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Abstract—A new leaky-wave antenna is presented here that form of a long slit or a series of closely spaced holes. Excellent
possesses many desirable features and is suitable for applicationsymmaries are presented in [1] and [2]. Within the past two
to both the millimeter-wave and microwave ranges. These desir- yo-5des interest has shifted to thllimeter-wave range
able features, some of which are unusual, include a simple config- ’ . .
uration, a wide flexibility in the range of available beamwidths, Where the smaller wavelengths and higher waveguide losses
the ability to control the beamwidth and the direction of the beam introduced new problems and, therefore, new challenges. To
essentially independently, and negligible cross polarization at all overcome these new problems, various novel leaky-wave
scan angles. The antenna structure consists of a parallel-plate gntennas were proposed, analyzed, and measured based on
stub guide of small height, less than a half wavelength, located . . e
off ce%ter on the top of rgectangular waveguide. The be%mwidth is somg.low—loss open Wa"eg%“de designed speqﬂcally for use
easily controlled from very wide to very narrow by adjusting the ~ at millimeter wavelengths. Since these waveguides are already
stub width or location. Part | presents the principle of operation open, a physical cut to produce leakage is not meaningful and
and the theory, employing a new transverse equivalent network new mechanisms were tried for permitting the initially bound
that is accurate, but also simple, so that it permits rapid and q§ominant mode to leak, the most common of which was the

inexpensive numerical calculations. Part Il describes and derives . troducti f trv Th t widel d of th
the modifications required in the theory to account for flanges Introduction otfasymmelry 1heé most widely used of these

and/or finite stub length, and Part Il is devoted to measurements Open waveguides for antenna purposes are the groove guide,
at X-band and from 40 to 60 GHz on both the propagation the NRD guide, and the dielectric image guide. Summaries of

properties and the radiation patterns; excellent agreement with the most successful of these new antennas together with their
the theory is demonstrated. principles of operation are presented in [3] and [4].

Index Terms—Leaky-wave antennas. A desirable leaky-wave line-source antenna should have the
following properties. It should involve a simple structure, be
easily fed by a standard source, have low metal loss, radiate

I. INTRODUCTION in a single polarization (with negligible cross polarization at

leaky-wave line-source antenna is basically an opéw scan angles), possess flexibility in beamwidth (narrow or
Awaveguide possessing a mechanism that permits a sigigle. as we wish), and permit one to change the beamwidth
leakage of power along the length of the waveguide. Thithout affecting the angle of maximum radiation. Most of the
length then constitutes the radiating aperture of the line soul€Vious antennas satisfied most, but not all, of these desirable
and the radiation occurs in the form of a conical fan beam thftaracteristics, but the antenna described in this paper seems
is narrow in the plane of scan. When the aperture is horizont@l be the best so far in attempting to satisfy all of these
and faces upward, the radiated beam is customarily scanf@atures.
in elevation by varying the frequency. The actual antenna structure is certainly simple in form (as
Most of the early leaky-wave antennas were based on clog&en in Fig. 1) consisting of a rectangular waveguide with an
rectangular waveguide where leakage was produced by integymmetrically located stub guide. The antenna can be fed
ducing a physical cut in the waveguide top or side wall in thérectly from an ordinary rectangular waveguide source, per-
haps with a small modification at the feed junction between the
source and the antenna. This question is considered further in
Manuscript éegeivr?d '\Aﬂpr_il 30, 1:9& revised I?jelclemRb_er 2, 129_7- T?is wofRart I1I, when measurements are discussed. It is interesting that
uas support by he Miitero dllUniedle cela Rcerca S s antenna structure was not conceived directly by us from
University's Research Promotion Fund, Japan, and by the United States Airfectangular guide, but actually evolved as a modification
FOFV)CGLRADC _Cﬁn"acé F|:19'§28-84-K-0025£h he Deartment of Elect of groove guide and was discussed in much less complete
Eng.ineZ?npgatr‘l“la_aoszgienz.a" [Jenzi\Z/falrsailtr;/a0\15\1;?ome(,a Ro?}g:r(r)r(])iré4 ll)taly.eC "fbrm at two conferences [5], [6]. It was referred to then as
H. Shigesawa and M. Tsuji are with the Department of Electronicéhe “offset groove-guide” antenna, where the groove-guide top

Doshisha University, Kyoto, 61003 Japan. o “and bottom stubs were shifted over, or offset, to introduce the
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of these comparisons are also shown in Section Il where
it is seen that the agreement is excellent. In addition, it is
- demonstrated in Part Ill (on measurements) that the measured
values agree very well with the numerical calculations made
using the equivalent network. We, therefore, have strong
E evidence that the analytical dispersion relation derived in
Section Il isaccuratein addition to being simple.
Numerical result$or the propagation behavior are discussed

Fig. 1. The stub-loaded rectangular waveguide leaky-wave line-source #f-Section IV. The variations of the normalized phase constant
tenna. The stub guide is located asymmetrically to produce a horizontal elec

field component that propagates as a TEM mode at an angle in the stub gé@ Ieak_age constant are examm_ed first as a function of several
and radiates power from the open end. geometrical parameterslo assist in the design of the leaky-

wave antenna, particularly with respect to sidelobe control, one

wishes to know which geometrical parameter can be varied so
how the antenna could be fed, that we realized that it was bet4@rto alter the value of the leakage constant while maintaining
and simpler to view the structure as a stub-loaded rectanguigé phase constant the same. The results in Section 1V indicate
waveguide. that changing either the off center location of the stub guide or

The description of this antenna is divided into three partge width of the stub guide will perform that function, although
devoted, respectively, to the principle of operation and thRe former choice is superior with respect to the constancy of
theory in Part |, to the modifications in the theory needed the phase constant.
account for flanges and finite stub length (or height) in Part The next set of numerical values in Section IV relates
1, and to the measurements of both the propagation constafaisthe performance as a function dfequency which is
and the radiation patterns in Part IIl. important since the beam direction is scanned by varying the

This paper (Part |) first discusses thenciple of operation frequency. The behavior is presented over a very wide range of
in Section Il. That discussion summarizes some of the bequencies, both above and below cutoff. The behavior below
sic properties of leaky-wave antennas and explains why tbetoff is not generally known and may be of interest in its own
structure shown in Fig. 1 possesses the claimed flexibilitiyht. Because the structure is air-filled, the beamwidth stays
in beamwidth and why the radiation has negligible crossnstant as the beam is scanned by varying the frequency; this
polarization at all angles. known result is demonstrated numerically.

Two entirely different theoretical approaches were employedThe dispersion relation derived in Section Il and the numer-
in computing the numerical values presented here. One of theyal values presented in Section IV hold for a stub guide of
is the mode-matching proceduravhich is well known and infinite length (or height). With that approximation to reality,
is accurate but time-consuming (and costly). The other is ae are able to work with simpler analytical expressions and
analytical procedure based on a nowensverse equivalent to perform faster calculations and yet obtain good numerical
network for the cross section of the stub-loaded rectangulegsults that provide sufficient insight for design purposes. In
waveguide structure. A dispersion relation is then obtaingdactice, however, the stub guide is ffite length and we
easily from a resonance of the transverse equivalent netwankust know the effects on antenna performance of varying the
An inspection of the structure in Fig. 1 shows that a majdength of the stub guide. These considerations are treated in
constituent in its cross section and, in fact, central to it detail in Part II.
an openkE-plane tee junction in parallel-plate waveguide. A Paper Il is concerned withmeasurementsnade at X
recent paper [7], presents a new equivalent network for jusand and at millimeter wavelengths (40-60 GHz). In that
such a structure and the transverse equivalent network for thaper, we describe the specific structures, which employ
antenna is built upon that new network. flanges and explain how the measurements were taken for

A novel feature of the network for the tee junction i$oth the propagation wavenumbers and the radiation patterns.
that theoretical expressions have been derived for all of th@reful comparisons are presented between the measured and
elements of the network, which are gimple closed form theoretical values, verifying that very good agreement was
and yet are accurate so that numerical values for the antebéained.
performance can be calculateglickly and inexpensively
An independent verification of the accuracy of these tee
junction expressions has been provided in a recent paper [8].

Section Il presents the details of the transverse equivalent
network and derives the dispersion relation for the propagatifn Background

Il. PRINCIPLE OF OPERATION

characteristics from the transverse equivalent network. A leaky-wave line-source antenna is based on an open
Because the dispersion relation is in simple closed form, onaveguide that is characterized by a complex propagation
might question its accuracy. For this reason, before the recervenumberk, = 3 — jo, where 3 and « are the phase

comparison in [8] became available, we made computatioosnstant and leakage constant of the guided mode, respec-
using the mode-matching procedure (which is a completelyely. If there are also metal and/or dielectric losses, the

different theoretical approach) to compare with the numericgaliantity « comprises both the material losses and the leakage
values obtained using the equivalent network approach. So(oe radiation) losses and is appropriately termed the attenua-
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tion constant. We assume that the material losses here may oo & e 8 dy
be neglected. Onc@ and « are known as a function of
the waveguide geometry and the frequency, all the antenna T,

properties can be determined readily or, alternatively, the
antenna can be designed to conform to specifications. The
objective of the theory for a leaky-wave structure is, therefore,

— o —
><

to determines and « as functions of the geometry and fre- ———a ——

quency; analytical expressions that provide such information (a)

are presented in Section Ill for the antenna discussed in this .

paper and corresponding numerical results are contained in y

Section IV. Yo i
Before discussing the specific antenna of concern here, we Tr_@?jl__ﬁ;s

should recall that simple approximate expressions are available -

[4] that relate thes and « of the leaky guided mode to the [ ks B“q] BL ﬁ]ga ks

angled,,, of maximum radiation measured from the broadside Yo . . Yo

direction (perpendicular to the leaky waveguide axis) and to Ha:(; T T Q_:d

the 3-dB beamwidtiA@ of the radiated beam. These relations 2 2

are (0)

Fig. 2. (a) The cross section of the stub-loaded rectangular waveguide
1 antenna. (b) Its transverse equivalent network, which utilizes theAig@lane
( ) tee junction equivalent network presented in [7].

sinf,, = 3/k,

1
A — 2
(L/Ao) cos b, of the antenna point in the same direction. Thus, the taper must
L 0183 (3) then be modified slightly to reinstate the constancyoThis
Ao afky’ process usually requires only a single iteration, but it points out

the strong desirability of being able to identify an appropriate
In (1)-(3), k, is the free-space wavenumbgte 27/A,) and geometrical parameter so that wheiis altered3 is disturbed
L is the length of the leaky-wave antenna. Béth and A@ negligibly. The antenna described in this paper satisfies this
are in radians in (1) and (2). desirable condition. A systematic further discussion of the
The beamwidthA# is determined in (2) primarily by the features considered in this subsection on background may be
antenna lengtlL, but it is also influenced to a lesser extent bjound in [4].
the aperture-field amplitude distribution, being narrowest for a
constant aperture field and wider for more peaked distributiors. The Stub-Loaded Rectangular Waveguide Antenna
The factor unity in the numerator in (2) is a middle-of-the- The strycture of this antenna is shown in Fig. 1, and is
range result. Lengtt is usually chosen corresponding 10 &een to consist of a rectangular waveguide with an off-center
given value ok so that about 90% of the power is radiated angpen-top stub guide. The major electric field directions are
the remaining 10% or so is absorbed by a matched load. Fg&o indicated there. The dimensions of the cross section are
90% of the power radiated and for an untapered geometry, §1gywn in Fig. 2(a). The leakage mechanism employed here is
relation betweerl, and is given by (3). If bothZ anda are  asymmetrywhich is provided directly by the off-center stub
specified independently, the percentage of power radiated GRide.
deviate significantly from the desired 90% and the radiation ajthough the stub guide is shown here with an open top in
efficiency can be poor. the form of a pair of baffles, it may be more convenient to have
We see from (1)—(3) that numerical values in the form ahe open top connect to a pair of flanges or a ground plane. In
the normalized quantities/k, and«/k, are valuable to have our measurements in Part Ill we employ such flanges and in
because they relate directly to the antenna radiation ahgle part I we present the modifications in the theory required to
and beamwidthAd. Section IV displays the numerical valuegake into account that change in the geometry.
in that form. The principle of operation is very simple and straight-
The aperture amplitude distributions of leaky-wave antennfisward. The rectangular waveguide is fed in its dominant
are customarily tapered in some specified fashion to redug@de from one end and some field penetrates into the stub
and otherwise control the sidelobes of the radiation patteguide. Because of the asymmetry, a horizontal component of
The procedure to be followed in relating the desired apertusgectric field is excited at the opening to the stub guide in
distribution to the variation of the leakage constanalong addition to the vertical electric field component due to the
the aperture length is well known and is the same for all leakyectangular waveguide dominant mode. These horizontal and
wave antennas. A problem arises, however, in that for mangrtical electric field components give rise, respectively, to a
leaky-wave antennas, a taper in the geometry of the croBEM mode and a TM mode with respect to the direction
section in order to affect the value ef also modifies the in the parallel-plate stub guide. Due to the narrower width
value of 3, at least to some extent. Bitmust be maintained of the stub guide, the TMmode remains below cutoff and
constant along the length so that the radiation from all sectiodecays exponentially in the verticéd) direction. The TEM
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mode, however, propagates at an angle upwards in the stulihe theoretical expressions derived in this section assume
guide, reaches the open top, and radiates power in horizortelt the stub guide is affinite lengthso that the expressions
polarization. If the stub guide is allowed to be sufficientlpecome simpler and the calculations can be made even more
long (or high), the field of the TM mode will decay to quickly. In practice, the stub guide must be finite in length
negligible values as it reaches the open end, and the radiaded the changes introduced by that modification are treated
power will possessessentially pure horizontal polarization in Part 1. The transverse equivalent network is appropriately
The stub guide is, therefore, located asymmetrically to permmitodified there and the resulting dispersion relation is still in
the excitation of a horizontal electric field component ansimple analytical form. It was found that the value @fis
made long enough to essentially completely suppress that affected much by changes in the stub length, but that
vertical field component. « varies periodically with that length. The case of infinite

To be more precise, we should realize that the two transveteagth provides a reasonable average within the range of
parallel-plate modes actually propagate at an angle with cothese« values so that numerical values computed under the
ponents in both the longitudingt) and verticaky) directions. infinite length assumption are useful for furnishing reasonably
Furthermore, these transverse modes are part of the oveaalturate and valid information on the effects of changing
basic leaky mode, with the radiating “TEM” mode at an angléhe frequency or the geometrical parameters. Final designs of
in fact, producing the leakage. Nevertheless, the simplifigdactical antennas should take the finite length into account,
phrasing in the previous paragraph contains the essence oflibhevever, and should use the dispersion relation derived in
physical picture and is useful in explaining in simple termBart II.
the basic principle of operation.

It is important to understand that the leakage rate (the value
of a and, therefore, the beamwidthé) can becontrolled A. The Transverse Equivalent Network
neatly by the amount of offset of the stub guide. If the stub
guide iscenteredon the rectangular waveguide top, the onl
electric field component excited at the stub-guide opening
the vertical one. If the stub guide is sufficiently long (or high
no leakage will occur at all and the situation would resemb
that of a slotted-section cut. If the stub guide is moved all t
way over to one sidéd = 0), the resulting structure become
the simple L-shaped leaky-wave antenna, which was describe
and analyzed previously [9], [10]. The L-shaped antenna w,

extremely simple in shape but was found to have too strop[gis built around the network for thé’-plane tee junction,

a leakage rate and was, therefore, suitable only when IaWﬁich employs the reference plane locatidhand 7, shown
beamwidths were required_. We see, _therefore, that by_ VaryifrquFig. 2. It is seen that thasymmetryn the antenna{ structure
thE." amount of offcenter shift (or, equivalently, by varying thﬁue to the stub being offset reflects itself in the two unequal
shift d) we can vary the VaIL.Je O.& from zero tq a Iarge distancesd and d’ shown on the cross section. In turn, the
vglue, so that the .structure n .F'g' 1 [or 2(a)] .'S_bas_'call¥symmetry is accounted for in the transverse equivalent net-
smplegnd yet provides a radiation pattern thatflexible in work by the unequal line lengths that represent the main guide
beamwidth arms. Only one mode is above cutoff in the main guide arms
and in the stub guide and that mode is essentially a TEM mode

) . propagating at an angle between the parallel plates. Therefore,
The theoretical approach used to obtain most of the N \wavenumbers, andk, in the network transmission lines

merical values presented in this paper involves an analylicgh equal as are the characteristic admittaageghe different

procedure based on a novehnsverse equivalent networkyigthsj anda’ of the parallel-plate sections are absorbed into
for the stub-loaded rectangular waveguide structure. Fromyf turns ration (see (7) below)
. Cs .

resonance of this transverse equivalent network, we then derivggafore we can adapt the expressions from [7] for the
a dispersion relationfrom which the numerical values arégiements of the tee junction, we must change the notation

calculated. _ _ appropriately as follows:
As mentioned in the Introduction, an unusual advantage

associated with this transverse equivalent network is that
analytical expressions for all the elements in the network are
available insimple closed formAs a result, the dispersion i _ i _ o
relation itself is in simple closed form permitting the numericd]! [/ the 'Fee anct|(_)n was viewed as a ‘?"SC‘?”“””'W in
values obtained from it to be calculategickly and inex- the Iong|tu'd|nal direction; hgre, the tee JuﬂCtIOI’] is part of a
pensively We show later, by comparisons with a completel§™SS section. The expressions appropriate to the network in
different method of computation, that these simple relatiofidd: 2(0) then become

are accurateas well. In Part Ill (on measurements), we find

It is evident from even a quick inspection of Fig. 1 or
Y?ig. 2(a) that the central region of the structure resembles that
dF an openkE-plane tee junction. We may, therefore, employ
e equivalent network for such a tee junction, discussed in a
Bcent paper [7] as the central element in a transverse equiv-
r%ﬁent network representation of the stub-loaded rectangular
veguide.
he transverse equivalent network for the antenna structure
ose cross section appears in Fig. 2(a) is given in Fig. 2(b).

Ill. THEORETICAL DESCRIPTION

V—ad, b—b N —2n/ks.

that the measured values also agree very well with numerical Bq - _

la_’ kpao 2<kxa’> @)
values calculated using this theoretical approach. Y, 166 2 7\ 2
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where J, is the Bessel function of zero order C. Comparison with the Mode-Matching Procedure

In order to check theccuracyof the theoretical approach
Br, 1B, 1 <kmb) ll <1 43 b) 1 <kmb>21 5) described above, numerical calculations were made of some
2V nf 1432
a/

Y, T2V, 2

+ 2 of the performance properties by usingtetally different
. , theoretical method—the accurateode-matching procedure
Ne = sin(kza’/2) (6) The mode matching is performed in thvertical direction in
kza [2 the stub-loaded rectangular guide structure shown in Fig. 2(a).
n2, = n2(d /b). (7)  In the upper (stub) waveguide of narrower widih only the
TEM mode is above cutoff; in the lower guide of width
As we may readily see, (4)—(7) are in closed form and atdree modes are vertically above cutoff—the TEM mode and
surprisingly simple. the first TE and TM higher order modes. The mode matching is
set up rigorously and, for most points, 100 TE and TM modes
are included in the numerical computations. Convergence in
the mean-square sense is employed.
We should note that this method is actually entirely different
The dispersion relation for the propagation behavior fsom the one based on the tee-junction equivalent network,
obtained by taking the free resonance of the transverse equiet simply that the mode-matching procedure is basically
alent network in Fig. 2. We choose a reference plan&,at numerical and the network one is basically analytical. In
just below the turns of the transformer and sum to zero ttiee network approach, the discontinuity involved is viewed
admittances seen looking up and down fr@im We then find as an E-plane tee; in the mode-matching procedure it is
treated as a transverse discontinuity—a change in guide width.

B. The Dispersion Relation

1 Another major difference is that the network has closed-form
Yop = n—QYO expressions for its elements and is approximate; the mode-
« 1 matching procedure is asymptotically rigorous.

Ydown = jBr + - - (8) Since the mode-matching procedure (to be accurate) must
1/(Ba+YR) +1/(1Ba + Y1) include many modes, it is computationally relatively costly. As
. . ) ._aresult, only two cases were selected with which comparisons
whereY}_g andYy, are the main guide input ac_jmﬂtances IOOkIngvere made with the numerical results obtained by means of
to the right of reference plang on th? rght side of the the dispersion relation (10) together with (11). One of these
network and to the left of” on the left side, namely cases involves the dependence on geometry (specifically, on
) d/a) and the other case is concerned with variations with
2 ) The first comparison is shown in Fig. 3, for the behavior
of 5/k, and«/k, as a function ofd/a, which is a measure
of the offset of the stub guide. The dashed lines represent
the numerical values that were calculated using the equivalent

SettingYup + Yaowa = 0 and normalizing tdr;,, we obtain network approach. The solid lines correspond to numerical
values obtained from the accurate mode-matching procedure.

/
Yy = —jY, cot k, <% 4 d’).

1 B; It is seen that the agreement is really very good over the
— +j?‘ complete range ofi/a.
os o The second comparison (in Fig. 4) concerns the variations
[g_: — cot ks, (% + d)} [% — cot k,, (% + d’)} of 8/k, anda/k, over the complete frequency range. Let us
+J =0 note the level of agreement between the two methods of calcu-

Ba a’ a’
25— [COt km(7 + d) + cot k“f(? + d/)] lation; as with Fig. 3, the dashed and solid lines represent the

(10) network and mode-matching approaches, respectively. Again,
the agreement is very good over the very wide range of fre-
where the elements3,/Y,, n., and B/Y, are given by qguencies. The behavior with frequency in this figure may seem
(4)—(7). Wavenumbek,, is related tok., the result we seek by unfamiliar to some readers; it is discussed in Section IV-B.
The principal conclusion from these comparisons is that in
. R both cases the agreement is very good so that we may have
b= = jo= VES - k2 (11) confidence in the validity of our numerical results and in the

reliability of both of the theoretical approaches.
We may observe that dispersion relation (10) isciosed

form. From this dispersion relation, we see tligt will be

complex so that? and « will yield the phase constant and IV. NUMERICAL RESULTS FOR THEPROPAGATION BEHAVIOR
leakage constant of the leaky-wave antenna. By employingDispersion relation (10) together with (11) permits one to
(1)—(3), these values off and « yield information on the compute the variations of the phase constaahd the leakage
properties of the radiation pattern. constanty as a function of frequency and various geometrical
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Fig. 3. Comparison of numerical results o'k, and a/k, versusd/a g 4 comparison of numerical results foi/k, and a/k, versus fre-

; : . f Fi
oblt%lrI\_ed via two corgpletely d_lffelrent trllleoretlt_:al m_ethods. Trlle dashedh g!%ncy, over a very wide frequency range obtained via two completely
solid lines correspond, respectively, to the tee-junction network approac ‘erent theoretical methods. The dashed and solid lines correspond, respec-

the_m‘ldg'mamhmg procedurg:= 28 GHz; a = 10.0 mm; b = 3.0 mM; 01y ‘1o the tee-junction network approach and the mode-matching procedure:
a = .0 mm. a =10.0 mm;b = 2.0 mm;a’ = 4.0 mm;d = 2.0 mm.

parameters. The numerical values will be displayed in nor- ) ) )
malized form as3/k, anda/k,, because those quantities aré’f B/k,. It is clear that the dl_men5|on that control_s the_value
related directly to the anglé,, of maximum radiation and the Of /%, to the largest extent is the rectangular guide width
beamwidthAd, as seen in (1)~(3). Anything relating to thg stub gylde is basically a perturbation
on the rectangular guide dominant mode.

The first sets of numerical values apply to a rectangular
guide aspect ratio:/b = 2, since that ratio is present in

It was pointed out earlier that it is useful for design purposesost rectangular waveguides at millimeter wavelengths. The
to know which parameters to vary in order to adjust thantenna structure can then be fed directly from the rectangular
radiation angl#,,, and the beamwidtihg as independently as waveguide.
possible. Furthermore, in order to achieve low sidelobes in theThe behavior of3/k, and «/k, as a function ofstub
radiation pattern, it is necessary teper the amplitude of the offset measured asi/a, is shown in Fig. 5. The precise
aperture distribution of the leaky-wave antenna, which meaass-section shape is indicated in the inset. As expected,
that the value ofx/k, must be slowly varied in a specifiedthe values ofa/k, range from zero when the stub is cen-
way along the antenna length. At the same time, the valuetefed to a maximum value when the stub is at one end.
B3/k, must remain constant along the length so that all sectiofilis maximum value fora/k, is about 0.077, which, for
of the antenna radiate at the same angle. We have, thereftine, value of3/k, = 0.76, corresponds to a radiation pat-
two reasons for needing to know what parameter or parametes beamwidth of about 33when the antenna length is
can vary«/k, while changingi/k, negligibly. taken to radiate 90% of the incident power (as is customary)

The first step in the design is to specify the an@je of and the structure is not tapered. As before, it is clear that
maximum radiation, which, in view of (1), means the valubeamwidths can be readily achieved that range from this very

A. Dependence on Geometrical Parameters
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Fig. 5. Behavior of the normalized phase and leakage constants as a funchiith 6. Behavior of the normalized phase and leakage constants as a function
of off-center shift of the stub guide when the aspect ratio is that of millimef stub-guide relative widthu' /a when the aspect ratio is that of millime-
ter-wave rectangular waveguide. Note that very desirable characteristics t@fewave rectangular waveguidg:= 50 GHz; a = 4.8 mm; b = 2.4 mm;
present since3/k, remains very flat over most of the range whigk, d = 0.8 mm.

varies greatly;f = 50 GHz; « = 4.8 mm; b = 2.4 mm;a’ = 2.4 mm.

an optimum stub-guide width that yields the largest value

large value (33) down to widths that are as narrow as onef «/k,. When the stub guide is too narrow, the leakage
pleases. rate and, therefore, the beamwidth drops quickly. For this

What is particularly interesting now is the behaviorifc,. frequency and set of dimensions, the maximum value of
This quantity is seen to be remarkably flat §&: varies. In beamwidth (for 90% radiation and a uniform nontapered
fact, for the range ofi/a from 0.15 to 0.25, the value of structure) is about 13°1 which is fairly large. The curve of
B/k, is so flat that the corresponding beam angle, which %%, versusa’/a is not as flat as that for variations iya,
about 48 from broadside, is constant to within aboutQ.At but nevertheless the variation is small. Suppose, for example,
d/a = 0.15 the value ofa/k, is 0.015, which corresponds tothat we examine the range of/« from zero to 0.25 at which
a beamwidth of 6.4, so that the beamwidth can be variedhe leakage rate is maximum. We find that the beam angle
over quite a large range while the beam angle stays vasyabout 50.0 when «'/a = 0.25 and about 509 when
constant. With almost the same flatness, the range canddfn = 0. The change is only slightly less thar? bver
extended tod/a = 0.10, at which location the beamwidththe whole range ofx/k, from zero to maximum, which is
becomes as large as 13.4For the set of dimensions andnot bad. The curves in Fig. 6 have been calculated only up
the frequency specified in Fig. 5, therefore, we see thatt@a’/a = 0.67 at which value the stub guide is centered;
variation in off-center shift will indeed permit a large choicdor higher values ofu’/a, the curve fora/k, will increase
of beamwidths while hardly disturbing the beam angle again.
all. By examining the curves in Figs. 5 and 6 simultaneously,

The variations with stub guideelative width a’/a are we note that the maximum value af'k, in Fig. 6 could have
illustrated next in Fig. 6. For these curves, the stub-guidasily been increased by choosing a smaller valué/efand
offset position is held constant. We observe that there tisat the wholex/k, curve in Fig. 5 would have been lifted (to
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pattern as a function of frequency. Note the constancy of beamwidth with
Fig. 7. The behavior of the normalized phase and leakage constants &geguency scane = 4.8 mm; b = 2.4 mm; a’ = 2.4 mm.

function of frequency both above and below cutoff when the leakage rate is
smal:a = 4.8 mm; b = 2.4 mm;a’ = 2.4 mm;d = 1.0 mm.

tively, the behavior is as expected, wiftyk, following the

) ) standard curve shape and witlik, decreasing monotonically
higher values of leakage constant) if the value/gfz selected i, increasing frequency.

for Fig. 5 were made somewhat smaller than 0.5. Thus, we S€fhe transverse wavenumber is equal tok, in the main
that the dimensions were not optimized with respect to Ieakag&de region, which, in turn, is equal fg, in the stub-guide

rate in either case, but that nevertheless the range availabltleei&ion (see Fig. 2). If the stub guide were closed and the
a/k, values was very large. leakage were abseht would be real and equal to/a. In the

We therefore find that the desirable property we seekeya| antennak, is complexwith a predominantly real part.
namely that3/k, be maintained the same white/k, changes por the parameter values given in Fig. 7, we calculate that
strongly, can be furnished in two ways: by varyinya or

by changingd/a. One method will be superior to the otherht = Rek: +jImk; = 0.702 mm~ 4 3.00 x 107 mm™*
depending on the parameter values. It is also clear that by (12)
adjusting a combination of the values @fa anda’/a almost

any desired value of beamwidth can be obtained. and isindependent of frequengince only one medium (air)

is present. For comparison/a = 0.654 mm™1,
The behaviombelow cutoffis not generally known. First of
all, 3/k, does not approach zero or a constant as the frequency
Fig. 4 shows hows3/k, and a/k, vary over a very wide is reduced far below cutoff, as is generally believed. It turns
frequency range when the antenna has a high leakage rateupragain and, in fact, exceeds unity as the frequency becomes
contrast, when the leakage rate is much lower the behavi@ry low. When the leakage is stronger (as in Fig. 4), the
changes to that seen in Fig. 7. minimum value of3/k, is larger, the turn-up faster, and the
These curves can be divided into two basic parts—for tlvalue unity is reached at a higher frequency.
region above cutoff and for the one below cutéfhove cutoff The explanation for the turn up in the value 8fk, at
which corresponds roughly t¢ = 17 and 33 GHz, respec- low frequencies is that itself approaches a constant as the

B. Variations with Frequency
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frequency approaches zero, so thigts, must then increase [9] A. A. Oliner and P. Lampariello, “A new simple leaky-wave antenna

without limit as the frequency goes to zero. Therefore, the for millimeter waves,” inDig. North Amer. Radio Sci. Meet. (URSI)
Vancouver, Canada, June 1985, p. 57.

value of3/k, will certainly exceed unity, but the solution hasji] . A. Oliner, “Scannable millimeter wave arrays,” Final Rep. RADC
no meaning in that range. It may be shown by employing Contract F19628-84-K-0025, Polytechnic Univ., Brooklyn, NY, Sept.
the steepest-descent plane that whafk, > 1 the pole 1988, ch. V1.

. . e Bll] ___,“Scannable millimeter wave arrays,” Final Rep. RADC Contract
representing the leaky wave solution is no longer captured by" F19628-84-K-0025, Polytechnic Univ., Brooklyn, NY, Sept. 1988, ch.
the deformation of the original path into the steepest-descent Vil < ble milimet Final Ren. RADC Contract

. . . —, “Scannable millimeter wave arrays,” Final Rep. ontrac
path [12]. Physically, this means that the leaky wave is F19628-84-K-0025, Polytechnic Univ., Brooklyn, NY, Sept. 1988, ch.
longer a part of the total field for any angle of observation. IX.

The behavior ofa/k, is also different above cutoff and
below it. Above cutoff, the value af represents the leakage of
power. Below cutoffn represents primarily theeactive decay
of the field, although some leakage of power also contribut
a little to its value. Therefore, the value of/k, increases
substantially once the leaky mode goes below cutoff, as o

may see in Fig. 7.
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