ¢ (2.68)

‘ . 2 an 2ne -3
, = - ovam— — : 2,
. ¢ga( 2 .2) J s Tt sin ¢ | (2.67)

.. 2 k k =k
,f; hyo(2,2) = \/;-g”:?-k—";cosﬂ;}- e : (2.68)

Ep(z.y,2) = Vy(y) e,a(2,2) (2.69)
| Oey(2,2) :
Eyo(2.y.2) w2, Iy(y) E™ —2&-—— (2.70)

o Ey(2,9.2) =0 (2.71)
b

= Ha(7.9,2) = Io(y) hea(s,2) (2.72)

kyok
.i‘ ’ Hy(2,y.2) = -Y, Vi(y) k.:_ k‘,n'

g Hig(3,9.2) == [(y) hy(z,2) (2.74)

hia(2,2) (2.73)

) with

e ko= k3
[ ’} e
T} w” k"

. 2, -'--)E: (2.75)
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(¢) Turns Ratlos for the Step Junctiom

The two turns ratios in Fig. 2.2 for the step junction are ns and

]
-

PARG + ~ ez i 2 ] AP

n; y, for the 1 =0 and 1 = 2 transmission lines, reapectively.

ﬁ%

2y Recognizing that the turns ratio is simply the ratio of voltage terms
ék on each side of the step junction, and following the precedure described
L

iﬁ' in Appendix B, we find for the i = 0 mode, using (2.52) for the required
' mode function,

k

W [

;43 ny e - (2.76)
Pw

and for the {1 = 2 mode, using (2.64),

./ angl
' £ 42-‘- ‘!“ a *
ns [a ]‘ = 1-(.‘&)2 (2.77)
[

(d) The Coupling Network at the Step Junction

As for the n = 3 odd mode case discussad in Sec. B, 2, we employ J
a almplified form for the coupling network, shown in ¥Fig. 2.2 emarging
at an angle, consistent with a small obatacle theory approsch. The coup-

ling network couples 1 =0 gand 4 = 2 transaission lines, and the affect
of the higher even modes excited at the step junction is. lumped into eus-

ceptance alement ;ﬁo'

The discussion preaented in Sec. B, 2 for the coupling network ap=-

. plies here as well, and the procedure outlined there and in Appendix B

have been followed in the derivation of the coupling elements. Equation

MR L

(2,36) is employed here also, except that % aud j now correspond to

0 and 2. Polarizability term m is still given by {2.37). At the
obstacle location, at x = -a/2, the mode functions (2.52), (2.62), (2,%6)
and (2.68) reduce to

s




1
a00 =’\/:a: »  Capp ==- %“ (2.78)

1k 2 kyak, .
"""=\/-T—'E;." hyzo == PRTAY (2.79) ’

The 2z dependence is dropped because of the complex conjugates present . ’: -
in (2.36). We also need tha characteristic admittances Yo and Yz, "w'
which are given by (2.63) and (2.73). {2
s
Using (2.37), (2.78) and (2.79), together with (2.63) and (2,75),
we obtain from (2,36)
-a)®
o =i e L2 (k2 k) (2.80)
and
Yoo = 2 ¥y (2‘81)
From the relations
Voo ™= Yoo 13 1) (2.82)
Voo ™= Yee N3 N3 (2.83)
.A-‘-' ;“).n
"": ‘:‘Q th,
.:A we find that the "obstacle" turns ratios become v
b
L : . 2 2
A n el , nlw=VZ (2.84) bk
- Ry
j Finally, following (2.35), we write W
o Vi
s i
ﬁ Voo ==0.55 3,, (2.85) G
3 .‘ A\
" ,:\
» We now have expressions for all the elements of the complete coupling N 4
L] — L B ,
.2. ’ network, with susceptance element Yoo obtainable from (2.85) and (2.80), : .
] WAy Y
;

) - 70 = o




and the "obstacle" turns ratios ng and ng given by (2.84). It is in-

¢t XL £ £ K 2 A,

teresting to note a difference here from the n° terms for the n = 3
mode case. There, both turns ratios were equal to unity; here, one of

them differs from unity,

(e) The Dispersion Relation

LR O AP _DOPA
¥

By virtue of the simple form of the transverse equivaleat network,

-
"

the digpersion relation is again simple. It becomes

PN

3

1
- + ..._.._(";)’ wm () (2.85)

Yi +

“'j YQ col kva

X >
o

E 1

, b 1
T -jv, cotk,.—2-+-(—'-“7)-,-1’.'
where the coupling suscepcance ;so is given by (2.80) together with -
(2.85), characteristic admittances Yo and Y; by (2.63), ¥y and Y;

by (2.75), and turns ratios n: . n; and ng by (2.76), (2.77) and

(2.84), respectively,

Ry U

s opv o
R P

L

rAEAS

_r

The general remarks made in connection with the n = 3 (odd) mode

apply here as well,
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C. ANTENNAS BASED ON THE n = 2 LEAKY MODE e

1. Antenna of Simple Configuration .

®
3

M|
l

Gl

In Sec. B, 3, we presented derivations of the expressions for the
constituents of the transverse equivalent network representative of the

.
4

R o

n = 2 higher mode of groove guide. Sowme of the properties of this mode

& Cd

were presented in tha second of the two short papers in Seec. B, 1.

it

The n = 2 mode, which is leaky, possessas a modal symmetry akin

IR

to that of the second mode in rectangular waveguide, i,e., the vertical

l"h‘.
kﬁ mid-plane is an electric wall. This modal feature permits us to bisect
VG
Wy the groove guide structure vaertlcally, and to then place a metal wall at
Ko

this bigection plane without disturbing the field distribution. The re-
sulting structure then takes the form shown in Fig. 2.3. That structure
is now fed in the groove region in the 1 = 1 tranaverse wmode, which is
of course identical with the 1 = 2 mode in the unbisected groove guide.
The behavior of the n = 1 longitudinal mode in the bisected structure
of Fig. 2.3 is thus the same as that of the n = 2 mode discussed above
in Sec. B for the full symmetrical groove guide.

It is interesting that the structure of Fig., 2.3 may be viewed from
two points of view, One is the evolution indicated above from the first
higher even mode (n = 2) of the symmetrical groove guide, which we have
gshown in Sec. B is leaky. The second viewpoint is tchat we have a modified
groove guide that supports the dominant mode, which is purely bound in a
symmetrical gtructure, but that the structure has now been made asymmetri-
cal, thereby producing the leakage, The second point of view relates the
mechanism of leakage to that employed in Sec. A for the asymmetric strip
antenna. From eilther point of view, however, one readily sees that the
bisected structure of Fig. 2.3 has the advantage of possessing a particu- 4
larly simple configuration. .
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Fig, 2.3 Cross section of groove guide bisected vertically, resulting
in a new type of leaky wave line source. Electric field
directions are shown for the incidant 1 = 1 trandverse
mode ard the leaking 4 = 0 transverse mode,

Fig. 2.4 Transverse equivelent network for the structure in Fig. 2.3,

but bisected horizoutally to take further advantage of sym-
metry. The network shows how the leaking 1 = 0 transverse mode couples
to the incident 1 = 1 transverse mode. (The 1 = 1 mode in the bi-
sected structure in Fig, 2.3 i{s the same as 1 = 2 mode in the Full
structure.) As in Fig. 2.2, the network is placed on its side for clarity.
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Either mechanism can be employed to explain the leakage, but we al-
ready have a solution based on the former mechanism. The transverse
equivalent network in Fig, 2.2 is therefore valid here, but we need to
change the mndal identifications from 1 = 2 to { = 1 whenever they
appear, in recognition of the fact that the atructure of Fig. 2.3 is
fed in its dominant mode, Those changes have been made in Fig., 2.4.

A variety of numerical calculations were made for this structure.
The values of o and  were determined as & function of fraquency, b/a
and a'l/a, to ascertain how much leakage would be obtained and to seek
the cross-sectional aspect ratio that would yield the best performance,
Curves of a/ko and B/k° as a function of b/a were presented in
the second of the two short papers in Sec. B, 1, but they will not be
repedted hera., Those curves hold for a specific ratio of n'/a and
for a specific frequency. The a'/a value of 0.60 used thers was found
to be about optimum, but the value of 64 GHz, corresponding to ‘
a/2 = 0,50 em, 1s quite far from cutoff. If we had made the calculations
only somewhat nearer to cutcff, but still not close to it, we could easily
have doubled the value d/ko. Cutvea of a/k° and B/ko as a function
of a'la, for b/a fixed at several different values, show that the leak-
age constant peaks when a'/a is near to 0.6.

The conclusions that we draw from these calculations are the following.

1) The structural aspect ratio that seeme to yleld the largest value
of leakage constant 1is indicated in Fig. 2.5. Although the structure could
be fabricated without difficulty (there would be a metal plece at the bottom
to hold the two pileces together and to insure radiation from one end only),

it 1s seen that the two step junctions are pronounced and not far from each
other, The theory we employed assumed that the atep junctions were effec-
tively isolated from each other, and that small obutacle theory would be
appropriate. These optimized dimensions thﬁa~correspond to a structure

that may be outside of the range of validity of the theory employed.
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Fig, 2.5 ‘The structural aspect ratio that yields the largest value of
leakage constant for this type of leaky wave structure. The
dashed line shows the corresponding aspect ratio found by the
alternative (tee stub) theory discussed in Sec. D.

'

For this reason, we used an alternative and very different theoretical
. approach for this structure, bused on 4 tee stub on a parallel plate guide,
and described tn Sec. D. The optimum dimensions from that approach were
not that much different, it turned out; the a'/a ratio was just about
the same, but the b/a ratio was increased somewhat. The altered aspect
ratio is shown by the dashed lines in Fig. 2.5,
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2) The magnitude of the laakage constant is smaller than we would

like. Assuming a slightly lower operating frequency so that the maximum
3, we find via (1.2 ) and (1.3 ),
that the largest beam width we could achieve is slightly under 2°, Al-

value of a/ko would be about 3 x 10~

though this result is satisfactory for many applicatious, greater versa-
tility would be available 1f the u/k° values were larger. The diffi-
culty relating to the low values of leakage constant may ralate to the

shape of the structure, or it may be due to the use of amall obatacle
theory beyond its range of applicability, in which case the predicted
theoretical values for o would indeed be lower than the true values,
Since we did not know the actual reason for the difficulty, we took two
purallel paths:

i) We modified the crous section of the structure by adding scrips
to project from the step junctions in order to increase the value of o3
a discussion of that structure, ites analysis, and some numerical results
are presented next, in Sec. €, 2.

11) We pursued the alternative theoretical approach mentioned above,
and discussed in See. D. We found there that the maximum value obtainable
for o 1s much higher than that found by using small obstacle theory, im=
plying that the small obstacle approach may be inadequate in this range

of dimensions.

On the basis of all the studies conducted so far, it seems that the
structure of Fig. 2.3, which has the great advantage of structural gim-

plicity, wnay wall yield a practical leaky wave antenna, As we see later,
more work needs to be done, and perhaps some measurements of a are in order.
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2. Antenna with Added Strips

T T T S NS AT aT e e e b ———

-

The analysis we employed (Sec, B, 3) for the leaky structure in
Fig. 2.3 indicated a value of leakage constant o that is lower than we
would like, as discuseed above in Sec. C, 1. On the assumption that the
analysis 1s accurate, we then tried to increase the value of o by modify~-
ing the cross section of the structure, We added strips that projected from

.

L B _ e SCORVRGRSE N =

the step junctions, thereby effectively enhancing the influence of the

2 step junctions in converting power from the 4 = 1 transverse mode into

. the L = (0 transverse mode. The cross sactlon of the resulting structure
ls shown in Fig. 2.6, where the projacting strips are of width §.

 a
e

s

E \

f§ The transverse equivalent network for this modified structure is

;ﬂ taken to be the same in form as that for the structure without added

L; etrips, shown in Fig, 2.4, 'The difference lias in the value of the coup-
i ling susceptance ¥, which now has contributions from both sides of the
N step junction. The modes in the twe ragions, and the turns ratios ne.
&‘ are the same as before the strips were added, We therefore need to dis-
;: cuss the darivations for the susceptance ? only.

! The coupling susceptance y can be written as

y = %yoo * %y;o (2.87)

!; where the contritutions from each side of the strips are regarded as in-
ﬁ: dependent and equal to one half of the susceptance that would be obtained
;ﬁ 1f each of the discontinuities ware symmetrical separately. For the un-
Sﬁ Primed side, of guide width a/2, tha susceptance elewent is derived from
ﬁ; . (2.36).with i and ] being equal to 0 and 2, and with the mode func~
?3 tions atill given by (2.78) and (2.79)., The polarizability term m, taking
ﬁk the added strip length § into account, now becones

§j m m=- rr(r;d—'- +8)2 (2.88)

-
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Fig. 2,6 Crosa section of proposed new leaky wave groove guide
structure with added strips to increase the leakage
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0 constant. The added strips enhance the conversion of !
“5 power from the i = ) to the 1 = 0 mode. Eig}a
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when the mode functions from (2.78) and (2.79), and the characteristic
admittances Yo and Y2 from (2,63) and (2.75), together with the new
value of m from (2.88), are all placed into (2,36), we obtain

) SN

. , 2 . a-a
¥ Ysg = 2Yue == -j';‘- S (kS - kDY (2.80)
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From relations (2.82) and (2.83), which are also still valid here, we find
nfmel , nf =2 (2.90)

as in (2.84),

' On the primed side, of guide width a'/Z. exprassionas (2.36) for the
} sugceptances, (2.78) and (2.79) for the mode functions, and (2.63) and
(2,75) for the characteristic admittances, are all still applicable when
' the quantities involved become primed, meaning that they correspond to

: the guide of width a'/2, rather than a/2, The polarizability n'  must
be separately specified, however, and it is readily seen to be given by

m; aaabed "5‘ (2»91)

e e e ———

When all of these quantities are appropriately inserted into (2.36),
suitably modified, one finds

TaTaT xue——e W .

N . 2 V

; Wy 2ymmj o 0 6% (k2 = k) (2.92)
! and, from (2.82) and (2.83), we deduce

;.: (ng)! =l , (nd) =v2 (2.93)
]

The total coupling susceptance y is then seen to become, on usa of

LY.z

(2.87) together with (2.89) and (2,92),

. . o_pay (821 a-a a o
L [) e (CHEN ] [4, + o (5 +8) (2.04)
p

L With the other turns ratios n® and n> givan by (2.76) aund (2.77), we
Y o 2

now have available all the constituents of the transverge equivalent net-
work of the form in Fig., 2.4, We understand that the {1 = 2 quantities
nsed above apply to the second mode in an unbilsected groove guida, whereas
the 1w 1 terminology in Fig. 2.4 is intended for the {1 = 1 mode in

¥

g

I

the blsected structure; they are, of course, equivalent.
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The complete transverse resonance condition, or dispersion relation,
thien becomes
b 1 kya

~Jeot kyy — + -_— +
’ ¥ g (!‘;)a u'n

2

1

By ] T+ ) b 1k
8-0 sl g L -5 =2 ot kyy = + ~=
—F 2 +6) . + 8 Y J ¥

A variety of numerical calculations were made for ¢ and g as a func-
tion of the dimensional parameters. It is no longer feasible to specify
4 single optimum set of dimensions as a larger § obviously means a larger
maximum value of d. But the values of a'/a and b/a also strongly affect
tne results. It turns out that a value of §/a as small as 0.05 can double
the value of a in many cases. With §/a = 0,10 or 0.15, the value of g
can be increased five-fold, One of the curves of 6/k° vs. b/a 1is
shown in Fig, 2.7,

It is clear that, if the value of O is really too low, the addition

of small strips in the manner shown in Fig. 2.6 can greatly increase the

value of a. Small values of § can have an important influence on the
leakage constant. The structure is harder to fabricate than the one with-
out added strips, cf course, but there may be simple ways to include the
added strips. One way is to make the structure in two parts (assuming an
ultimate direct connection on the bottem). One part consists of the var-
tical stub section of height b plus the horlzoatal parts of the groove
region, including the added strips, which are made as a direct extension
of the lengta (a-a')/2; this part resembles a squarish "c¢" ora "u" on

its side. The other part 1s the rest of it that holds the first part in
place.

At any rate, the key questicn is whether or not the added strips are
needed in the first place, i.e., whether or not the valu: of o i3 really
low, The alternative theoretical apprcach in Sec., D discusses this ques-
tion, and concludes that o can be quite high if required even without the
added stripo.
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Flg. 2.7 Curve of leakage constant & as a function of the dimensional
ratio b/a for the structure with added strips given in Fig. 2.6.
The dimensional parameters are indicated in the inset.
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D, ALTERNATIVE THEORETICAL APPROACH FOR THE =n = 2 LEAKY MODE ANTENNA

The aspect ratlo of the optimized leaky structure shown in Fig., 2.5

suggests that it resembles a tee stub on a parallel plate zujde, From

that standpoint, it is easier tc understand the behavior 1f we rotate the
structure through 90°, as shown in Fig. 2.8.

The structure 18 excited in the stub guilde, of width b and length
(a-a')/2, in the TEM mode. Of course, we impose a variation with z,
which is the axial (longitudinal) direction, as always, sc that the wave
is really a TEM wave at an angle. Because of the symmetry, the field
inzident from the stub guide leaks into the two "main" arms of the par-
allel plate guide in antisymmetric fashion, as shown in Fig. 2.8 for the
electric field. ‘The dimensions of the main guide, of width a'/2, are
such that only the TEM mude (at an angle) can propagate, and all the other
modes are belew cutoff.

This approach and the previous one used for groove guide are com-
pletely different. For example, the upper and lcwer stubs in the bi-

sected groove guide are now the arms of the main parallel plate guide.
Also, the transmission line representing the wider guide region was in
the same direction as the other transmission lines in the groove guide
approach, but here it is perpendicular to them, The domains of validity

for each approach are therefore differeant; the approaches are complemen-

tary rather than overlapping.

In principle, and corceptually, the stub guide approach 1s simpler.
What is needed is only an accurate representation for the tee junction
itself. There is no ueed for H-type modes, etc., and only one mode is

required, rather than two. One possible transverse equivalent network

that is representative of the structure is shown in Fig. 2,9, The
transmission line representative of the stub guide has length (a-a')/Z,
and the main guide arms are infinitely long, Each transmission line

corresponds to the hransverse wuavanumber kyo in the y direction, where
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Fig. 2,8 The bisected groove guide structure in Fig. 2.3 (or 2.5)
rotated through 90° go that it can be viewed more easily
as an E plane tee stub on a parallel plate waveguide.

Fig, 2.9 A transverse equivalent network corresponding to the
structure in Fig. 2.8, containing one form of network
representation for the tee junction itself.
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since there is no variation in x (across the widths) in these TEM modes

at an angle.

The first representation for the tee junction that we tried was the
one given in the Waveguide Handbook [20], Sec. 6.1, pp. 337-341, The
structure corresponds directly, and the network representation is close
to that shown in Fig. 2.9 but not quite the same, Since we must take a
resonance cf the transverse equivalent network in order to obtain the
digpersion relation for the longitudinal leaky mode that results, we
require analytical expressions for the elements of the tee junction, The
problem with the representation in the Waveguide Handbaok is that the
analytical expressions are valid only in the static limit, b/)\8 =0,
The curves given there are accurate away from that limit, however, so
that we can assess the nume¢rical error in, say, the most important sus-
ceptance elemeut, Bb/Y° , in thair network (similar, but not identical,
to BL/Yo in Flg. 2.9). TFor 2b/k8 = 0,6 .'a typlcal case, for the rafio
of stub guide width to main guide width (b /b in their notaticn, b/2a
in ours) equal to unity, we find that Bb/ko = 1,36, instead of 0.86 when
the static limit is used. For a narrowesr stub gulde, say, b/Za' = 0,67,
the comparison is Bb/Yo = 0.84 ve, 0,66, which is not as bad. For nar-
rower stub guides, therefore, the Waveguide Handbook expressions should
yield results that are reasonably reliable, On the other hand, the geo~

metric aspect ratio is less interesting in that range.

Nevertheless, we obcained saome numerical values that were surprising

when we compared them with corresponding previous results., Three examplas

are:
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In these numerical exumples, we compare corresponding sets of values com=

puted using the Waveguide Handbook analytical expressions for the first

-
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set of numbers and the expressions in Sec. B, 3 for the second set., We

note that the a/ko values are the ones that seem very different, the
stub guide method yielding results more than ten times the earlier numbers.
It is true that for smaller values of b/a the groove gu.de results are not

reliable, and that for larger values of b/a the static limit expressions , EE
w from the Waveguide Handbook are inaccurate, so that the above comparison nﬁ%}“
\ cannot be trusted, We therefore sought batter network representations h{t';%
. for the tee junction. " ool
. N
- t*{fnu
% The next representation chosen is that shown in Fig. 2.9, It ia \j}ﬁr
. ' adapted from the one given in an old couprehensive report [21] on equiva- sztr
lent circuits for slots in rectangular waveguide. That report contained ki
the ocutput of a group comprised of J., Blaass, L. B, Felsen, H. Kurss, ;f}:“
N. Marcuvitz and A. A, Oliner, This representation, and expressions for i~‘¥§
;j its elements, are given on pp. 122-125 of [21]. The earlier work applied k%ﬁf“
] to a more complicated structure in which a slot was present at the stub Y4
Ft ' Jjunction plane, and these expressions were found to be accurate for most '
Ei of the range of slot dimensions when the ordinary rectangular guidc aspect
o ratio was used. For our case, the "slot" is wide open, but we need to

S«
¥

medlify the gulde dimensional rutios.
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A symmetrical tee network requires four independent parameters for

P
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its characterization, but only three appear in Fig, 2.9, If one employs
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the transformer format, an additional series element is present just above LA
the transformer; however, we have found that the reactance of thac series &Eiiﬁ
element is essentially zero, and that the element can be neglected. Of - ',‘-'.‘:""-":';:
the three remaining elements, the expression for the turns ratio n_  1s ‘.‘{g‘ﬁ ‘.
simple, and that for B, is not complicated either. The dominant element Kﬁj‘ﬁm
| is that of BL , where L signifies "longitudinal." The expression we ) E;R§#;
i derived many years ago is in the form of B, , the susceptance of a trans- !ﬁé;{;
! verse aperture coupling two waveguides, plus a correction term. The correc-— .:‘t‘f
tion term accounts essentially for the presence of the wall opposite the (l“\
‘ tee stub junction, and the absence of the top and bottom walls that would o
' be present for the transverse aperture. In the slot-coupled tees analyzed :(::i;
: years ago, the correction term was small relative to the other terms. ::\:
: SN
When the expressions taken from the report [21] are reduced appro- e
! priately to our case, and the notation changed to actommodate to cur pre- :‘“’.‘:
! gent notation, we obtain for the elements of Fig., 2.9: tﬂ\i:::%
i
! fes -\/_”‘-1-,: (7'3.-5-) sin -'5-"33-"- (2.97) N ‘
:' S
-’f,— - kb () 0 45-';-°-> (2.08) ».{“%
: SR,
| sl
‘: whete JQ is the Negsel Dunction of order zero, and ‘\‘;h ‘.
: AREe ]
; % ﬁ?
E -L%-a-k-;'%-'-ﬂn cac lr&-?- + -}%’;-‘- n x.43+%-(£;—';:-l-‘—)“] Kt;;.i
: b kb () J.’(b—,‘if (2.99)
i From stored power congilderations, we are able to identify the first P
cerm in (2,99) as equal to one half the susceptance of a transverse ca-
;f pacitive aperture in a waveguide when the aperture involves only a re-
;{;' duction in height. The third term is seen to be one half of Ba/‘(o , and )
[ the second term is the "correction term."
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For an ordinary rectangular waveguide E-plane tee junction, for which no
slot is present and for which the stub and main guldes are identical, the
first term in BL/Y° becomes zero, so that the correction term alone be-

"
comes equal to BL/Y° + (I/Z)Ba/Yo' For the special values a = 0.900 ,

1}
b =0,400 , where a and bV are the usual rectangular waveguide dimen-
n
slons, and for a free space wavelength ko = 1,2606 , the results of care-

ful measurements are available for Ba/Yo and BL/Y° + (1/2)Ba/Yo . 'These

two quantities follow directly from measurements because they correspond
to what occurs when the network is bilsected with an open circuit and a
short circuit, respectively.

Comparisons betwaen the measured results and the corresponding quan-
tities computed using (2.98) and (2.99) are the following:

Measured Computed
EE L1 Eﬂ 0.29 0.246
Y 2y
] o
Bq
'3 ~0.096 -0.108
]

These agraements are actually quite good, and would indicate that in this
range of dimensional ratios the expressions (2.97) to (2.99) are valid.
In particular, the correction term in BL/Yo referred to above, which is
always under suspicion, seems to be reasonably reliable. The measured
values are taken from curves on pages 173 and 175 of reference [21].

Using these expressions, we may readily obtain the dispersion relatiou
from the network in Fig. 2.9. By taking the input admittances looking in

both directions from reference plane T in Fig. 2.9, and summing them to

zovo, we find
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When expressions (2.97) to (2.99) are substituted into (2.100), we obtain

for the dispersion relation

Ca! -q! kg’ ) 1
_17;.-5-60‘(*',02“)-}“} ;.ﬂ- ﬂucac-a—'—-k-z—
k,a' k,a'
+ 143 + o (2 )'] -0 (2.101)

Since the equation is complex, a complex value will rerult for kyo , and
the solution will correspond to that for a leaky mode. The real and ima-
ginary parts of kz , from (2.96), are the phase constant B and the leakage

coustant o.

We have not as yet systematically investigated the parametric depen-
dence of o and P on the various dimensions, but we present in Fig. 2.10
curves of a/ko and B/ko as a function of b/a, when a /a = 0.6,
which was found in Sec. C, 1 to yield higher values of & than other ratiocs.
The dispersion relation (2,101) is seen to yield very high values for o
as compared to those found in See, C, 1. They are in fact not that much
different from the values reported above, which were obtained from the
Waveguide Handbook expressions, and which we felt we could not trugt be-
cause they were valid only in the statiec limit,

The curve for a/ko in Fig., 2.10 was computed at the same frequency
and the same value of n'/a as the one in Fig. 4 of the sacond short
paper in Sec. B, 1, and it can therefore be compared with it. We must
ba careful about the scales, however. The range of b/a 1ipn the abscissa
in the above-mentioned Fig. 4 1is very wide, going from zerv to 2.0, whereas
the one in ¥ig. 2.10 only goes up to 0.4. Within the smaller range, how-
ever, the curve shapes are similar, although the maximum for a/ko moves
to b/a = 0,35 from 0.20, Missing in Fig. 2.10 are the nulls that dppear
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;3 in Fig. 4 that we know must be correct, but the stub guide theory cannot

'l yield them because those dimensional ratios are outside of that theory's

Jhn ‘

¢ range of validity. )

Equally striking, but in a different way, is the behavior on the
ordinate scale. Here, we f£ind that the values of o are more than twenty
times the values found in Fig., 4. 1t is difficult to understand the reason

R for such a large discrepancy. Upon noting these differences, we tried to

B

- B 1
'

£IELE ot
[ et P PR

FEat L

use another equivalent network for the step junction, to see whather another

and separate calculation may reveal different results. With respect to
B/k° , the curves in Fig. 4 and in Fig. 2.10 appear to correlate reasonably

it

well with each other, although one caunot be sure because of the scales in-

g S 3

X

volved; on the other hand, it is the coutrasts in a/k° that are more
interesting,

X

-
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The yet-another transverse equivalent network referred to just above
is shown in Fig. 2.1l. It is in a simpler form than the one in Fig. 2.9
btecause the reference plane locations in the main guide have bean shifted
(although that does not atfect the dispersion relation since the main
guide arms are matched). 1Tt was used with dramatic success in its appli-

cation to narrow radiating slots in the broad face of rectangular wave-
gutde [22]. That range of dimensional parameters produces a different
field in the slot than we would find in the open stub case we have now,
so that it may not be safe to extrapolate the expressions to our case.
Nevertheless, we know that the network was excellent there, and we shall
see what it yields for us, giving us another cumparigon.

The expressions for the elemeats of the network, after modifying the

notation appropriately to apply to our case, become

n; - .’.T S (2.102) .
[
B;  kya b kpa! 3, kya' yb ,
it S | Al _— g 4 = (e e 2.103
Y, ar b cse a‘+'.l1r n +a(2vr 6 ( )
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Fig. 2,11 A second transversa equivalent network corresponding to
B the structure in Fig. 2.8, containing a simplified form
n of network reprasentation for the tee junction iteelf,
. These expressiona are a bit simpler than those in (2.97) to (2.99); in
" f
- (2.103), the first term is the same as the first term in (2.99), but

the last two terms here correspond to a "correction term."

When the transverse resonance relation is applied at reference plane
T in Fig. 2.1l, we 'find

J'-;-;-cot(l’r,.-ﬂ-'-,.;fl) +j-§};:-+-;- -0 (2.104)
which bhecomes, on use of (2.103),
- _2‘!% cot(k,,“;") +5 ";’:' v ese 1‘-?-+-‘3-
+ff-§~‘,-:-'- [an-t-%-( k;’:')']+ k:a -0 (2.108)
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Numerical values for u/ko and B/ko computed via the dispersion
relation (2.105) for the same parameters as the curves in Fig. 2.10 are
shown in Fig. 2.12. Although there are small numerical differences due
to the different network expressions, it is clear that the shapes and the
dependences are very similar. The large values for o are also found now.

One feature that is mildly disturbing here is that, in the numerical
calculations from both (2.101) and (2.105), the tarm contributing most
strongly in each case is the "corraction term,” which is assumed to be
small under most circumstancea. If the correction term is not evaluated
accurately, however, thare could ba a small numerical error introduced,
such as the differencas appearing between the curves in Figs. 2.10 and
2.12, but the major pattern should not be affectad.

After the substantial efforts put into the topics discussed in Secs.
C and D, we feel that we are still not completely aurs of the validity of
the various results, particularly because it is difficult to understand
why the discrepancy is so large between the results obtained via the two
different approaches (in Sec. C and in Sac. D). Some s*mple measurements
should help greatly in this comnection. The studles in Sec. D, on the
other hand, are encouraging with respect to the potential utility of the
leaky structure shown in Fig. 2.3. Its simplicity of form should anhance
its attzactiveness for millimeter wzve antenna application, and its prac~
ticality would be assured if the numbers in Fig. 2,10 are indeed accurate.
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PART III, ANTENNAS BASE?Y ON NRD GUIDE

AND NUMERICAL RESULTS
1. Summary of Principal Features

\
i . A. THE FORESHORTENED~TOP ANTENNA: ACCURATE ANALYSIS

2. Derivations of the Constituents of the
Transverse Equivalent Network

(a) The Modes Employed
(b) The Air-Dielectric Interface
(c) The Radiating Open End

ald 2.t s v

-~

é (1) Summary of Weinstein's Formulation
(2) Analytic Continuations

(d) The Dispersion Relation for the Leaky Mode

i 3. Numerical Results

B. THE PORESHORTENED-TCP ANTENNA: PERTURBATION ANALYSES
1. Procedure Based on the Transverse Equivalent Network
2. Simpler, Reflection Coefficient, Procedure
! 3. Comparisons with Accurate Analyais

_ C. THRE FORESHORTENED-TOP ANTENNA: MEASUREMENTS
- 1. Measurement Procedure
T 2, Measurements Taken by Yoneyama

3. Comparisons with Theory

k D. NEW ASYMMETRIC ANTENNA
- 1. Principle of Operation
" 2. Analysis and Numerical Results
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II1. ANTENNAS BASED ON NRD GUIDE

The second basic low~loss wavegulde on which new leaky wave antennas
were designed is the NRD (or non-radiative dielectric) wavegulde discussed
in Sec. I, B. As indicated in Sec. 1. A, two different approaches were
used to produce the leakage; one involves foreshortening the top of the
guide, whereas the otber relies on asymmetry to cause the leakage. Al-
though both approaches were employed with NRD guide, most of the time and

effort was spent on the foreshortened type of antenna. The structure em-
ploying asymmetry was an outgrowth of an experimental difficulty originally
encountered with measurements on the foreshortened structure, and its
analysis took place only at the end of the contract period. Nevertheless,
a discussion of the structure based on asymmetry, and 3ome numerical re-

sults for it, are included here.

Although the original contract does not call for any measurements to
be made, an experimental phase was introduced because our theoretical re=-
sults differed by almost a factor of two with measurements taken a few
years ago on a somewhat similsr structure (actually, an H guide that ra-
diated from both ends). Also disturbing was the fact that approximate
theoretical calculations were made at that time which showed better agree-
ment with those measurements than with our theory. Our theory is almost
rigorous (with the "almost" explained later), but we could perhaps have made
some inadvertent error. We were councerned by the discrepancies, and we

therefore wished to perform our own careful measurements.

It turned out finally that our theory is indeed correct, and thet the
earlier measurements and approximate theories were wrong. We explain below
why that was the case. Experimentally, our theoretical values were verified

in two ways. One way involved our own measurements, which consisted of
direct field probing along the length of the antenna aperture. The second,
completely independent, meagurements were taken at our request by Prof,
T. Yonevama of Tohoku University in Japan. Both sets of measurements agreed

very well with our theoretical results, as we demonstrate below,
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Before the results of our measurements and those of Prof. Yoneyama

became known, we derived some perturbation expressions for the values of

o and B of the foreshortened top antenna., Usually, a rigoroua expression

is derived to serve as a reliable result against which various approximate
theories can be compared., Here, we did tlie inverse. We had an essentially
rigorous result which we felt may be in question because of discrepancies
with certain earlier measurad and theoretical results (mentioned above),

We therefore derived approximate expressions to see how far off they were
from the easentially rigorous one. It turned out that nvmerical values
obtained from these approximate, perturbation expressions agreed much better
with our accurate resulis than with any of the earlier results, thus ser-
ving as an additional verification of the validity of our theoretical results.

Of course, these perturbation expressions are simpler to compute from
than the almost rigorous expression, so that they may themselves be found
useful for numerical caleculations, at least in the early stages of a de=-
sign. As expected, they are most accurate for smaller values of o and
when the guide is not near to mode cutoff. These perturbation expressions
are therefore of value in their own right.

A short presentation of the theory underlying the foreshortened-top
NRD gulde antenna appears in the Proceedings of the URSI International
Symposium on Electromazgnetic Thecry [23]. Another short presentation,
which stresses the microwave network features rather than the antenna
aspects,is given in the Digest of the International Microwave Symposium
[24]. A versicn similar to the first presentation, but slightly expanded,
has been accepted for publication in Radio Science [25].

The first of these presentations is included in this Final Report
because it provides an excellent summary cf the principle of operation
of the antenna, a discussion of the main features of the almoat-rigorous
transverse equivalent network, and a few typical numerical results. That
paper is given as Sec. A, 1 here.
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The work on the foreshortened-top antenna based on NRD guide is dis-

g cussed here in Secs. A, B and C. The basic analysis together with numer-
1
! ical data are presented in Sec, A.. In A, 1, we include the paper from the

. URST Proceedings [23] because it provides a summary of the most important

3‘ features, No derivations are contained in that paper, however, so that

! ) the derivations of the constituents comprising the transverse equivalent

Q% network are given in Sec. A, 2. The numerical data appearing in the paper
Sf are also necessarily limited, applying to one case, and presenting only the
3: variation of o and 8 with d, the length of the foreshortened top section.
!' Additional numerical data, corresponding to other cases, and illustrating
:; the variation of o and f with other parameters, are contained in Sec. A, 3.

The perturbation expressions are presented in Sec. B, together with
a summary of their derivatioms. Also included are curves showing compar=-

igons between the basic almost-rigorous theory and the perturbation ex~
pressions, Two basically different perturbation procedures were adopted,
one following the transverse equivalent network with both of its censti-
tuent transmission lines, and the other using only one cransmission line
and starting frow a different basis. The two perturbation prucedures are
treated in Secs. B, 1 and B, 2, and they are evaluated and compared numer-

ically with the almost-rigorous values in Sec. B,3.

Section C discusses the measurements, both the procedure and the
results. We first review the earlier measurements and the assoclated
approximate theory (both by H. Shigesawa and K. Takiyama) to demonstrate
why we felt 1t was necessary to take these measurements. Then, in Sec.

C, 1, we present the mezsurement procedure itgelf, together with the de-
tails of the structures that were measured, and the difficulties that we
encountered. The measurement procedutre employed by Prof. Yoneyama, which
is the same as ours in principle, but which has a different feed mechanism,
is described briefly in Sec. C, 2. Also in that section are Yoneyama's
results and how they compare with our theoretical values. As will be
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seen, the agreement is very good. In Sec. C, 3, we present some of our

own measured results, together with comparisons with our theoretical

S
a2
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curves; the agreement is seen to be very gratifying.
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Finally, in Sec. D, we describe the new antenna based on NRD guide
that employs asymmetry to produce the desired leakage. The basic structure
and the principle of operation are discussed in Sec. D, 1, together with
alternative structures and limitations. The theoretical analysis and
numerical values for a typical case are presented in Sec., D, 2. Some
interesting performance features emerge, verifying their relationship in
certain fundamental ways withk the class of dielectric strip waveguides
analyzed previously [26,27], Some of these calculations were made after
the end of the contract period, and it is these above-mentioned relation-
ships that permitted us to continue these calculations under the support
of our Joint Services Electronics Program, on which the novel leakage
features of dielectric strip waveguides were originally found. These

relationships are also discussed in Sec, D, 2.
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N A, THE FORESHORTENED-TOP ANTENNA: ACCURATE ANALYSIS AND NUMERICAL RESULTS

iz In Sec. A, 1, we reproduce a short paper that appeared in the Pro-

;fj ceedings of the URSI International Symposium on Electromagnetic Theory,

I:: held in Santiago de Compostela, Spain, on August 23-26, 1983 [23). That

.

y paper contains a summary of the main features of this antenna, including

ffj its structure, its principle of operation, the almost-rigorous transverse

Eﬁ equivalent network, and results for one typical .ase,

I' Derivations of the constituents of the transverse equivalent network o
P

One first begins with the choice of transverse

L
oy

Lot

B
¥

Ak

are presented in Sec. A, 2.

modes that yields the simplest transverse equivalent network, not only in
Our

-
IER ATy
L

form but also in the expressions for the constituent discontinuities.
choice, which we belleve is the wise one, yields a dispersion relation in

Next, we treat in succession the two bastic constituent dis-
A

closed form.
continuities, the air-dielectric interface and the radiating open end.

few additional remarks are then made regarding the complete transverse e~

quivalent network and the corresponding dispersion equa~ion,

Numerical data are included in Sec. A, 3 which illustrate the vari-
ations of o and R, the leakage and phase constants, with various geometric
parameters and with the dielectric constant. The results show that a wide
range of values of o can be achlieved, so that one can select a wide radi-

ated beam or a narrow one, and that the values of § remain fairl,; constant

with most geometric variations, as one wishes for easy leéky wave antenna

design,
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1, Summary of Principal Features
ACCURATE THEORY FOR A NEW LEAKY~-WAVE ANTENNA FOR
MILLIMETER WAVES USING NONRADIATIVE DIELECTRIC WAVEGUIDE
by A. Sanchez and A. A. Oliner
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ACCURATE THEORY FOR a NEW LEAaKY-wAave
ANTENNA FOR MILLIMETER WAVES USING
NONKADIATIVE DIELECTRIC WAVEGUIDE

SANCHEZ A. (#).-DLINER A.A,

Polytechnic Institute of New York
333 Jay Strect
Brooklyn, New York 11201, USA

“Prasent address; RCA Laboratories, Princeton, N.J, 08540

ABSTRACT. A almost-rigorous analysis is presented for a new leaky-wave antenna
of simple configuration based oh a recent nonradiative modification of H guide and
suitable for millimeter wzvelengths, The analysis employs a transverse equivalent
network which ylelds a dispersion relation in closed form; numerical values are
vresented for the phase and leakage constants, and for a typical sxample of antenna

performance,

INTRODUCTION

Two papers appeared recently [ T. Yoneyama
and 8, Nishida, 1981a and b which proposed a new
type of wavegulde for millimeter waves, and showed
that various components based on it can be readily
designed and fabricated, By a seemingly trivial
modification, the authors, T. Yoneyama and S,

‘Nishida, transformed the old well-known H guide,

which had languished for the past decade and ay -
peared to have no future, into a potentially practical
waveguide with attractive features. The old H guide
stressed iis potential for low-loss Jong runs of
waveguide by making the spacing between the metal
plates large, certainly greator than half a wave=
length; 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
bends and discontinuities become purely reactive;
they therefore call their guide "nonradiative dlelec-
tric waveguide,” Ax a result of this modification,
many components can be constructed easily, and in
an integrated circult tashion, and these authors
proceeded to demonstrate how to fabricate some of
them, such as feeds, terminations, ring resonators
and filters.

These papers [T, Yoneyama and S. Nishida,
1981a and b treat only reactive circuit components,
and no mentlon is made of how this type of wave-
guide can be used in conjunction with antennas. The
present paper servds two functions, First, it shows
that a leaky-wave antenna can be readily fabricated
with "nonradiative dielectric waveguide, " and, in
fact, that it can be directly connected to the above-
mentioned clrcuits in integrated circult fashion, if
desired, Second, it pressnts a very accurate theory
for the laakage and phade constants of the antenna.
A key featurs of this theory involves an almost-
rigorous transverse equlvalenc network, which re-
quires two coupled transmission lines, Some
subtle features are involved in the derivation of the
elements of this equivalent network, including the
best cholce of constituent transverse modes, an
analytic continuation into the below cutott domain,
and moda coupling at an airedielectric interface.

In the discussion below, we present the structure
of the antenna, the principle of operation, an out-
line of the almoat-rigorous theory, and a typleal

numerical example for antenna performance.

The form of the antenna is also responsive to
problems facing line-source antennas at millimeter
wavelengths; that is, it is simpla to fabricate since
it is composed of a single continuous open slit, and
it is fed by a rulatively lawsloss waveguide so that
the leakage constant of the antenna dominates over
the attenuation constant of the waveguide. The an-
tenna is aiso simple to design because it is possible
to vary the leakage constant without measurably af-
fecting the phase conatant, and because cur theory

yields glosed-form expressions for the leakage and

phase constants,

PRINCIPLE OF OFPLRATION OF THE LEAiXYe
WAVE ANTENNA

The new waveguide, shown in Fig, 1, looks
like the old H guide except that the spacing betwaen
plates is less than half a wavelength to assure the
nonradiative feature. In the varsical (y) direction,
the field is of standing wave form in the dielectric
region and is exponentially decaying in the air
regions above and beslow, The guided wave propa-
gates in the z direction, The leaky-wive antenna
based on this waveguide ia shown in Fig. 2, In Fig.
2(a) we soe that the antenna is crented simply by
decreasing the distancs d batween the dislectric
stvip and the top of the metal platca., When distance
d is small, the flelds have not yot decayed to negli-
gible values at the upper vpen end, and tharefore
some power leaks away. The upper open snd forms
the antenna aperture, and the aperturs amplitude
distribution {a tapsrad by varying the distance d as
a function of the longitudinal variable z, The po-
larization of the antenna is seen to be vertical in
view of the electric flald orientation in the wave«
guide,

The antenna ls 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 is achieved easily by posi-
tioning the dielectric strip waveguide with respect
to the upper open end, and alwo that the fe.ding strip
can be readily connected to some other part of the
millimeter wave circuit and therefore serve as the
output from it,
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ALMOST-RIGOROUS TRANSVERSE EQUIVALENT
NETWORK

The antenna is analyzed ae a leaky waveguide
which possesses a complex propagation constant
g-ja, where 8 is the phase constant and a is the
attenuation or leakage constant, We thus establish
a transverse equivalent network for the cross sec-
tion of the antenna, and from the resonance of this
network we obtain the dispersion relation for the
g and a values. An almost-rigorous equivalent net-
work is presented in Fig, 3, where it is seen that
two coupled transmission lines are required in the
representation. The reason for two linea is that
the waveguide modes are hybrid, and possess all
six fleld 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 can~
stituent transverse modes, the lines will remain
uncoupled at the air-dielectric interface but wili 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(")-type modes (altecnatively
called LSM and LSE modes, respectively, with re~
spect to the xy plane), Transmission lines repre-
senting such modes will not couple at the radiating
open end, but do become coupled at the air-dielecs
tric interface. These two valid but alternative re-
presentations were considered, and we chose the
second uf these as the simpler approach for our
antenna,

The transvexse squivalent natwork in Fig, 3

thus corresponds to the E(')-type and H(z)-typa
transvorse utodes mentioned above, Thr coupling
netwnrk at the air«dielectric interface was obtained
from an adaptation of a network presented sarlier
[B.J. B, Clarricoats and A, A. Oliner, 19651 for
cyllndrical air-dielectric interfaces, and suitably
transformed for planar interfaces.

The principal naw feature in the transverse
equivalent network in Fig. 3 relates to the terminal

admittances representing the E(z)-type and H(z)-
type modes incident on the radiating open end,
Those admittances ware not available in the litera~
ture but were derived by analytic continuation of
expressions for reflection coetficient given by L, A,
Weinstein {19691, Those reflection coefticients
applied to normal incidence of ordinary parallsl
plate modes; modifications were made to account
for a longitudinal wavenumber variation (corres-
ponding to oblique incidence) and then for modes
below cutoff, the latter step producing results
which appear totally different since the phases and
the amplitudes of the reflection ciefficients then
become exchanged.

The terminal admittances in Fig. 3 assume
that all the higher modes in the transmission lines
decay exponsntially to infinity. In principle, they
"see!" the aire-dielectric interface distance d away.
In practice, that distance is lavge; for example,
for the first higher mode in a specific case the
field at the air~dielectric interface was about 30dB
lower than its value at the radiating open end. Be-
cause of this feature, however, ve hive referred
to this analysis as almost rigorous,

TYPICAL NUMERICAL RESULTS

The dispersion relation for a and g of the
leaky-wave antenna that was found from a resonance
of the transverse equivalent network in Fig. 3 con-
tains elements all of which are in closed form, thus
permitting esasy calculation., We have examined the
various parametric dependences of a and 8 on the
dimensions a, b and d, and on the dielectric constant
€, in order to clarify design information, Here we
present only a single typical case, corresponding to
certain geometrical parametars given by T. Yoney-
ama and S, Nishida {198la7. The behavior of 8
and o are shown in Figs, 4 and 5 for this case asa
function of distance d (see Fig. 2(a)), For distance
d>2mm, one sees from Fig, 4 that the value of §
remains sssentially unchanged, as desired, Itis
seen in Fig. 5 that a increases as d is shortened,
as expected sinco the field decays exponentially
away from the dislectric region. Thus, the value of
a that one can achiseve spans a very large range.

Leaky-wave untennas are often designad so
that 907 of the incident power is radiated, and the
remaining 10% is dumped into a load, Following
this criterion, If one selacts d 32.0mm for this
geometry, the length of the antenna will be about
40 cm, and w... Leam will radiate at an angle of
about 35° from ! normal, with vertical electric
field polarization, and with & beam width of approxi=
mately 1°, A lurger value of d will result ina
narrower beam whose value can be calculated from
the curve for a in Fig. 4.

A somewhat similar antenna has been ana-
lyzed and measured [H. Shigesawa and K, Taki-
yama, 1964; K. Takiyama and H, Shigesawa, 1967
and H, Shigesawa, K. Fujlyama and K. Takiyama,
19707, An extrapolation from that study implies
that our values for the leakage constant are some-
what lower than what they would predict, Thelr
analysis is approximate, however, and the measure-
ment procedure they use is indirect and subject to
some question, We have recently taken some pre-
liminary direct measurements which show good
agreement with our theoretical calculations, but
more caroful measurementd are in progress,
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Fig, 1. Cross section view of nonradiative Fig, 2(a) Cross section view of leaky=wave
- dielectric waveguide, where a <) o/ 2, antenna, where leakage is controlled

by distance d.
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Fig. 2(b) Side view of antenna, where the antenna aperture
distribution can be tapered by altering the position
of the dielectric strip, and the strip can beconnected
to the rest of the millimeter-wave integrated circuit,
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o 2, Derivations of the Constituents of the Transverse Equivalent Network

[t O -
L g .

ig The form of the transverse equivalent network is shown in Fig. 3 of i;::
;; the paper reproduced in Sec. A, 1. Tt is seen to consist of constituent ?t;ﬁ%
ii elements that correspond to the various geometric discontinuities contained it&:ﬁ
™ ’ in the foreghortened-top leaky wave antenna structure shown in Sec., A, 1 as ;;,;4
i; Fig. 2(a). The lengths of transmission line in the transverse equivalent @ﬁiﬁf
e network are representative of the transverse modes that propagate in the kg%%ﬂ

"y
‘‘‘‘‘

Ei uniform regions of the cross section., In addition, the choice of modes el

modifles the form of the network in basic ways.

As mentioned in Sec. A,l, if ordinary TE (or H) and TM (or E) modes
are used, then the air-dielectric interface remains a simple junction but
these TE and TM modes become coupled together at the radiating open end.

On the other hand, if H-type (LSE) and E-type (LSM) modes are employed,
they become coupled together at the air-dielectric interface but remain
uncoupled at the radiating open end. After careful consideration, we
choge the E-~type and H-type mode formulation as the sin;.ler one on balance,

Expressions for the field components and the characteristic impedances
for the E~type and H-type modes relevant to this geometry are presented

in subsection (a) below.

These E-type and H-type wmodes become coupled together at the air-

dielectric interfaces, but thelr coupling can be represented by a simple
Also, only the dominant modes are coupled,

transformer network arrangement.
and no higher-order modes are excited, as at true geometric discontinuities.

The derivation of the network form and the exnressions corresponding to it
appear in subsection (b). It should be recognized that this network form

is an adaptation to planar geometry of a result previously given by
Clarricoats and Oliner [28] for circular geometries, but that its derivation
and utilization in planar form is new. This constituent result is therefore

of interest in 1its own right,.
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The remaining discontinuity is the radiating open end. As shown in
subsection {¢), and as summarized in Sec. A, 1, the constituent terminal
admittances representing the E-type and H-type modes incident on the open

end are derived by making sevv 1 necessary modifications of a result de-

LRSI M . o DA S

z rived some years agc by L. A, c¢instein [29], The original expressions
of Weinstein were valid only for normal incidence; our situation contains .
% a variation in the longitudinal direction, with the incident transverse
§ modes below cutcff, thus requiring appropriate analytic continuation of
i these expreasions, The details are contained in subsection (c).
!
% Each of the constituent expressions has been derived in closed form,

F o
g

which is a significant virtue of this approach and these derivations, The
complete transverse equivalent network thus yields a dispersion relation
for the leaky wave that is likewise in closed form. The dispersion re-
lation is summarized in subsection (d), together with some added remarks.

L

Aty

R e R

(a) The Modes Employed

The coordinate system to be used appears in connection with Fig. 2(a)
in Sec. A, 1. The final leaky wave propagates in the axial (z) directiom,
and the transverse transmission line direction is the vertical (y) direction.
The transmission direction of the tranaverse modes is thus the y directionm.
However, the structure is uniform wlith respect to the z direction. The
E-type and l~type modes to be employed are therefore separable with respect
to z, but propagating in y. It is accurste, therefore, to designate them
(2)-type and H(z)—type modes (or alternatively as LSM and LSE modes

NN AsOemecuars N

k]
.

arr.

-

ol AL

as E
with respect to the z direction).

We ghall choose the E-type and H-type notation, and follow the foruu=-
F lation developed by Altschuler and Goldstone [19] but with our coordinate
syst2m. They have presented the derivations of the pertinent field rela-
. tions and the orthogonality relations, so that we will not repeat them
here. However, it is necessary for us to know the field components and
the chargcteristic impedances for these modes, corresponding to our choice

. of coordinate system,
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The constituent veruical gulding regions in our antenna atructure

’._—. 4.". ‘-

(Fig. 2(a) in Sec. A, 1) are portions cf parallel plate waveguide, either

0 dicleectric-filled or alr-filled. We also recall that ordinary TM (or E)
]\
;: and TE (or H) modes would be characterized by the presence or absence of

',
»
Fars

the y component of field, whereas the E~type and H-type modes are dis-

tinguished by the presence or absence of the appropriate z component,

W

[l X 4
. ol
e F}'-{‘\., \
L o
h; The E-type modes shall be denoted by primed quantities and the H=-type .kﬁﬁij
A_' ‘\1..‘ a “,
ko modes by double~primed quantities. The transmission direction is y, so tﬁ{iﬁ

that the components of the mode functions for the i th E-type modes are

1 1)
x1i? exi

1"
mode functions for the i th H=-type modes are h x1® e and h 21" with

n
e, " 0. For air-filled regions, the relations between them, and the

»

1
h and e

L
21’ with h 2i - 0. Correspondingly, the components of the

expressions for the characteristic immitances Z and Y are:

B
P
»
Eﬂ
o
he
b
b

i i
E(Z) ~ type modes
' .
hzi =0 \ 1 B'ezi
! ' €1 T T2 2 (3.1
hxi =e,y ko - kzi 9xdz
2 2
. k¥ -k
B \
- 2, = —2 21 (3.2)
[ A
= yi
® .
*% 5% type modes "o
3 ,:\ L,‘g.*t_
P‘Q . "‘ .
P-3 " " [~ AR
R - 2 e
¥ 70, . e s
A = . ] . oy
. eei = Day Xl 2 2 %02
[o] zi
2 2
R ™
Y, - _9___'_'z_i (3.4)
wukyi
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Next, we present the explicit field components for the parallel plate

waveguide constituent regions under the condition that a net traveling

'
b4

wave propagates along the z direction, so that ©/3z yields =jB , where
k7 = B, We also particularize the expressions for the dominant mode of

T

eacit mode type. It is straightforward to generalize the expressions for
the 1 th mode., The parallel-plate geometry and the associated coozdinate

-

system are given in Fig. 3.1.

T

-3,

=

2
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Fig. 3.1 Parallel plate waveguide and
assoclated coordinate system,

E(l) - _tvpe modes
Hi(z,9,2) = I'(y) h}(z,2)

2 T _; .
== ['(y) -a- sln-—a—- g~ s ] (3.8)

Efz,y,2) = V'(y) el(2,2) -
) 2 - 5hs
= V'(y) -;slnf-af- Rl (3.6)

E)(z,y,2) = V'(y) el(2.2)

. p 2 r ,
= - V(y) iy I:-k-';f-_—ﬁ; ] cos-’-r;:i ¢-ies (3.7)
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{( a t’,(, a
4
: Or:  Hj = M[;n' E} (3.10)
i
%
h‘-’. Ej =- weﬂ,e, Hi (3.11)
kle, - 8°
. '
And; RN (3.12)
H® —_tvpe modes z'
Hy (2,9,8) = F(y) by(2,2) | J"E‘
!'p»'.':ﬁ.
= [(y) 2 cos L o-its (3.13) el
a s ﬁi}"".
Ey(2,y.2) == V(y) ¢",(2,12) :
==~ W(y) %— cosia-'t- ¢ P (3.14)
Ho(2,y,2) = P(y) h"p(z.3)
- rt 3. —";— ——L— L2 i
iy a a [k.’er“ﬂ' ]sln ¢ (3.25)
Ef(z,y.5) = Tt (9 XYy —-- %5‘— H/ (3.18)
Hjz.y,2) = - —J-.s;-(v XE) y ---‘5‘— £ (3.17)
ko - 4%
Ands ™ u--::-}"—k;?- (3.18)
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(b} The Air-Dielectric Interface
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We note from the structure depicted in Fig. 2(a) in Sec. A, 1, that

;i two air-dielectric interfaces appear in the cross section when viewed in
Qx the y direction. One of these interfaces is depicted in Fig, 3.2,

.‘ “
;C.‘:;*i

Y
s
.

Fig. 3.2 An air-dialectric interface
in a parallel plate region,

1f ordinary TE and TM modes were employed in the y direction, the
alv-dielectric interface would represent a simple junction betwesn trans-

mission lines, and the TE and TM modes would aot be coupled together at

the iaterface. For the E-tvpe and H-type modes we employ, however, these
modes do couple at the interface, and the purpose of this saction is to
derive a simple network to describe this aoupling.

A coupling network of this type was derived praviously by Clarricoats
and Oliner [28] for inhowogeneously filled circular waveguldes. There, the
geometry was radial, and the transmission lines were the so-called E-type
and H~type radial transmission lines developed by N, Marcuvitz [L0]. These

radial transmission lines represent propagation in the radial direction,
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but ara found to be separable with respect to the axial direction., 1In
our case, the geometry is planar rather than cylindrical; the modes prop-
agate in y but are separable with respect fo the z (axial) directionm.

The strong similaritles 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 uiv-dielectric

interface are

(3.19)

Boe™ &
that Is, the tangential electric and magnetic flelds must be continuous
across the interface, In terms of components, relations (3.19) become

‘O(ED:'FE"II)"-“ El: -L(E.'-}‘E',) + & El'

(3.20)
L(Hu’*‘ H'at)+5¢ mac -z, (H} +H'l)+in Hnn

where gb and En are unit vectors, and the arguments of the compunents are
dropped for simplicity. Expressing (3.20) in terms of mode functions, and

equating the x components and the 50 components separately. we obtain
o

Vo o + Viel = Ve, + Vo)
(3.21)

Vie,d wm Vig)

P+ iRyl e Mh, + IR} Y
(5.22)
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Upon exanmination of the mode functions presented in expresaions (3.5) ta
(3.7) and from (3.13) to (3.15), we find that

§ O S A

e ==¢) h*,, =h",
hyl==h) ¢y mc”, (3.23) .
el 9% ¢) A e 74 h",
On use of (3.23), relations (3.21) and (3.22) reduce to
Vi - ¥
"y (3.24)
g
1 , Pq - P
0
Y
% 1
“ ¢,
' (3.98)
h",= A"
o n-r -r-’h,’"
o ]
&
. ' "
N When the relations in (3.25) are divided by V and I , respectively, and
use is made of (3.24), (3.25) becomes
e Vo v v el
o —F = Ty e T
v T I" e (3.26)
B RN R S VL
7 Z2 s N Y
:r;.; The two ?quations in (3.26) can be multiplied together, 2liminating the
i "
n ratio V /I and yielding . .
“
Oy o
I A= k", o) e :
Y, e ) (ot — ) . ¢
! Fo- P -V - (3.27)
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o Finally, (3.27) can be rewritten as
':r. 1] " 1 1
:') +'" " . +' h ~h e =@
h e
x x

4 -

1
where Zs and Yp are the impedance of the H-type mode and the admittance

..-,‘
"2 K

of the E-type mode at the air-dielectric interface looking Into the di-
electric region, and ;" and ¥' are the corresponding quantities looking
into the air region, A change in sign results when an impedance or ad-
mittance 1s taken looking in the opposite direction.
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A simple network form, shown in Fig. 3.3, can be drawn based on (3.28)
which is representative of the coupling between the E-type and H-type modes
at the air-dielectric interface. The turns ratic N in this network is then

given by

2 X XE . X X€& (3.29)

When expressions (3.6), (3.7), (3.14) and (3.15) are used for the mode
functions in (3.29), we obtain for the turns ratio N

(n/a)K; Ble,-1)
N = (3.30)

ol - 85 ol e -8D

The network in Fig. 3.3 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 in Sec. A, 1. A transverse resonance equation
can then be get up using E-type and H-type modes, utilizing relations
(3.30) for N and (3.12)and (3.18) for the appropriate characteristic
immittances of the transmission lines. A. Sanchez has shown in his Ph.D.
thesis [31] 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,
- 115 ~
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Fig. 3.3 Simple equivalent network that represents
the coupling between the E-type and H=type
modes at an air-dielectric interface of the
type showvm in Fig. 3.2,

(c) The Radiating Open End

If ordinary TE and T™ modes with axial (2z) variation are incident on
the open end of parallel plate guide, they become coupled by the discon-
tinuity. The modes remain uncoupled, though, when E(z)-type and H(’)-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 expressions for reflection coefficients derived
by L. A. Weinstein [29] for a simpler situation.
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His results apply to propagating TMl (or El) and TE1 (or Hl) modes

Tasw
bl > =

in parallel plate gulde normally incident on the radiating open end. Our

case involves modes with longitudinal variation along z which are below

A

cutoff, so that it was necessary to analytically continue Weinstein's

G oon B s

results in an appropriate manner., His expressions are of great value,

-
2

however, since they were derived using the factorization, or Wiener-Hopf,

N method, and are therefore rigorous.

bl The anslytic continuation required two steps. First, we recall that
for NRD guide it is necessary to maintain the plate spacing less than a half
wavelength so that the incident modes would be below cutoff even 1f there
were no axial variation. This circumstance calls for an analytic contin-~
vation of Weinstein's reflection coefficients to modes below cutoff.,

The next step accounts for the loangitudinal variation of the incident
-type and H(z)
TEl and TM1 modes, respectively, when g = 0 in expressions (3.3) through
(3.18)., The paper [19] by Altschuler and Goldstone has also indicated
how the reflection coefficients must be modified when a longitudinal vari-
ation 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 (ki-gz)k.

E(z) ~type modes. These modes become the normally-incident

s

‘ 4
.-
AN S

(1) Summary of Weinatein's Formulation:

o
"
'

Weinstein's rigorous analysis [29] applies to T, and TE, modes normally
f} incident on the open end of parallel plate guide. He solves for the re-

=£ flection coefficients of the surface currents in each case, but we can relate
these to the voltage and current reflectlon coefficients of interest in our
problem. His coordinate system, time dependence, and other notation are

also different.
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- In his notation, the reflection coefficients are written as F‘%*‘
: kﬁ\t-‘:&
" ‘"‘:'4“:‘»*
i v
o4 L 10N )
Q Ryy = - |R,,| ¢ i@ (3.31) L
; where Tonh
: R ' F:t’“
N | Ry, e, = Vg = /Aq +7) e (3.32) f
", and \'.‘:}":
~ ERs
i [ Ry I, = VT = Mg +7) e (3.33) -
‘:~ and i“%:‘:"
-t SO
- g=ah, qemk,(apr) =V 1) (3.34) b
L :\:\’.\ )
" Quantity @ is also given for both mode typea by §¢5;
5 R
:". :n":?d'*(
\" Ry i
& O =2(23-C+ i gl - ::'.,‘:, ]
d q an q Ty
l : (3.85) k "
~ - L arm'nVL 0= AgmaiSat™) oy
‘:v. ” 2 T :..\-j:‘\
where _&_A.
im 2 1 N
C =0.5772. . . =\ o (E - - lan) -
g
X (3.36) "‘-I :‘u
o o 0305 = 5 (—e - ) ) f‘l .
o = -1 Va(n-1) o
s AU
) y
(K
?: and A2m+l are the coefficients of the series
‘.
!‘ ; "= am+1 *
:\ aresing em 3:_}0 Gam4y 2 (3.37)
R\
2 '
e

where Ay = 1, A3 = 1/6, AS = 3/40 ..., and Sm is given by

.

P
el

oy
L= Wy
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A =00 1

L Ta(non]oA (3:38)

Sy =

ER RS SN st SR PT AT N

= 0,123 , S, = 0.014 , ...

with § 2

1

We find above what is customary in these factorization procedures,
that the magnitudes are simple in form but the phase expressions are

L R

complicated.

o
e

We next need to relate these reflection coefficients for the wall

) current densities to the voltage and current reflection coefficlents cor-
responding to our transmission line formulation. In this connection, we
may write [32] for the TMl (or Hl) mode

F o

% S

4
X 1
R, 3, = - v, .y XE) (3.39)
0 y t 0 -t
wall Jowu '

Rty %

where the time dependence is exp(jwt). Since

'. E = V(y)e (x)
" t ~t

= we see that the reflection coefficient for the current density jz is also

;x the voltage reflection coefficient. Consequently,

iﬁ

: " " -je

:‘:‘: Rv L Rl.l e (3040)

1"
for the TE1 {or Hl) mode, where ‘Rl 1 and SBara still gilven by (3.32) and
’
(3.35), and the double prime is employed because of the mode involved.

For the TMI (or El) wode, we may write [32]

i, = -4

v z = —I(y)hz(x) (3.41)

wall
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Therefore, the reflection coefficient for the current density for this
mode corresponds to the current reflection coefficient

RI'

-16 ' (3.42)
R,

e

where {R

and 6 are still given by (3.33) and (3.35). :

]
1,1
It was indicated in (3.34) how q and ¥ are related to frequency and

wavenumbers 1in our notation. Elaborating further, we find

k. a k a
a .2 -

go that Y = v qz-lla becomes

ky = "::'(“/“) (3.44) e
and factors found in (3.32) and (3.33) become A
qzY k. = k ik
= e (3.45) &
qy k + k i
b
ey
(2) Analytic Continuations R
|‘ {}

The first step is to analytically continue the expressions for the
reflection coefficients so that they apply to modas below cutoff. The

term ¥ (see (3.43)) is now imaginary and should be written as
v = =3]¥]

The expression for the phase angle 8 is not.ambiguous if principal values
are taken for the terms An(2/q), arcaine (y/q) and arcsine (y/ V7). We
need only to be careful in the choice of branches in the complex plane for
the reflection coefficient magnitudes.
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In Fig. 3.4 we summarize the three mappings that are involved in as-
- certaining the cholce of branches that correctly analytically continue the

"o
Rl,l‘ .

P
ol

e
raflection coefficient magnitudes, 'Rl ll and
2

XA

1) The mapping q-+'ymaps the segments of the real axis 1/2¢<q <3/2

-
a’s

and 0<q<l/2 onto the segments O<y</Z of the real axis of the y plane and
the segment of the imaginary ¥ axils between zero and ~(1/2)j, respectively.

[ Lrgisy
- -

We recognize that q = 1/2 corresponds to mode cutoff,

Py S o 2sPLan 2 s

f~ 2) The mapping q-{R;’l maps the segm?nt of the real axis 1/2<q<3/2

! onto the segment of the real axis of the lRl,l plane between 1 and

R c= [(3+2VT)/ (3-2V2)) s 1, and the real segment 0 < q < 1/2
onto the arcs of the unit circle subtended by the first and third quadrants.

M
b:w, M "

K 3) 1In & similar manner, the mapping q‘-\ Rl 1\ mape the segment of the
A ) ’ "

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

» ]

= baetween 1 and C' = [(3-2/1)/(3+2¢2]%<1, and the real segment O<qel/2 onto
" the arcs of the unit circle subtended by the second and fourth quadrants,
o : "

gf The continuity condition of the mappings \Rl 1\ and R1 1 at ¢ = 1/2
. 1 1

\; along the real axis of the q plane imposes the choice of the arcs of the
il unit ecircle situated in the first and fourth quadrants as the correct

ICh ' "

b analytical continuation of the \Rl 1\ and |R; quantities. Thus

i'-.‘- » ’

o

E& Re (VI@FYI/@zY)) >0

L J
3

o

when the mode just goes below cutoff,

B
'S
“r

Reit Rt e

Up till now we have not taken into account the variation with z that

. is present in our problem. When we include this variation, the TMl and TEl
modes treated above become the H(z)-type and E(z)—type modes of concern to

us. To determine the effect of this variation with z we change q to q' s

where
a=karzn , q = G- gH? (a/2m) (3.46)
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& Fig. 3.4 Mappings of q into y and q into !Rl 1'
]

required for analytic continuation.
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From (3.40), bearing in mind that the voltage reflection coefficient

is the negative ot the current reflection cocfficient, we have
- =Dy =( Rl'.l)V ler == |R"1'1 J C-"al'l (3.47)
while from (3.42) we obtain

T =" w=( R} ), l" == | R} ¢#? (3.48)

The terminal impedance for the H( )-type mode and the terminal admit-
(2}

tance for the E'“’-type mode corresponding to the radiating open end are

therefore givea by

)t LETY VEEGAR 4Ty

we, 1T-T°, ot oy (3.40)
and
k 1+1/ VRS - F 141}
Yy ¥y . .- ¢ /a)*- 8 ] (3.80)
Wi, 1~ 1Y Wik, 1-T}

It should be remarked that the ¢haracteristic impedance and admittance
appearing in the last two equations are the ones for the El and Hl modes
2 A
when k” 1s replaced by ki - B znd not the ones corresponding tc the

ey

-typa and E(Z)wtype modas. In the transverse equivalent necwork given
"

T [} (1]
in Fig., 3 in Se:z. A, 1, ZL and YL are written regpectively as R +iX and
t '
G +jB ,




(d) The Dispersion Relation for the Leaky Mode

L SAAAAARAL NN

A x4
= dRA i

\ In subsection (a) above, we have presented expressions for the mode \'\l\'::‘.,
:: functions and the characteristic impedances of the E<z)—type and H(z)—type é.t\.\'g{ﬁ
'h modes that propagate in the uniform regions of the cross section. We can M
vy therefore characterize exactly the properties of the various transmission ;\j\
;:: lines in the transverse equivalent network. In subsections (b) and (¢), '
we have derived rigorous expressions and network forms for the air-dielec-

- tric interface and the radiating open end, respactively. We therefore have

' all the constituents of the complete transverse equivalent network shown

in Fig. 3 of Sec. A, L.

s -

The dispersion relation for the leaky wave behavior is then obtained

R by taking a free resonance of this transverse equivalent network., The

:’.“_‘1 resulting dispersion relation emerges in a straightforward manner but is

somewhat messy in form. A simpler network form results {if the structure

i is made symmetrical so that it leaks from both ends; we may then bisect

' the network with a short circuit. The dispersion relation 'for this simplex ' "i
- network may then be expressed in the following simple form.

(Z08) + 7248 (Fus) + PUBY = NYH) (3.51)

. where

E FiB = -‘-%_%; wan(kycb /2) (3.52)

;}f Vith) = - %: "1 cothyib /) (3.83)
(8 — 7, 2", + 2"y col( ko d) (2.54)

Z*gcot(kyd) + 327,
52+ Yyeot(k,d)
Yicot(ky d) + 57/

(3.55)
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A
and N°(g), 2. ¢ YL are given by (3.30), (3.49) and (3.50), respectively,

wt L
;
N
)
&
i (3) Numerical Results

éﬁ Using the theoretical expressions derived above, we have obtainad

;ﬂ . the values of the phase constant B and the leakage constant o as a function
N vf various geometric parameters, These quantities are the cunes we need

in order to design the antenna in response to performance requirements.

In the short paper presented in Sec., A, 1, the variations of a and B
are presented as a function of d, the distance between the air-dielectric
intefﬁace and the radiating open end. Theade regults appear there as Figs.
4 and 5, and they correspond to & set of geometric parameters given by
Yoneyama and Nishida in tbeir original paper [ 2] on NRD guide.

For simplicity in design, one desires that £ remain constant while o
varies greatly as a furction of a specific parameter, In that way, the
geometry can be changed to alter o without changing 8, thereby permitting
one to taper the amplitude distribution and sinultaneously maintain the
phase linear along the antenna aperture lemgth. The varietion of d and B
with d satisfies this requirement provided that d remains less than about
2 mm for that gset of dimensions. It is seen that for d»2mm £ is essentially

constant, whereas o varies over a large range.

This desirable behavicr as a function of..digtance d allows us to
build a tapered antemnna in the manner shown in I'lg. 2(b) of tha short paver

- 125 -

L et e o A T
L, » ‘“..J"-.w O gk\"d‘-\"-'\m RN P

UL AR S A N LIRS T TR (2 AN h L
e, .M'\“\u."x.\‘w.‘:s.'\')w..'.‘?,\?.{!'b-:,v\ AR A0 AR )




< B

2 E e X
DI
-

3
N
N

s

B o T NI T S R T B BT B P B St S v
‘74*24&‘?.&.\7!-'\:3-{';'59-5\. N A T S A

in Sec, A, 1. The taper is achieved by adjusting the position of the
dielectric strip relative to the open end.

Calculations were alsc made of the dependence of o and B on other
geometric parameters and on the relative dielectric constant. In these
calculations, the dispersion relation was solved by a numerical iterative
procedure that requires a first estimate of the root searched for. 1In
most cases, the estimate was taken from the value of B for the nonradia-
ting case, for which the dispersion relation isa simple and yields real
roots. A typical number of f£ive iterations was enough to achieve con-
vergence, and double precision was required to obtain accurately the values

of a.

' The variations of ¢ and B with the separation a between tha plates
ls given in Fig. 3.5, Here we find an inveérse situation, but as expected.
As one varies the plate separation, the value of B changes greatly, but &
changes only a little, except near cutoff., In fact, 0 remains flat over
a reasonably wide range of a/lo. These dependences permit the designer to
vary spacing a to adjust B, and therefore the angle of the radiated beaam,
and to vary d to adjust o, and therefore the beam width. The variation of
G vs, a in Fig. 3.5 also implied that a small variatioun in plate spacing
will negligibly affect the side lobe distribution.

The dependencesof o and £ on the thickness b of the dielectric strip
appear in Fig. 3.6. Here, both o and 8 change as b is varied. Most
significantly, the leakage constant o decreases as the strip becomes thicker.
This behavior is to be expected physically, since a thicker dielectric
strip produces a greater fieid confinement to the region of the strip;
as a result, the fleld amplitude at the radiating open and is less and,
in turn, less leakage power is produced,

The last parameter that can be varied 1s the dielectric constant er
of the dielectri: strip; tlie effects of e, ona and g are shown in Fig. 3.7.
It is interesting that the leakage constant varies two orders of magnitude
between cutoff and the onser of the slow-wave region, and that this whole
range can he spanned by changing €. from 2.0 to only 3.4. Furthermore,
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a strip with er = 2,20 can have roughly double the leakage of a strip of

PNl

the same dimensions but composed of polystyrene, with E, = 2.56, This
decay of o with increasing t-:r i8 readily understood physically since the
fields are more confined for higher €. values, so that less field arrives

ey m s «
Zalelal e 10 U

at the antenna aperture, and the leakage is reduced. We note that the
phase constant B changes greatly with €., a8 expected, but also that the
variation is linear over a wide range of er when the guide is away from

fi cutoff,
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B. THE FORESHORTENED~TOP ANTENNA: PERTURBATION ANALYSES

The perturbation analyses werc originally conducted in order to check
whether or not the accurate analysis discussed under Sec. A contained some
inadvertent analytical or numerical error. Such errors cre less likely in
the simpler perturbation analyses, and they furthermore offer an alternative
'ﬁ result. As mentioned in the introductory remarks to Part III, concern
with respect to the validity of the accurate analysis arose when the same
approach was applied to a somewhat similar, but simpler, problem for which
both approximate theofy and measurements were given (see Sec. C below); our
theory differed by almost a factor of two from those measurements and theory.

_5

X e vt el RPN

Later, we also performed our own careful measurements and we received
measured data from Professor Yoneyama, and all of those regults agreed
very well with our theory, thereby verifying that our theory 1s correct,
and that the earlier measurements and theory that raised doubts were ac-
tually wrong. As we sée below in this secfion. the perturbation calcu-

lations alsc agree well with our accurate theory.

We conducted two types of perturbation snalysis. One type is based
on the transverse equivalent network, with both of its constituent trans=
mission lines; the second type is simpler, using a refleciion coefficient
directly and employing only one transmisaion line. Both approximate pro-
cedures yield good agreement with the accurate theory, as ve show below.

Since these perturbation procedures yield good agreement with ae-
curate results, and since they ara aimpler to compute from than the com~
plete accurate theory, they are useful in their own right, no matter why
they were derived originally. They can be used in many engineering situ=-
ations when good approximate results are enough to form the basis for

design, N

The subsections 1 and 2 below derive the perturbation procedures, and
gsubsection 3 numerically compares the perturbation results with those for

the accurate theory,
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1, Procedure Based on the Transverse Equivalent Network

>

One approximate approach that can be adopted is to assume that the

;:‘,‘j radiation (or leakage) from the actual auatenna, shown in rFig., 3.8(a), which
9' radlates from the top only, is equal to one half the radiation from a

symmetrical structure of the form seen in Fig. 3.8(b), which radiates from
both ends. We have made numerical comparisons to determ.ne the validity

;}5 of this assumption, and it turns out that it is really very good unless

(‘E‘: the leakage is quite large. We shall therefore base our perturbation

i procedure on the dispersion relation (3.51), which holds for the structure
N in Fig. 3.8(b),

x / /7 /‘/
| ,//

2o
F N )
.

(a) | (b)

Fig. 3.8 Cross sections of (a) The actual asvmmetric foreshortened-top
NRD guide antenna, and (b) A symmetrical structure foreshortened
at both top and bottom and therefore radiating from both ends.
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Dispersion relation (3.51) accounts rigorously for tha radiation and
propagation characteristics of the leaky wave antenna shown in Fig, 3.3(b),

when d, the distance between the air-dielectric interface and the open end,

e
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i is large enough to preciude higher E(z)-cype and H<z)-type modes excited
. at the open end from reaching the air-dielectric interface. 1If d were
? not large enough, we would need additional transmission lines which would

.\
E then become coupled at the air-dielectric interface, and the problem

. would become very involved. Therefore, d is kept within limits for which
i significant higher mode interaction between the two discontinuities does
B not occur. Llf, in addition, d is maintained within a limit such that the

fields ave small at the open end, we can expect small leakage to occur,

' In this instance, a perturbation procedure 1is in order.

X

} 1f small leakage occurs, the propagation characteristics will be

ﬁ close to those of the nonradiating NRD guide, with infinitely long side
5 walls, The phase constant will then be given closely by the solution for
X the nonradiating case, for which the dispersion relation is quite simple,

and its deviation from it will be small, as will be the leakage constant,
The solution for the nonradiating case will be valled the unperturbed

. solution,

Let us call Bo the phase constant corresponding to the unperturbed

modal field. Then Bo i8 the solution of

(ZF (B + 2°(8,) (YHB.) + YHB,)] = N¥(B,) (3.87)

" 1
whera Za and Ya are characteristic immittances, glven by (3,18) and (3.12),

zespectiyely, since the air-filled regions are infinitely long. The terms
" 1

Ze and Ye are clearly

25, w527, tan(k,b /0 (3.58)
. P = J YO cot(ky b /2) (3.50)

-

and N 18 given by (3.30)., Inaspection of (3.57) reveals that both paren~
theses on the left hand side are pure imaginary so that their product is

real, us 1s N2. The solution for Bo muat therefore be real, conforming

to the physical reality of absence of leakage.
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If the NRD guide 18 now parturbed by t:erminat:ing the parallel plates
at a dis:ance d from the air-dielectric interface, Z and Y become Zi
and Y , the arrows meanin;; that these immittances are not the character-
istic ones but the equivalent impedance and admittance oiuthe r_e:c'iiating

open ends, seen through a length of transmission line. Za and Ya are now

complex numbers that will produce a complex solution, denoted bv
B = (B, + A&8) - ja; a,A8 amall (3.80)
We therefore seek a solution of the form (3.60) for the equation

(Z(8) + Z,(8)) (VH(B) + TU(B)] = N (3.61)

Solution of (3,61) by the perturbation procedure ls equivalent to its
linearization. Both sides of (3.61) are expanded around Ryr the propaga-
tion constant of the unperturbed guilde, and terms of order higher than the
first are disvegarded. We thus obtain

2B,) P(B.) + [(5—2’-) },?«m v 2000 (S L ]dﬁ - o

N°<a)+‘;“§L 48

where Z"(ﬂ,) and ?’(ﬂ.) stand for

Z(B,) = F(B,) + Z"u(B,)

3.83
Pg,) = Yies,) + PUB,) (283)
respectively, Solving for d3 In (3.63), one finds
08 e Z(8.) ¥B.) - N(B,) (3.64) ]

B0 Jor, P80+ (80 T8 for - B8 »

whare the derivatives with respect to f are denoted bv a dot on top of
the corresponding magnitudes, the taking of the deriviatives being prior

to the evaluation of them at Bo.
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. A more detailed elaboration of (3.64) allows the writing of

":: -y i -
- o o e 241+ 8)) (V1 + YL+ 89) = N(B,) (565
- = s ) D - . ’
ﬁ : T 2y, Pupa) + Blay(Viw 1y, - F5N2
AR
F}f where the new symbols are Interpreted as
. - (L)o_ k’m
PR [T PRSP TR P/
Z, li, J k,,, (r_)9+k°!'0 m(kyu 2) + kyto 2 {1+tan “‘uo 2 DRI k,” )
L b p
(3.66)
[ 1
LIRY) ‘2,“
< v; | (g4 b b b B,
4 — - — — 2 — - a——
Yl ‘ﬁ. J kvu (f_)“.q.kg!" “‘(kyta 9) + kyu 2(1'*‘“‘ (kyu 2 VIR Fyeo )
b |

: , B (5 ke
Boly, =280 | 7 : - 27(8,) W(B,)
oo (2 (% = [ P

(3.87)
: , By P kel
Y, = Y8 | 7 e - Y'(8,) W(B,)
|kyu r‘(?)g ("b"')9 - |kyu|°
dN; 2 2
ri {’N""“'El?* oy E e,k.’-as’] (2.08)
and
JZ2% + Z{ cot(kyd)
L+ BB = D v |
(3.69)

JY! + Yicot(kyd)
L+ 88 = ot d + 17 |*
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where ZL and Y have already been given in {3,49) and (3.50). The terms

" - ’ ot
in § , 6§ , 8§ , and § have heen neglected in the denominator of (3.65).

o =

s
*w

.

R A

LR

They have been found small in all cases cousidered here, and their in-

clusion would unnecessarily complicate the formulation,

It is clear now that the denominacor of (3.65) is real and therefore
that (3.65) can be separated into real and imaginary parts in ¢ simple

manner. After use of (3.57), we can write

>

PR

d » AT+ YD) 6+ (SEAEY + 2) 6 (3.70)

o e ’ P - ¢ P T :

K T+ 20/ (E0 2 + P YAT 70 - A2

o (YIATL+ Y) 61+ (202" + 2%) &) B

7 o _ e (3.71)
- )

i

F' 23+ 8+ (P AT T -

-

2

-

E -“‘
RS
-

] ¥ ] " 11} "
where § = 6r + jéj and § = 6r + jSi.

There are several important features embodied in the last two equations,

name.ly:
ﬁg a) The fact that they yield AR and a in aa explicit fashion permits
b.“'-
e one to assess easily the influence of the different geometrical and
Eﬁ constitucive parameters.
4 ; ' -
r b) The effect of the open end discontinuity, which is included in §
P "
o and § , 1s clearly separated frum other elements of the network,
X '
Koy
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: ¢) The relative contributions of the E(z>~type and H‘z)mtype modes
- in the expression for the attenuation constant o are given by

.',r«“

:& - ", “ "

) [vanievp o0 we [22/Ze+ 200 o

» .

W

g} d) 1If the oniy parameter changed 1s d, the attenuation is lineérly :?5
%3 dependent on it since the 8's deperd exponantially on this parameter through ,EEE
E termg of the form cot(kwd), as can bg. geen from equatipus (3.69). g‘,ﬁ,
g .

o

) st

2, Simpler, Reflection Coefficlent, Procedure

A simpler perturbation relation wilil be detivéd next, and it\AIso is
based on the symmetrical structure of Fig. 3.8(b). The unperturbed struc-
ture is again the nonvadiating symmetrical NRD gulde, with its side walla
going to infinity. The perturbed structure is that of Fig. 3.8(b)." The
differetice now 1s that we begin with a single trunsmiusion line supporting:. -
a ™M mode in the y direction, rather than the‘two transmission lines sup- :
porting the E(z)—type and H(?)-typa modes. Tha latter representation was
rigorously correct in both the perturbed and unperturbed situations, whereas
the former avproach, employing only a single mode, 1s exact only for the
unperturbed gecmetry, and approximate for the perturbed one. Wa expect,
therefore, that the resulting expressicn will be simpler but lese accurate.

We aleo employ a differant phrasing, one that begins divectly with a

perturbation ralation:

AZ(-bR) . __4Y(0) b .
" Iz BT v T et (8.72)

The quantities in this relation are explained in terms of the unpercturbed
and perturbed transverse equivalent networks shown in Figs. 3.9 (a) and (b),
respectively. The subseript u refers to unperturbed quantivies, the primes
aignify quantities normalized to their characteristle immitcances, and the
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bR Fig. 3.9 (a) Cross section of bisected nonradiating NRD guide and i
oy its transverse equlvalent network, which is used as the i‘%‘.“‘
t" unperturbed case in a pertuvbation enalysis, and (L) Cross section .
., of bisected radiating structure in Fig. 3.8(b), and an approximate £% e
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A's describe directly the changes between the perturbed and unperturbed

gituations., The location y = ~b/2 refers to the short-circuit bisection

plane, y = 0 to the air-dielectric interface (which is a simple junction

- HRAENE & B BV T T e -

here because a TM (or E) moce is used now, rather chan E-type oOr H-type
f the radiating open end

- ¥R _B_ LT

modes), and v d corresponds to the location o

{n the perturbed case. The perturbation relotion (3.72) applies to the

dielectric-filled region,

LA s Y

In (3. 72), Z (=b/2) = 0 because the plane at y = =b/2 is a short=

e the plane remains a

3

circult plane; simxlarly, AZ (-b/Z) = 0 becaus
short clrcult after the perturbation because of symmetry.

-

! ) " - A '
' The temm Y (0) 1s seen from Fig. 3.9(a) to be

{__ <Al Nt

i

o ‘ Y.(0) Y.

“ J(O) s e T

:: YO(U) Yu - Y“ (3.73)

1 ‘- e

. ' which is just the ratio of characteristic admittances for the air and
. t

¢ 'dielectric regions. For AY , we write

h . _

A .

4 aY/(0) = Y(0) - Yi(0) (3.74)

' . |

. Thus, we need to know Y (0), where the termination at y = d has been

E changed. We then write

). (b /2) - ﬂ;@ s LL00) (3.785)

X [} o

:& Howevar, we know that

N

i Y(bg) _, 1-T(0/%) (3.76)

ﬁ . Y, 1+0(6/8)

:ﬁ where T(h/2) is the input reflection coafficient at y = b/2 in tie air

; reglon, and is related to ['(d) by

'33 aad,(d-0/0

4 T(b@) wT(d) e " (3.77)

%)

3
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where

kye == — by | (3.78)

We therefore rephrase (3,77) as

T(b/) =& P(d) ¢ Wmllé=tm (3.70)

where I'(d) is the reflection coefficient at the radiating open end Lot
the lowest TM (or E) mode.

Relation (3.79) can next be inserted into (3.76) which then becomes

Y(o) _ 1-T{d) c':::"‘:: (3.80)
Y, L+D(d) e

t
But AY (0) can be rephrased, on use of (3.75), as

Y,
_ro % _yo %o X%
ario) e Y Yy Yu Yeu

L b <() (8.81)
Yie Y,

Inserting (3.80) into (3.81) ylelds

AY(0) = -1 2 [ £(d) ¢ el ]

Yoo L1+r(d) ¢l (3.83)

Now that we have all the separate pleces we may return to (3.72)

and insert (3.73) and (3.82) into it. We then obtaln

(3.88)

Fre ) b ) - (Va0 )T E o

Bky 3%, /Y, [ £(d) o~ J

140(d) e



1

For ™ (or E) modes, we have

Y, . kyu
- 3.8 .
Ve " ] ey 32
. Use of (3.84) in (3.83) yields, finally, R
o~
RN Ui
¥ M.. “G' 'k"‘ [ [ r\(dL‘-']b'li I‘ ] (3 85) “k” :r
3 by (0/) (67 yae P+ Kl | 14r(d) ¢ 20 ' H
' RN
I&u "
g The expression for I'(d) to be used in (3.85) 1s the T, in (3.48) since

the H=type mode reduces to a TM mode in the limit,

s

¥ &

The pertutbed valuc of kye is given by

kyo o ko + Akye (3.86)

and it is related to the perturbed complex propagation wavenumber, namely,

ky, w gy + &8~ ja (3.87)

by the sum of squares relation

kR mekd 4+ kY + k) (3.88)

(eu here is of course the same aa Bo in Sec. B, 1.) The result (3.83)
thus yields Akye' which is placed into (3.86) and then into (3.88), from
which the final 8 and a values, via (3.87), are obtained.

3. Comparisons with Accurate Analysis -

Numerical calculations of the values of o and AR have baen made using the
two perturbation procedures derived above, and these results have been
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compared with correspondin;, calculations made by means of the accurate

®t g5

' theory discussed in Sec., A In general, the comparisons indicate that the
- perturbation expressions a e rather good. They are less valid near cutoff
. or when the leakage 1s qul e strong. This last comment is especially true

1 for the simpler tformulation described in Sec. B, 2,

w The naxt few figures indicate the comparisons found between the al-

Iy:’ most-rigorous theory and the more accurate perturbation formulation derived

ﬁf in Sec. B, 1, 1In Fig. 3.10, such a comparison Js presented for values of
o and B as a function of d, the distance between the air-dielectric inter-

?f face and the radiating open end. The perturbation result, identified by

k: the dashed line, is seen to track the almost-rigorous result very well

JS over the whole range of o values., The deviation is slightly greatér for

N) values of d less than about 2 mm, where the values of O become large;

similar behavior is found for B.

B Comparisons as a function of plate spacing a are given in Fig. 3.ll.

l! The agreement for B is seen to be quite satisfactory over a large range of
@3 values of a/kog near to cutoff and to the slow-wave region, the agreement
;§ begins to worsen, This behavior near the two ends.ia more pronounced for
» o, where the agreement is very good only over the central region,

The next comparisons are shown in Fig. 3.12 for varilations as a

O ey
——
o P
b LA 3
FALL
.“JE;A: -

N function of b, the width of the dielectric strip. Here, the agreement v ¥
ﬂﬂ for B 1is seen to be very good everywhere, and to be quite satisfactory % :&

for o over a wide range of wvalues. The agreement worsens somewhat as o

Pd &
£
S
e e

becomes ldtrge.

Pl
P P

AN

=R

The comparisons as a funection of Er appear in Fig. 3.13. The
agreement for B is good over most of the range, but it gets noticeably
less good as one approaches cutoff at one end and the onset of the slow-
wave region, at B/ko = 1, at the other end. For 0, a discrepancy of several
percent between the perturbation and almost-rigorous results occurs for
quite a range of values away from cutoff, and again near the slow-wave

region.
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Fig, 3,10 Comparisons of results between the almost-rigorous theory
and the first perturbation procedure for 8 and o &8s a
funetion of 4, the distance between the air-dielectric
interfdce and the radiating open end,
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Even in Fig, 3,13, where the agreement is probably the worst, the
perturbation results are certainly sufficiently good that they can be

used for preliminary designs.

A comparison that 1llustrates how good the gimpler perturbation
The simpluor perturbation method is

procedure is appears in Fig. 3,14,
the one derived in Sec. B, 2. That comparison, for i as a function of b,

reveals some interesting behavioral differencua between the two pertur-
bation results. The procedure possessing greater rigor (the dashed line,
corresponding to the theory in Sec, B,‘l) travks the almost-rigorous
result quite well over a very wide range of vialues, The simpler method
(points, corresponding to tha theory in Sec. 1, 2) appears to produce
better agreement with the almost;rigorcus theory than the other per-
turbation procedure when the values o are small, However, for larger
values of da, the¢ deviation from the almosterijorous values is signifi-
cantly greater for the simpler formulation. We have also found from
other calculations that the simpler procedure becomes much poorer as
However, i1f one stays far from cutoff, and is con-

cutoff is approached.
cerned with small values of o, the simpler perturbation formulation yields

very gocd agreament with the almost-rigorous results,
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C. THE FORESHORTENED-TOP ANTENNA: MEASUREMENTS

o

It was mentioned earlier that a measurement phase was introduced into
this research program even though the original coutract did not call for
any meagurements., Before we discuss any of the measurement procedures or
results, therefore, we should indicate why those measurements were taken.

A structure somewhat similar to ours was analyzad theoretically

gome years ago in Japan, and then measurements were made there to verify
thelr theory. The structure was an H guidé that was symmetrical and radi-
e ated from both ends, gso that it is somewhat simpler than ours. (It is also
&: not as versatile, and it produces unwented radiation at every bend and
junction,) However, our theory applies to that structure also, and we
made calculations to compare with those made in Japan by Shigesawa and
Takiyama [33-35]. The comparisons betwuen our theory and their theory and
measurements wre shown in Fig. 3,15, '

It is seen that the agreement between tlieir theoretical and measured
results 1s not bad, but that our theoretical values differ rather signi-
ficantly from either their theory or thelr wecasurements, with discrepancies
appearing that are almost 4 factor of two. These differences produced

concern on »nur part.

We examined both thelr theoretical approach and their experimental
procedure, and we found that both were subject to question. Two different
theoretical approaches were used, and both were approximate. In one case,
the radiating open end was treated in a Kirchhoff procedure, and in the
second case, which i3 the one shown in Fig. 1.15, which ylelded better
agrecement with thelr measurements, the parallel plate reglon was approx-
imated by an elliptic cylinder. The meagurements were alao approximate,
and open to question. They were insertion logs measurements, where a
length of the antenna was placed between input and output rectangular
waveguldes, The input and output sections w:re connaected to the radi-
ating section by tapers, and the total power loss was measured, This
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Fig. 3.15 Comparisons betweeén our theoretical calculations and
theoretical and measured results reported by Shigesawa
and Takiyama on their structure.

total power loss was composed of three contributions: the actual leakage
power, the intrinsic loss due to the metal and the dielsciyic mataerial,
and radiation (coupling lusses) from the tapered junctions between the
radiating sectlon and thé input and output scctions, Approximate cal-
culationa were made for the metal and dielectric logses, and ti.ege values
were subtracted from the total measured loss. The coupli.y loss was not
taken into account, however. The amount of that loss is unknown, but it
could be significant in view of the geometry involved.

Although neitlier their theory nor theil¢ measureuwents could te regarde
.as accurate, and the agreement between tham could be fortuitous, we were
nevertheless concerned bhecauns we could have made sone inadvertent error
in either our analysis or in our computer program. We therefore undertook

- 150 -

L0 -L.‘.._.

J*V»\

LGS

,4'
{)‘1. ‘




5.
&
-

A IASA 33

an experimental phase in our program, but we also designeu the measurement

procedure so as to avoid the possible errors introduced into the earlier

T
i ¥

RS measurvments,
"
‘% Ag stated in the introduction to Part III, we found later that our
) theoretical values were indeed correct, and that the early Japanese results

S were in error. Our thecretical values were confirmed experimentally in

:ﬁ: two ways. The first involved our own measurements, #rd the second was the
N
o result of independent measurements kindly takeun by Prof. T. Yoneyama of

Japan at our vequest., In Sec. C, 1, we describe our measurement procedure,
5 with its adv:=~rages and possible pitfalls. The procedure employed by

n Yoneyama, and the results he obtained, are discussed in Sec. C, 2, The

L results of our own extensive measuremant:s, and how they compare with our

& theoretical values, are presented in Se.. C, 3. o

F
b
st ,
kﬁ We should add only three points here: , ,
. ' | | | :
o (a) Both ocur measurements and those made by Yoneyama consigted of t
."'.1 = . » ) )
>, direct probe mrasurements along the length of the antenna'apertuwre, The W
, . ! ! X N

[y

o contributions from the intrinsic metal and dielectric losses were measured
o and subtracted out in both cases. The measurement method i3 therefore df- . B

o 2f 5

‘- rect, and should yield accurate repults.

(b) Yoneyama's measurement3 were taken at 50CHz, in the mililimeter
wave range. Our measurements were made in the frequancy renge between
: 10 GHz and 11 GHz, where the structures were scaled up in size to permit
” greater fatrication accuracy. We also took nany more measurements than

Yoneyama did.

&z s F

o (¢) Both our meagsurements and those of Yoneyama showed very gocd

N agreement with our theorntical values, as we demonstyutz in Secs. C, 2

N e
= gy

‘;: and 35
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L. Measurement. Procedure

in this section, we describe the set~up and ma2asurement procedure
employed in our own measurements. The frequency was lowered to the
X-band range so that a structure with a larger cross section could be
bullt for'ghese measurements, thus assdtlng béttef«acéuracy.' The oﬁiy
difficulty Vith'acaling to. a lower frequency is thet the structure must
then be made longer an& the probing onnur'over'a'thSically longer region. .

. o Sy,
‘The leaky etructure hds the cross section shown in Fig, 2(a) in
Sec, A, 1, and it was made uniform along most of its length. The probe

| measurements were mide along this uniform region. At its input end, the. . . -

leaky structurs was connected in a tapered fashion to rectangular wave~

gulde, and, at its output. end, it was originaaly benc gradually ‘away from o

‘the vadiating open end and terminated in loasy mnterial meant to approx-
imate a matched load. In a la:er, more sophiuticated sgt—up, a taper was
built inte the output end idencical to the one at the input and and then

' followed by a true matched load..{, oo ‘f" ‘ 1"‘,Aﬁ'

;
The. leaky structure was about 2.0'maters,46ng, and wae'fébricqtég"

cut of two architectural aluminum yight angles of .very rig}d'btock placead

parallel to each other, and with the dielecpric strip louated appropriately

between them. The dielectric strip was cut from @ polystyrene rod (Stycast

0005, with €p ™ 2.56 and tand = 0.0005). The separation between the plates

way selected to be a w (6,300 inch to insure thai the basic guide 1s

nonradiative (a/k°>1/2) in the fZrequency range of our measurcments, and

yet to have low metallic losses. The dialectric strip thickness was made

b = 0,373 inch s0 that only the lowest mode of the proper polarization can

propagate. The relative dimensions chosen here were proposed by

Ymeyara and Nishida in their first paper on NRD guide [2 ],

Spacers between Lhe plates were pluced'wéil below the dielectric strip
(on the nenradiating side) and a'ong the length of the structure to keep
the separatiuvn between plates coistant and to hold the dielectric strip
tightly. The spacera were iocated sufficlently far below the dielectric
strip tha~ they negligibly affected the fields. .
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The tapered feed end was designed very carefully so as to be nonra-
diating and also symmetrical, so that only the polarization desired would
be present in the leaky structure. The feed arrangement consisted of three
geparate tapers in succession to insure . i: these vequirements would be
satisfiled without undue fabrication difficulties, Maintaining symmetry is
very ilmportant because actually tirec NRD guide modes can proupagate in
the frequency range of the measurements, These three modes are the desired
inode with E vertical and two modes with H vertiecal; the latter two consist
of the lowest mode, with no varlation of field between the plates, and the
next mode with a half~sine variation there. 7The cutoff frequencies of these
three nodes are, regpesctively, £ = 9.67 GHz, £ = 0 and £ = 8.74 GHz.

If any asymmetry is present in the feed tapers, therefore, the incideut
wave from the ractangular feed guide would excite in the leaky structure
not only the desired mode with E vartical, but.the'other two as well,
thereby introducing a strong interference pattern along the leaky structure
itself, and substantial cross polarization in the radliated field. ‘

In additfon to the leaky structuré itself, wa require a prote arrange-
ment to be resgponsive to the squure of the electric field implitudo. and
to be moveable along the length qf.the'tndiattng kperture, A niniature
coaxial probe with an extended céﬂter eronductor, and with the outer con~
ductor covered with absorbing material, wa: introduced into the radiating
end of the cross section; it was maintained at a coustant distance from the

metsllic plates as it was meved down the structure by weans of a heavy
gear arrangemont. At filralf, Je iuntroduced the probe from the other (non-
radiating) end of the crosa cection becausa the probe would then not per-
turb the radiation. The probe thed samples the evancscent field beneath
the dielectric wirip. The approach was valid in c¢oncept but it turned out
to be too aensitive, since the proby was lonated in a fileld that was ex«

ponentislly decaying at a rapid rate.

A block diagraw of the complate set-up 'a shown in Fig. 3.16. 1f one
were to make probe measuremaacs alouad, it would not be unecessary fo have
another transition aftcr the leaky guide wor to have the two power meters
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before and after the two transitions. The additional transition and power
meters were placed there in order to permit us to take insertion loss
measurements, as a back-up Iin case the probe measurements were not success-
ful. It turned out that the probe results were very good, and we therefore
did not conduct any insertion loss measurements.

The measurement procedure consists of probing the amplitude of the
leaky wave along the length of the leaky structure, and therefore the
aperture of the leaky wave antenna. Whe: the structure is longitudinally
uniform, as in these measurements, the v.ilue of d is readily determined
from a semilog plot of the probe output 1s a function of position along
the leaky structure. The value of 0 is then 1/2 of the measured slope
on the semilog plot.

. An example of such a semilog plot is glven in Fig. 3.17; actually,
this 18 a linear plot of the power in dB, but it is equivalent. These
data hold for a specific frequency, £ = 10.20 GHz, and for a specific
distance between the air-dielectric interface and the yradiating open end,
d = 0.25 inch., The other parameters are as given above: a = 0,500 inch,
b = 0,378 inch and Er s 2,56, The whole probe run thus corresponds to
a single get of dimensions at only one frequency.

It is also seen that the actual data correspond to a rippled curve,
because of some spurious mode conversion or reflections from the end or
what have you, It is not that regular, so that it is a mixture of several
contributions, and it cannot be eliminated entirely. On the other hand,
the straight line that must be drawm through its average can be determined
quite accurately.

Different values of d were obtained by shifting the position of the
dielectric strip relative to the radiatiung open end. The values of d
chosen were d = 0,150, 0.200, 0,250, 0.300, and 0.378, all in inches.

The values of a, b and er werg maintained the same. Also, for each setting

of d, measurements were taken at a serfies of frequencies: 10.1, 10.2,
10.4, 10.6, and 10.8, o1l in GHz. For each of these 25 different combin-
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ations, a plot similar to that in Fig. 3.17 was obtained, and the value
of o was determined from the slope of the straight line through the average

of the curve.

That value of o is the total loss Qs to which we have two contri-
butions: the leakage loss o, which we seek, and the intrinsic metal and
dlelectric loss GL' The value of Oy, for each of the selected frequencies
was measured by applying the same procedure to the structure when d is made
80 large that no radiation results. Sulitraction of the appropriate valua
of Og from each determination of Gp yields the desired series of values

of leakage constant a. In Fig., 3.17, tie value of oy is 2.3 dB/m com-

e N N X N U I o R i e - - ——— e

T

pared to a meassuraed value of 26.0 dB/m for G

I 4 2y Ty T O

In the discussion above, we have described in some detail the btasically
stfaightforward measuvement set-up that we de. lgned, the fead taper being
the only complicated and sophisticated part, and the simple and direct
measurement procedute based on probing the field alony the aperture length,
Before moving on and describing the measurements taken by Yoneyama, we
should men%ion some difficulties that arose in the early stages of our
measurements. It is desirable to include some comments about thege dif-
ficulties because they led both to our request to Prof. Yoneyama for mea-
surements to be taken by him and to our recognition that the asymmatric

-
s X

0 AR

L
> x m

leaky wave antenna described baelow in Sec¢. D should work well,

& When we designed the first leaky structure, we did mot have available
ﬁ a dielectric strip of sufficlent thickness, but we did havg many strips of
Ef half that thickness. We therefore took two strips and glued them together
ﬁl longitudinally, by placing dabs of some dielectric glue mora or less peri-
ﬁ . odically all along the length, The actual process was conducted by our

<y

A A

machine shop personnel who said they had used this glue previously with
success, We had no reason to suspect that any problem would arise, and we

thought no more about it,

Although the design of the rest of the structure was conducted care-
fully, we encountered large ripples in the probe pattern and we found
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cross-polarization effects everywhere, within the guide and in the radi-
ated field. Nothing that we did improved matters much. We redesigned

the feed taper, making it cuite complex, with three independent successive
taper sectlons, we refined the probe arrangement, we eliminated any pos-
aible gaps betwaen metal ard dieleccric, and go on, All this took a great
deal of time, but we were inable to locate the source of the problem. .
Although everything was maiutained to be symmetrical, something was pro-
ducing asymmetry with the rasultant mode conversion and cross polarization,
We finally discovered that the difficulty was due to the glue that was

used to hold the two dielectric strips together longitudinally. Not only
did the glue possess a different dielectric constant, but it seapad unavenly
into the dielectric strips producing asymmetrical blobs.

We then purchased soma new dielectric rods of larger dinme:dr. and
cut the stripa from them. When we employed those naw dielectric strips
(without the naed for glue), the situation improved dramatically. We
wers finally ablé to take decent measurements (Fig. 3.1l7 presents &
sample), and we then did so in a short time.

During the period of difficulty and frustration, we met with Prof.
Yoneyama at the International Microwave Symposium in Boston in June 1983
wa described our resaarch on the foreshortened-top leaky wave antenna, in-

cluding both the theoretical and experimental aspects, and we described

outr measurement dilemma as wall, Weo hinted that we would appreciate it 1if

he could make such measurements for us, and he responded very favorably.
It turned out thut he was abla to take such measurements rather quickly,
and that they agreed wall with our theory, FPFurther dotails are given in
the next section (C, 2).

During the process of examining all poesible sourcas of asymmetry in

our measurement structure, we poted that sometimes the dielectric strip

gseparaved from the metal walls, producing a small air gap. If the alr

gnp occurs on ouly one side, producing asymmetry, thau leakage of the op~-

posite polarization is produced. In our set-up, such gaps were too small

to cause much of a problem, and anyway no effect was noticed when the gaps
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were closed., However, this observation led to the realization that a
sufficiently large gap could form the basis of a new leaky wave antenna,
of simple configuration, that radiates horizontal, instead of vertical,

polarization. That structure is discussed in Sec. D.

2. Measurements Taken by Yoneyama

It was mentioned above that some measurements on the foreshortened=-
top leaky wave untenna were kindly taken at our request by Prof. T,
Yoneyama of Tohoku University in Japan. Prof. Yoneyama, together with
Prof. S. Nishida, had originally proposed the NRD guide in 1981, and he
had designed many successful components in that guide type. He was there-
fore already set up to take the measurements we requesteéd and he sent us
the results within a short time [36), We compared his measurements with
outr theory, found very good agreement, and then knew for sure for the first
time that our results wers correct and that those of Shigesawa and Takiyama
(see Fig. 3.15) were wrong. The approximaticis in thelr theory were evi-

dently not good ones, and the coupling losses that they neglected in their

measurements must have been sizeable.

Yoneyama took measurements at only a single frequency, at £ = 50,0 GHz
in the millimeter wave range. The structure on which he took measurements,
and the details of his feed arrangement, are shown in Fig., 3.18. He em=
ployed a directional ecoupler arrangement to excite one end of the anteunna,
so that the power picked up by the probe first iicreases over a short dis-
tance and then decreases in the expected exponential fashion..

A semilog plot for one of hiy cases is shown in Fig. 3,19, where the

above-mentioned short rise appears. One seas that he also obtained a ripple,

but he was able to draw a straight line through ite average, and to deduce
He also measured the intrinsic (metal and dialectric)
The plot in

a value of o from 1it.
loss, and subtracted that value from the measured n vilue,

Fig. 3.19 corresponds to our d = 1,5 mm (his d’ in Fig. 3.18 is equal to

AR
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Fig. 3.19 Semilog plot, comparable to that in ¥ig, 3.17,
obtained by 7T. Yoneyama in his probe measurements.
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our d), An important difference between his measurements and ours is due
to the difference in frequency. His structure is slectrically much longer
than ours; that is why the period of the ripples seems much smaller in
Fig. 3.19 than in Fig. 3.17.

In Fig. 3.20 we present a comparison between Yoneyama's measured .

3?2 values and our theoretical results for the leakage constant ¢ as a func-

? tion of d., Even though his wmeasurements were taken at a frequency of

X 50 GHz and our calculations were made at 48 GHz, the fraquencies are
close enough together to permit comparisom. 1t is seen that the agreement
is quite good, demonstrating that the diserepancy in Fig, 3,15 1is not due

to an error in our theoretical results.

AL 3. Comparisons With Theory

The measurement procedure and the measurement set-up were described

in Sec. C, 1. The measurements that were taken were of the leakage constant
o as a function of the distance d between the air-dielectric interface
! and the rvadiating open end. The values of plate separation a, dielectric

_ strip width b, and relative dielectric constant €, were maintained the
o game throughout the measurements; these values are a = 0,500 inch,
b » 0,378 inch, and er = 2,56, The different values of d were d = 0,150,
0.200, 0,250, 0.300, and 0.378, all in inches. For each value of d,
measurementa were made at the following frequencies: 1.0.1, 10.2, 10.4,
10.6, and 10.8, all in GHz,

For each of these 25 different cases, probe measurements were made as
a function of distance along the structure, and a plot similar to that in
Fig. 3.17 was obtained. As explained in Sec. C, 1, the value of & was
then determined from the slope of the straight line through the average of N
the curve, However, the intrinsic loss, compriged of the metal and the ) -iﬂ
dielectric losses, must be subtracted from the o determined from the plot
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ﬁ{ Fig. 3.20 Comparison between our theoretical calculations at 48 GHz
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in order to obtaln the leawage loss itself,

Following the me.hod described in Sec. C, 1 for measuring the intrinsic
loss, the following ‘alues as a function of frequency were found for the

structure indicated above (d 1 then essentially infini:e):

frequency (GHz) : 10,1 10,2 10.4 10.6 10.8
intrinsic loss (dB/m): 2.2 2,3 2.5 2.7 2.9

In the valués for d veported below, it is understood that these values were

subtracted from the Jirectly meusuced ones.

- In Figs. 3.21 through 3.25,"we present comparisons between theoretical
curves and these measured results. The solid lines in these figures all
repredent numerical cata computed usiug the almost-rigorous theory derived
in Sec. A, 2; fhe measured points are indicated by x's. In each figure, .
the leukage counstent o is plocrir” as & fuuction of the distance d; the
different figures cofﬁespond to different valuez of frequency. We thlere-
fore present in these figures five different theorecitr curves, and 25

different experimental points.

The agreement 1s scen to be very good over the whole range nt values
of d and over all the frequencies. The theory is essentially rigorous,
and systematic care was taken with respect to the measurements, so Lhat

the agreement found 1s highly gratifying.
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