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Propagation Characteristics of the
Slotline First Higher Order Mode

Jyh-Wen Sheen and Yu-De Limnember, IEEE

_Abstract—The propagation characteristics of the slotline first the other direction is controlled by phase shifters [1]. Possible
higher order mode are presented in detail in this paper. Itis found gpplications of uniform open-waveguide leaky modes such as
that the attenuation constants and the radiation band of this leaky-wave antennas have been investigated intensively both

first higher order mode are larger than those of the microstrip- . - .
line first higher order mode. Dependence of the propagation n€oretically and experimentally in [5]-{10]. In [5], exper-

characteristics on structural parameters and the effect of finite- imental verification of a microstrip-line higher order mode
conductor planes are analyzed. The propagation characteristics leaky-wave antenna was conducted without an explanation

of the surface-wave-like modes are also discussed. In order 0 of the physics underlying the design of the antenna. In [6]
avoid inadvertent excitation of these surface-wave-like modes and [7], Oliner explained the physics underlying the leaky-

in antenna applications, the current and field distributions of . . .
the slotline first higher order mode and the surface-wave-like Wave antenna design constructed in [5] and presented analysis

modes are compared and discussed. Excitation of the slotline data for the antenna design. In [8], a groove guide with an
first higher order mode was conducted by feeding the slotline asymmetrically located metal strip was proposed as a leaky-
with Itz ;ﬁg\l\?“ig&”:vree%%deemﬁ‘gh "(’)‘Lij‘irﬂﬁtrﬂlce’ri'é';?-reiﬁﬂgri;%maio wave line source of phased arrays. It is a modification of the

(r:%snl:‘irm the egistencge of the slotline first higher order mode. offset-groove-guide leaky-wave antenna [9]. In [10], space-
_ wave leakage phenomena from higher order modes on various

”ng‘dex Terms—Higher order mode, leaky-wave antenna, slot- planar transmission-line structures with conductor sidewalls

' were investigated.

As discussed above, much attention has been spent on the

I. INTRODUCTION application of the microstrip first higher order mode as a

EAKY-WAVE antennas are better choices in théeaky—wave line source. However, there are few researches

millimeter-wave frequency region due to some aOqonce.rning the use 'of 'the higher order modes in othgr plgnar
vantages such as relaxed requirement of tolerance, |8\yvun|planar_ tran§mls§|on lines. Therefore, the mv_estlgatlons
profile, structural simplicity, easy integration, and frequenﬁ’e the slotline first higher order mode are motivated by
scanning ability [1]. The leaky-wave line sources can vglop!nganew Iow—costmﬂhmetgr-wave antenna. I_n certain
divided into two types according to their structures. on@PPlications, the use of the slotine may be required. For
of them employs periodic structures, and the other uskstance, comb|.nat|on of pr.mted strips and sliots in [11] and
uniform open waveguide. The common feature of a leak{12] creates a circular polarized antenna. Besides, the slotline
wave antenna based on periodic structures is the creatiorfSoft Uniplanar structure, which has certain advantages over
space harmonics via periodic perturbations. These perioéﬁ@ microstrip line in m|crovyave_mteg_rated—cwcun applications
perturbations include dielectric gratings [2], metal gratingd3]; [14]- To use the slotline first higher order mode as an
[3], and slot array on the conductor plane of the image gui(j?g'c'ent quky-wayg line source, the propagation character-
[4]. The common feature of a leaky-wave antenna basiiicS, feeding efficiency, and antenna pattern must be fully
on a uniform open waveguide is the use of the operatifgalyzed. In this paper, we focus on the investigation of the
frequency near and above the mode cutoff region [1]. TheREOpagation characteristics of the slotline first higher order
uniform waveguides include structures based on groove guifRode. In Section II, leakage properties of the first higher order
nonradiative dielectric (NRD)-guide, and microstrip line. ~ mode of the slotline with infinite-conductor planes and the
The uniform leaky-wave antennas are very suitable to §€ometric dependencies of the propagation properties of the
used as a line source of a two-dimensional scanning anteriline first higher order mode are presented. In Section lll,

array in which one direction is controlled by frequency antfakage properties of the first higher order mode of the slotline
with finite-conductor planes and the geometric dependencies

of the propagation properties of the slotline first higher order
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) ) ] ] ) ) Fig. 2. The electric-field distributions of the first higher order mode of
Fig. 1. Dispersion curves of the constituent modes in the slotline wiglotline with infinite-conductor planes in the radiation region.
infinite-conductor planes.

Il. THE FIRST HIGHER ORDER MODE IN SLOTLINES is further decreased, the normalized phase constant of the
WITH INEINITE-CONDUCTOR PLANES first higher order mode will rise again, and the normalized
_attenuation constant will become very large. However, the

The slotline with infinite-conductor planes and a magnetigs.ge vajue of the attenuation constant does not mean that
wall symmetry plane at the center of the slot is shown in thae made will leak more power into space waves and surface
inset .of Fig. 1. The convenUongI slotllne mode assumes @nes. Instead, as indicated in [7], [18], and [19], the mode
electric-wall symmetry plane, while the first higher order modg now in the cutoff region. Most of the power is reflected

assumes a magnetic-wall symmetry plane. Using the familigh -\ jnto the feed line and very little power is radiated into
spectral-domain method with appropriate deformation of thge space wave.

spectral-domain integration contour and choice of the branch, Fig. 1, it is shown that the attenuation constants of the

cut to include the proper surface-wave pole and space-waygtiine are very large even if the first higher order mode is op-
excitation [15], the propagation constants of the constitueg{ated near the surface-wave leakage region. This phenomenon
modes in the slotline can be obtained. Fig. 1 shows the gitferent from that of the microstrip line first higher order
normalized propagation constants of the first higher ordg{pde. It is due to the fact that there is more power being
mode of the slotline, the surface-wave-like mode of the slotlingzked into theTM, mode, which can be clearly observed
and theTM, mode supported by the surrounding structure. lom the electric field plot in Fig. 2. This results in a lower
order to explain the propagation characteristics presented heggjiation efficiency in the radiation region since less power is
we can view the cross section of the slotline as consistingdiated into space waves. This indicates that the slotline first
of an inner region sandwiched between two identical outffgher order mode in the infinite-conductor plane cases is not
regions, similar to what was done for the analysis of the opepitable to be used as an efficient leaky-wave line source in
dielectric waveguide in [16] and [17]. As shown in the inseintenna applications. Another effect that comes from the high
of Fig. 1, the inner region consists of an ungrounded dielectijglue of the attenuation constants is that the phase constants
waveguide and the outer regions consist of grounded dielecti@ also larger in the radiation region. As shown in Fig. 1, they
waveguides. Guidance and leakage along the slotline can thga very close td:, the free-space wavenumber in the entire
be explained in terms of multiple reflections of surface wavesdiation region. The main beam directions are very close to
supported by these waveguides. As shown in Fig. 1, the fithe endfire direction in the entire radiation region. This will
higher order mode of the slotline does not evolve into a bourgnder the scanning range of angles narrower when frequency
mode in the higher frequency region as that of the microstrig changed since the main beam direction of the leaky-wave
line. Rather, it lies in the surface-wave leakage region [15] #mtenna is dominantly controlled by the phase constant. From
the entire high-frequency region with its propagation constaplig. 1, it is also shown that the radiation frequency region is
being complex and its phase constant smaller than that of thach wider than that of the microstrip-line cases [15]. It is
TM, mode. The reason is that the effective dielectric constatfie to the fact that the propagation constants of the surface
in the inner ungrounded dielectric-slab region is smaller thavaves in the inner ungrounded dielectric slab is close to the
that in the outer grounded dielectric-slab region. As thieee-space wavenumber, resulting in the effective dielectric
frequency is decreased, the propagation constant of the slotldoastant of the inner ungrounded dielectric slab being close to
first higher order mode decreases to be smaller than that of tre. Fig. 3 shows the variation of the first higher order mode
free-space wavenumber as those of the higher order modéth different slotwidths. Although the surface waves in the
in all guiding structures. The mode leaks power into spacmgrounded dielectric-slab region is dispersive, the radiation
waves as well as into surface waves in this frequency regidrand is almost linearly proportional to the width of the slot.
This is the frequency region in which the higher order modehe operational frequency of the leaky-wave antenna can
can be used as a leaky-wave line source. When the frequeregily be controlled by scaling the slotwidth accordingly.
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Fig. 5. The electric-field distributions of the first higher order mode of the

Fig. 3. Behavior of the normalized phase constants and the normalizg@tline with finite-conductor planes in the radiation region.

attenuation constants as a function of frequencies for the first higher order

mode of the slotline with different slot widths. . . . .
surface waves are excited near the inner ungrounded dielectric-
slab region with considerable power being leaked into the

15 , 15 in Ei
[ . — surface-wave-like mode surface waves, as shown in Fig. 2. Segond, the.surface waves
B TE0 mode travel away from the inner region in the intermediate grounded
\ —-—TMo mode dielectric waveguides as those in Section II. Third, the surface
i & ofiest higher order mode 0 waves meet the outer edges of the grounded dielectric-slab
' E B‘-} I region. Fourth, most power carried by the surface waves are
2 ’ 8 reflected back to the inner region and little power is carried
a ws=10mm g by the surface waves into the outer ungrounded dielectric-
w=20mm slab region, as evidenced in the field plot shown in Fig. 5.
05 : h=0.635mm 0.5 - e C o
W s « 8‘_é 25 Finally, the slotline first higher order mode in finite-conductor
er [h \7—» e plates case is formed by the multiple reflections as the steps
Tmamnetie Vel mentioned above.
0.0 < AL 0.0 In the higher frequency region, the first higher order mode
0 5f o 15 does not evolve into a bound mode, similar to what is observed
requency (GHz)

in the infinite-conductor planes cases. Rather, it lies in the
Flg 4. Dispersion curves of the constituent modes in the slotline Wi@urface_wave |eakage region with its propagation constant
finite-conductor planes. being complex and its phase constant smaller than that of the
TM, and theTE, modes of the outer ungrounded dielectric
slab. This phenomenon is due to the fact that the effective
dielectric constants of the grounded and ungrounded dielectric-
When we use the slotline as a leaky-wave antenna, thlab regions are close to each other. As the frequency is
conductor planes are finite. After our investigation, we findecreased, the propagation constant of the slotline first higher
that the first higher order mode of slotlines with infiniteorder mode decreases and becomes smaller than that of the
conductor planes and that of slotlines with finite-conductdree-space wavenumber. The mode leaks power into space
planes have very different propagation characteristics. Figwave as well in this frequency region. Comparing Fig. 1
shows the normalized propagation constants of the first higiveith Fig. 4, we can see that the properties of the first higher
order mode of the slotline with finite-conductor planes, therder modes are quite different. The phase constants in the
surface-wave-like mode, and thEM, and theTE, modes finite-conductor plane cases are smaller and have a larger
supported by the outer ungrounded dielectric slab. Similaariation in the radiation region. This results in a wider
to what was done in Section Il, we can break the crossanning range of angles. The attenuation constants in the
section of the structure into constituent parts to discuss tfieite-conductor planes cases are smaller than those in the
propagation characteristics of the guided modes. As showfinite-conductor planes cases due to the fact that less power
in the inset of Fig. 4, the cross section of the slotline witls coupled to the surface waves of the background waveguide.
finite-conductor planes can be divided into constituent parthis indicates that the first higher order mode of the slotline
as: 1) an inner region consisting of ungrounded dielectnith finite-conductor planes is more efficient as a leaky-wave
waveguide; 2) two intermediate regions consisting of groundéde source. We have employed the method proposed in [19]
dielectric waveguides; and 3) two outer regions consistirig analyze the radiation efficiency of the slotline first higher
of ungrounded dielectric waveguides. In terms of the surfaceder mode. It is shown that almost all power is carried
and space waves supported by each constituent part discussedhe space wave when the phase constant is not close
above, formation of the slotline first higher order mode can lbe %y. Fig. 6 shows the variation of the first higher order
explained by the following steps. First, the space waves and thede with different dimensional parameters. It is shown that

IIl. THE FIRST HIGHER ORDER MODE IN SLOTLINES
WITH FINITE-CONDUCTOR PLANES
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Fig. 8. The electric-field distributions of the surface-wave-like mode of the

Fig. 6. Behavior of the normalized phase constants and the normaliz#gtline with infinite-conductor planes.
attenuation constants as a function of frequencies for the first higher order

mode of the slotline with different slot widths and slot spacings.

The surface-wave-like mode of the slotline with infinite-
conductor planes was investigated in [20]. Its typical-mode

L5 evolution pattern is shown in Fig. 7. In the low-frequency
ws, region, the dispersion curve of the surface-wave-like mode
14 &r |h is very close to the left of that of th€M, mode due to small
k‘v‘v‘:ﬁ"‘e“c perturbation (smaliws /Ao, Ao is the free-space wavelength).
13k weh=80 If the frequency is increased, the mode evolves as follows.
i er=2.25 First, the dispersion curves of the surface-wave-like mode
and the TMy, mode move away from each other due to
12 larger perturbation. After the maximum separation of these
two curves, they move close to each other again until they
L1} ,_';___TMomode combine with one another. The combination of curves means
© ___ surface-wave-like mode the termination of the physical mode. After the combination of
10 , , these curves, the physical surface-wave-like mode disappears
0.0 0.1 0.2 03 0.4

and evolves into a nonphysical and nonspectral real mode
(defined in [21]). Why a bound surface-wave-like mode can
Fig. 7. Behavior of the normalized phase constants of the surface-wave-lggist only in the lower frequency region can be explained by
mode as a function of the normalized frequencies. . . . .
the concept of effective dielectric constant. First, we assume
the substrate is not thick enough to support higher order
surface waves. We then divide the slotline structure into two

control of the radiation band is dominated by the width of the

conductor planes and is relatively unaffected by the variationg ons: One 15 the inner region, the ungrounded dielectric-

of the slotwidth. This phenomenon is quite different fron’?l.ab region, and t_he othgr is the outgr region, the grounded
d(llelectrlc—slab region. In inner the region, there are g,

that of the infinte conductor planes cases in Section I, an . .
it comes from the fact that the fields distribute less in th nd theTMo modes, S0 .the region supports hybrid modes. In
e outer region, there is only tHEM, mode. In the lower

inner ungrounded dielectric slab, as shown in Fig. 5, resultii ion. the effective dielectri tant of Thd
in little contribution in the variation of mode properties by th quency region, the efiective dielectric constant o 0
mode in the outer region is smaller than that of g, mode

slotwidith. in the inner region, but larger than that of tH&\; mode
in the inner region. Since the inner region supports hybrid
modes, the effective dielectric constant of the inner region
can be larger than that of the outer region. It results in the
In slotlines assuming a magnetic-wall symmetry plane, thef@ct that the surface-wave-like mode can be a bound mode in
exists a surface-wave-like mode besides the first higher ordle¢ lower frequency region. However, in the higher frequency
mode. The surface-wave-like mode can exist down to d&gion, the effective dielectric constant in the outer region
therefore, it is the dominant mode of the slotline structure withbecomes larger than that in the inner region. It results in the
a symmetric magnetic wall. When the desired first higher ord&ct that the surface-wave-like mode cannot be a bound mode
mode is excited as a leaky-wave line source, this surface-wairethe higher frequency region. The typical field distribution of
like mode might be inadvertently excited as well. This wilthe surface-wave-like mode in slotlines with infinite-conductor
cause power loss and crosstalk with neighboring circuits. ptanes is shown in Fig. 8. Except for the field near the slot,
avoid this undesired phenomenon, the propagation properties field distribution is similar to that of th&M, mode, but
of this surface-wave-like mode have to be fully understoodexponentially decays in the transverse direction. The variation

h/ Ao

IV. UNDESIRED DOMINANT MODE:
THE SURFACEWAVE-LIKE MODE
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Fig. 9. The electric-field distributions of the surface-wave-like mode of the
slotline with finite-conductor planes.

0.3

of field distribution due to different operational frequencies,
dielectric constants, and slotwidth are expressed in detail in
[20] and will not be reiterated here. o2l =— _’i_lh

The field distribution of the surface-wave-like mode in the 3 :;om.:sh-osssmm longitudinal
slotline with finite-conductor planes is also similar to that of g tr2.28 o13GHz - f;‘;:::rse
the TMy mode of the grounded dielectric slab, as shown in g current
Fig. 9. This surface-wave-like mode can be treated as the 01l
special case of the coplanar waveguide without the center
strip in [22]. The only difference between this surface-wave-
like mode and that in the cases of infinite-conductor planes is
the truncation of the conductor planes. The perturbation due "'0_5

to this truncation results in the fact that the surface-wave-
like mode becomes more dispersive and does not terminate (b)

in the higher frequency region, contrary to what happens . 10. The equivalent-surface magnetic-current distributions on the center
the surface-wave-like mode of the infinite-conductor plane®t region of (a) the surface-wave-like mode and (b) the first higher order
cases shown in Fig. 7. The phenomenon can also be explaiff@ge °f slotine with infinite-conductor planes.

by the concept of effective dielectric constant. Additionallyyis¢ripyte in a way that the fields slowly decay in the transverse
the surface-wave-like mode becomes more dispersive if gection. It results in the fact that the surface-wave-like mode
dielectric constant and slotwidth is increased. However, i yifficult to become excited by a highly bounded mode such
the conductor planes are large enough, the surface-wayghe microstrip-line mode and the CPW mode. Therefore, the
like mode becomes less dispersive and has field distributigiathod in [18] can still be employed to efficiently excite the
more similar to that in infinite-conductor-planes cases, singgst higher order mode if the slotwidth is not too large. (the
the fields exponentially decay transversely and the truncatigg|ds distribute closer to the slot edge when the slotwidth is
causes very little influence. large, as indicated in [20]). Fig. 11 shows the electric-current
As described above, in slotlines with finite or infinitegjstributions of the surface-wave-like mode and the first higher
conductor planes, there is an undesired dominant surfageder mode on the finite-conductor planes in slotlines with
wave-like mode. To design an efficient feed for the leaky-wavgite-conductor planes. The current distributions are different
first higher order mode, we would like to suppress this surfacRom each other. For the first higher order mode, the transverse
wave-like mode. Since it has the same symmetry propegMrrent is large and the symmetric properties to the center
with the first higher order mode, it cannot be suppressed By conductor plane is opposite. Thus, the combination of the
employing different symmetry properties of the modes, as wasethods in [5] and [18] can further improve the excitation ef-
done in [18]. Inspection of the field and current distributiongiciency. Since there are much smaller longitudinal currents of
of the undesired modes and the first higher order modgg first higher order mode near the center of finite-conductor
are then necessary to find a way of designing an effectiganes than other places, a sequence of slits on the positions
feeding structure for the first higher order mode. Fig. 10 showgere the minima lie will cause little influence on the traveling
the equivalent magnetic-current distributions of the surfacefthe first higher order mode, but strongly perturb the traveling
wave-like mode and the first higher order mode on the slof the longitudinal current of the surface-wave-like mode [5].
interface in slotline with infinite-conductor planes. Although
the current distributions are similar, the field distributions in
the grounded dielectric-slab region, as shown in Figs. 2 andin order to prove the existence of the slotline first higher
8, are different. The fields of the surface-wave-like moderder mode and validate our numerical results, two types of

V. MEASUREMENT
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Fig. 11. The electric-current distributions on the right conductor plane of (Q?G microstrip-fed structure is better. This is due to the fact that
the surface-wave-like mode and (b) the first higher order mode of the slotlif@ost power of the CPW dominant mode is in the slot region,
with finite-conductor planes. where the electric field is polarized almost transversely and
does not match that of the slotline first higher order mode in
the slot region. For these feeding structures, we have done
several experiments. It is found that the feeding efficiency
of the CPW-fed structure is hard to be improved by varying
the impedance of feed line, but the feeding efficiency of the
/ (vemppea sy MUCTOstrip-fed structure can be improved by tuning the width
2.2, heb 508m e and length of the feeding line as the slotline-fed microstrip

@ (b) leaky-wave antenna in [18]. It is also observed in Fig. 13 that
Fig. 12. The proposed feeding structures for excitation of the slotline firtsrt]ere aré no ObVIOUS, dips of return loss resu'_tmg from the
higher order mode. (a) The CPW-fed structure. (b) The microstrip-line-fd@sonance of the excited bound surface-wave-like mode. The
structure. dip shown in Fig. 13 is due to the coupling effect between

the microstrip-line dominant mode and the slotline first higher

excitation are used, as shown in Fig. 12. Fig. 12(a) showgler mode, since the dip can be changed by varying the
the CPW-fed structure, with the CPW being placed on tiverlap length of the microstrip line in our experiment. It
same side with the conductor planes of the slotline aredicates that the surface-wave-like mode is hard to be excited.
directly feeding the slotline. Fig. 12(b) shows the microstripFhe antenna length is chosen so that more than 85% of the
fed structure, with the microstrip line being placed on thpower carried by the slotline first higher order mode is radiated
opposite side with the conductor planes of the slotline ariglone trip. Obvious resonance phenomenon of the slotline first
feeding the slotline by a overlapped stub. In the CPW-fdtlgher order mode does not happen in our experiment.
structure, we use a 5Q-CPW to feed the slotline first higher For clear exhibition of measured radiation pattern, the
order mode. In the microstrip-fed structure, we use &50-geometry and coordinates of the antenna is shown in Fig. 14.
microstrip line and taper the line to twice the width, then feetihe E-plane {;>-plane in Fig. 15) radiation patterf&y) is

the slotline first higher order mode. One-port measurementdgpicted by the dashed line in Fig. 15. The solid line in Fig. 15
the structures in Fig. 12 is shown in Fig. 13. It is shown thaepresents the radiation pattern calculated by assuming the
the excitation of the CPW-fed structure is not very good, bstotline as an ideal traveling-wave line source with amplitude
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VI.

Propagation characteristics of the slotline first higher order
mode are thoroughly investigated in this paper. Very different
propagation characteristics are found in the first higher order
modes of slotlines with finite- and infinite-conductor planes.
In slotlines with infinite-conductor planes, the attenuation
constants of the first higher order mode are very large in
the radiation region due to more power being leaked into
the TM, surface wave of the background conductor-backed
dielectric slab. The phase constants of the first higher order
mode are larger in the radiation region, which implies that
the leaky-wave line source has a narrower scanning range.
The operational frequency of the leaky-wave line source is
dominantly controlled by the width of the slot. In slotlines
Fig. 15. TheE-plane radiation patterns obtained by our experiment and ideglith finite-conductor planes, the attenuation constants of the
line source formula. { = 18 GHz, /ko = 0.9913, o/ ko = —0.0338). first higher order mode are smaller in the radiation region due
to less power being coupled ¥, andTM, surface waves of
the background dielectric slab. The phase constants are smaller

CONCLUSION
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. f(GHz) B/ a/k0 . _ . o .
8 ( 14) %_9472 a0_0565 in the radiation region, which implies that the leaky-wave line
Z ° 15 09625 0.0473 source has a wider scanning range. The operational frequency
; or 16 0.9747 0.0414 of the leaky-wave line source is dominantly controlled by the
c . 17 0.9841  0.0371 width of the finite-conductor strips. Propagation characteristics
S ° 18 09913 0.0338 : : :
T L8l of the surface-wave-like modes in slotlines are also presented.
= ° Examination of the current and field distributions suggests
E g efficient excitation methods for the leaky-wave line sources
_—é 26| O measurement o baged on the slotlilne. Two types of ex_citation are used to
g o formula o validate our numerical results and confirm the existence of
the slotline first higher order mode. Experimental results show
24 \ k that the main beam direction coincides with that predicted by
13 15 17 19 numerical data. To conclude, understanding of the propagation
requency (GHz)

characteristics of the slotline first higher order mode is still
Fig. 16. The mainbeam directions of the slotline leaky-wave antenna wigpt enough to use the slotline first higher order mode as
different operational frequencies. . . . . . .

an efficient leaky-wave line source. The investigations of

the efficient feeding structures are also necessary, and these
attenuation along the line included. The formula is as followiavestigations are currently in progress. The results of which
[23]: will be presented in the future.

Ey, = sinQ(G(J(kO cosb—f)—a)l _ 1)/((g(kocosf — B) — o)

(1)
. . [1] R. C. JohnsonAntenna Engineering HandbookNew York: McGraw-
where! is the length of the line source (the antenna). We = nj, 1993
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