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Characteristics and Design of Broadside-Coupled
Transmission Line at a Higher Order Leaky Mode

Kuo-Feng Steve Huan&tudent Member, IEEEBNd Ching-Kuang C. Tzuangellow, IEEE

Abstract—The aim of this paper is to provide: 1) a detailed reported [9]. This study found that the number of first higher
description of the higher order leaky modes of the much-used order leaky modeg £ H,) equals the total number of mi-
broadside-coupled microstrips and 2) demonstrate the practical ostins (excluding the ground plane). This result is consistent

application of such leaky modes as an antenna. A representative ith th led de th lied | llel led
broadside-coupled transmission-line structure is examined to wi € coupled-mode theory applied In paraliél-couplé

elucidate the detail of leakage effects at higher order of multilay- Microstrips at higher order [10].
ered three-dimensional microwave and millimeter-wave circuits. One most common application of microstrips at higher

Two-layer cases are analyzed from a physical perspective and the grder is the leaky-mode antenna, which is quite suited to
total number of first higher order leaky modes is found to be equal planar realization [11]-[13]. The radiation performance of the

to that of microstrips. leak d t is k tod dst | th |
One of the two first higher order leaky modes obtained in the eaky-mode antennais knownto aepend strongly on the compiex

two-layer case is weakly attenuated, while the other is strongly Propagation constant= - ja, whereg is the phase constant
attenuated. A high-gain narrow-beam leaky-mode antenna anda is the attenuation (leaky) constant. The beam-afigle

using only the weakly attenuated leaky mode is designed and (angle of the radiation main beam from broadside) can be
measured as an application of this broadside-coupled structure, determined directly fronB(6,, ~ Sin—l(ﬂ/k ) [11] in case

exhibiting a marked beamwidth reduction of 60%. This antenna . I h the leak d t has the ability of
is the first Yagi—Uda-like array antenna that utilizes the higher ¢ IS small, hence, the leaky-mode antenna has the abiiity o

order leaky modes of the microstrip, for which the three basic frequency scanning.

elements—driver, reflector, and director—are stacked in the The value ofx is related to the directivity of the leaky-mode
broads.ide. direction. The aﬁenuation ratg can be further reduced antenna. The radiation pattern of the |eaky microstrip can be es-
by adjusting the strip width of the director. The half-power ohjished using the equivalent-surface magnetic-current method
beamwidth of the leaky-mode antenna applying two-layer broad- . -
side-coupled microstrips with a wider top microstrip is measured [14]. If the leaky-mode antenna is long enough. to rgdlate ab,OVG
to be 2.10 at 25.2¢ from the broadside at 34 GHz. 90% of its power, then the half-power beamwidth in elevation

Index Terms—Antenna arrays, high gain, multilayered, narrow can be simply represented as [14]

beam.
a/k,

~ 1% 1
0.183 - cos b,, (@)

0348
|I. INTRODUCTION

ROADSIDE-COUPLED line structures have been confduation (1) shows that the half-power beamwidth in elevation
B prehensively investigated and extensively applied in rece?ffcomes much wider as the radiation main-beam approaches the
decades [1]-[6]. This structure makes circuits more compadid side (i.e.¢,, — 90°). However,a: comes to dominate the
and flexible, and is naturally adaptable to multilayered strué@diation beamwidth since the_ cos.ine func_tion is r.elatively flat
tures. Despite limited in knowledge of higher order effects, tfVer0° < #m < 45°. As shown in this equatiofs g is almost
analyses of these structures focus primarily on the dominaHgectly proportional tar, especially whe,,, approaches the
bound modes and do not address the potential leaky properfgdadside (i.e.f,, — 0°). Restated, the antenna beamwidth
when the layered integrated circuits are partially or completeiglls and the directivity of the antenna rises as the attenuation
open. constanty decreases.

A few studies consider the zero-cutoff leaky modes in a Jackson and Oliner [15] and Jackseinal. [16] stated that
transversely open symmetric structure with an air gap in tifee excitation of weakly attenuated leaky waves contributes
form of surface waves [7]. Apart from these companion types §t the antenna gain enhancement of a multiple-layer dielec-
modes, which are leaky, but carry dominant-mode-like mod$IC Structure. These weakly attenuated leaky waves can also
currents [8], the higher order leaky modes on the completéhfist in many dielectric waveguide structures with periodic
open broadside-coupled microstrips embedded in the stratifigfturbations [17]-{19]. Such leaky structures, showing gen-
substrates above a common ground plane have recently b€ adjustments in the size and period of perturbation, can

achieve small when the radiation main beam is still far from
. . . _ _ he end side; high-gain narrow-beam leaky-wave antennas can
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Fig. 2. Normalized phase constanigk, (solid line) and the normalized
Y-axis attenuation constanta/k, (dashed line) against frequency of two-layer
broadside-coupled microstrips. The leaky mode (nearly in-phase) and the
~2 leaky mode (nearly out-of-phase) are marked with squares and circles,
respectively.

wider top microstrip can further reduce and 6345 to an
extremely low value. In this paper, this weakly attenudidd,
mode is purely excited to construct a high-gain narrow-beam
leaky-mode antenna.

The remainder of this paper is organized as follows. Section I
thoroughly investigates the broadside-coupled transmission line
at higher order from the following three perspectives:

(b) 1) dispersion characteristics;

Fig. 1. (a) Proposed two-layer broadside-coupled microstrips. The 2) mOdf’J‘I currents; . . o
width W, = W, = W of either microstrips is 2.5 mm, the thickness 3) detailed observation of the field distributions.

Iy = T, = T of the substrates is 0.254 mm, and the relative dielectrigaction ||| describes the design procedure of the reported
constants,.;, = ¢, = ¢, is 3.0. Both microstrips of infinite length are . . . . .
centered at thé”-axis. (b) Coordination system. high-gain leaky-mode antenna using broadside-coupled mi-

crostrips, as well as the simulated and measured results.
Fxgeriments reveal that the reported antenna can control the
i\?tenuation rate. Section IV summarizes the results and presents

T%oenclusions.

This paper presents a new leaky-mode antenna that app
two-layer broadside-coupled microstrips, as shown in Fig.
the antenna can also achieve a low attenuation rate.
antenna can be easily integrated with the RF front-end circuits
using a conventional printed circuit board (PCB) fabrication
process, as the broadside-coupled structure is natively planar and
multilayered. In these two-layer broadside-coupled microstrips,The complicated laterally and multiple multilayered
the attenuation constantfor one of the twoE H; modes falls transmission lines are reduced to an inhomogeneous broad-
after coupling in relation to corresponding values/fThat side-coupled microstrips structure, as seen in Fig. 1. In this
is, the reported leaky-mode antenna can be electrically loognfiguration, width, center position, substrate thickness, and
and the antenna gain can be enhanced by decredsing substrate dielectric constant for both microstrips are assumed
For this weakly attenuated H; mode, the current flowing identical for further simplification of the problem. The width
on the top microstrip is lower in magnitude and opposite iI#; = W, = W of either microstrips is 2.5 mm and the
direction to the current flowing on the bottom microstrip. thicknessl; = 15 = T of the substrates with relative dielectric

Array theory [20] dictates that the radiation of this arragonstant,; = ¢, = ¢, of 3.0 is 0.254 mm. The microstrips
antenna iglirectedfrom the bottom microstrip toward the topof infinite length are centered at thé-axis. Notice that the
microstrip. Furthermore, the energy radiated from these twabstrate thickness of 0.254 mm with low dielectric constant
microstrips is completelyreflected from the ground plane, of 3.0 is often the choice for millimeter-wave modules and
yielding a single beam. Thus, the reported leaky-mode anterindrids.
can be considered as the simplest three-element Yagi—Uda-likd he full-wave integral-equation method is invoked to obtain
array antenna, including a driver (bottom microstrip), reflectdawo leaky modes at the first higher ordgF H,), namely,y;
(ground plane), and director (top microstrip). As for the typicand~:, spanning the whol& a-band (26—40 GHz), as shown in
Yagi-Uda antenna, a better radiation (for higher directivitygig. 2. A total of twoF H, leaky modes is searched, confirming
can be achieved by controlling the geometric parameters afr expectation that the number 8tH; leaky modes should
the two microstrips. Section Il demonstrates that a slightlyqual that of the microstrips [10].

Il. CHARACTERISTICS OF TWO-LAYER
BROADSIDE-COUPLED MICROSTRIPS
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Fig. 3. Modal current distributions of the mode on the top (solid line) and bottom (dashed line) microstrips at 31 GHzy,Thmdal currents flowing on the
top and bottom microstrips are nearly in-phase (with a phase difference°gféhd differ in magnitude by a ratio of 1:0.65. (a) The real partsyfor(b) The
imaginary parts fory; . (c) The real parts fot,. (d) The imaginary parts for; .

Fig. 2 shows the normalized complex propagation constamtsgitudinal (transverse) current distributions that exhibit odd
v1/ko andva/ko, wherey; = 1 — jai, 72 = B2 — jag, and  (even) symmetry about the centeakz-plane. The solid lines
ko = 27m/Xo. Ao Is the free-space wavelength. The leaky in the figures all represent the currents that flow on the top
mode occupies the lowéft a-band. Its cutoff frequency beginsmicrostrip, and the dashed lines represent those on the bottom
around 33.5 GHz where the normalized phase congtafity, microstrip. The~y; modal currents on the top and bottom
crosses unity and the normalized attenuation constapit, microstrips are nearly in-phase (with a phase difference of
becomes nonzero. Thg, mode spans the highdka-band, 5.4°) and out-of-phase (with a phase difference of 18p.1
between 33-40 GHz. Togethey; and v, cover the whole for the v mode. Notably, the broadside-coupled structure is
Ka-band, representing a bandwidth considerably larger thathomogeneous and nonsymmetric in the broadsidex{s);
that of a typical microstrip leaky line at higher order [11]. Asherefore, they; and~, modes can not exhibit either even or
shown in Fig. 2, both the distributions 8f anda; are much odd symmetry. Thus, the modal currents on the top and bottom
flatter than those of; andas. The normalized phase constantsnicrostrips differ by 35% and 34% in magnitude for the
B1/ko at point P and 52 /ko at P’, as shown in Fig. 2, are andv, modes, respectively. Paralleling to the terminology for
both 0.7, where the normalized attenuation constantt, bound modes of coupled microstripg, and -, the higher
(approximately 0.02) is much lower than / ko (approximately order EH, leaky modes, correspond to tf¥e and 3. modes,
0.19). The value ofiy / ko remains below 0.1 over the frequencyrespectively.
range of 32.5-40 GHz, whef /&, increases from 0.1 to 1.0, The electric and magnetic fields of thge mode at 29 GHz on
revealing thaty, can establish a wide-band antenna with a gretite transverse plari& = 0) are plotted in Fig. 5(a) and (b), and
scan range. the normalized phase constéfit / ko) is 0.70 at this frequency.

Without loss of generality, the modal currents of theand Similarly, Fig. 6(a) and (b) illustrates the electric and magnetic
~v2 modes at 31 GHz are verified as being of &/, type, as field of the v, mode at 34 GHz, wherg,/k, is 0.52. Since
shown in Figs. 3 and 4, respectively. Both metal strips hatlee fields due to thé’ H; modes are antisymmetric against the
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Fig. 4. Modal current distributions of thet mode on the top (solid line) and bottom (dashed line) microstrips at 31 GHzy.Timdal currents flowing on the
top and bottom microstrips are nearly out-of-phase (with a phase difference of°)&mtl differ in magnitude by a ratio of 0.66: 1. (a) The real parts)for
(b) The imaginary parts fof.. (c) The real parts fof.. (d) The imaginary parts foy..

vertical central planezf«-plane), which is equivalent to a per-theorem [21], we may insert a PEC plane between the two mi-

fect electric conductor (PEC) plane, only the fields on the rigletostrips without changing in the fields. Careful observation on

half-plane are shown in Figs. 5 and 6. the transverse fields shown in Fig. 6 reveals that the equivalent
Fig. 5(a) indicates that the electric field of the mode PEC approaches the top microstrip, which is equivalentto the re-

concentrates near the edge of the microstrips. The electric-fieldiction of substrate thickness. This is why the dispersion curve

lines are directed upwardly and downwardly from the topf the y» mode moves to higher frequency than that of the

microstrip. Fig. 5(a) and (b) also reveals that the electric amtode.

magnetic fields in the sandwiched dielectric layer;) have

smaller amplitudes than those in the bottom dielectric l&yep IIl. NARROW-BEAM L EAKY-MODE ANTENNA

because the fields induced by the top and bottom strip oppose )

and reduce each other. However, the total electric field stit Design and Measurement

points downwards since the magnitude of the current flowing onAs stated in Section |, the directivity of the leaky-mode

the top-layer strip is greater than that on the bottom-layer strgmtenna is related to the attenuation constanThe antenna

In contrast, the electric fields induced by the two microstriggzeamwidth falls and the directivity rises as the attenuation

are equally directed in the bottom dielectric layer, such thabnstant decreases. Section Il showed that a weakly attenuated

the total electric field is their sum and is greater than th&aky mode, i.e.;,, can exist in the two-layer broadside-cou-

in the top dielectric layer. pled microstrips. Thus, high-gain leaky-mode antennas can be
The electric and magnetic fields of the mode [see Fig. 6(a) realized with they, mode due to the reduction i

and (b)], however, concentrate in the region sandwiched by theExperiments are carried out for obtaining the radiation

two microstrips. The electric fields emanated from the top méharacteristics of the conventional isolated microstrip and the

crostrip terminate on the bottom microstrip in agreement witivo-layer broadside-coupled microstrips. Firstly, an isolated

the nearly out-of-phasg, modal currents. Applying the imagesingle-layer microstrip is fabricated as a control experiment.
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Fig.5. Transversal: (a) electric-field and (b) magnetiéf -field distributions  Fig. 6. Transversal: (a) electric and (b) magnetic field distributions ofythe
of the v; leaky mode (approximately in-phase); strong field distributioeaky mode (approximately out-of-phase).

underneath the bottom microstrip suggests the near in-phase modal current

distributions for top and bottom microstrips.

simplest three-element Yagi—Uda-like array antenna, including

A 50-mm-long microstrip of width 2.5 mm is placed ona driver (the bottom microstrip), reflector (the ground plane),
the 0.254-mm (10-mil)-thick Duroid substrate with relativeand director (the top microstrip). The space distance between the
dielectric constante,.) of 3.0. The feeding network consists oftop and bottom microstrips (approximately 0.85), however,
a microstrip power divider, followed by two paths made of & much smaller than,/4 (the regular value between the first
1/4 ), and 3/4), lines of appropriate characteristics impedanaeflector and the driver elements of a typical Yagi-Uda antenna
[22]. The phase difference of the two paths results in°18@rray). Consequently, the coupling between the microstrips is
out-of-phase at the differential inputs of the leaky line. Thuspuch stronger and both of the nearly in-ph&gg) and out-of-
the vis,1 mode (isolated microstrip with substrate thickness gfhase(y2) modes could be excited simultaneously by exciting
0.254 mm)visol = Bisol — Jisol, IS properly excited. the bottom microstrip only. Applying the well-known even—odd

One additional dielectric layer of the same thickness gand mode analysis, the power ratio of 0.1-0.9 betweenthend~-
and a metal strip with the same width are stacked vertically omodes can be obtained. That is, only 10% of the input energy is
the isolated microstrip. However, both the top and bottom stripsansferred into the; mode, which is bounds/ky > 1) in the
lengths are greatly extended to be 120 mm sinde reduced operating frequency band of the mode, and the power of the
after coupling. Care must be exercised to excitethenode ~; mode is wasted. In order to reduce the power loss and focus
of Fig. 2. As mentioned in Section I, the two-layer broadsidenly on the interestegh mode, the designed antenna is directly
coupled microstrips shown in Fig. 1 can be considered as tieel on both microstrips.
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Fig. 9. Theoretical, simulated, and measured half-power beamwidth against
normalized phase constant$/k, for the leaky-wave antenna applying
two-layer broadside-coupled microstrips and the isolated leaky microstrip.

Y-axis (mm)

the other modes, such as the bound modes and surface-wave
leaky modes, are relatively small in magnitude and are neg-

Zeaxis (mm) ligible under the excitation. The power ratio of to v, is

(b) 1:0.11, showing that the designed antenna can radiate around
Fig. 8. Simulated modal currents flowing on the: (a) top and (b) bottoi@9% Of the energy into space, of which the value is close to the
microstrip of the reported leaky-wave antenna. required 90%, as stated in Section I. If the antenna is longer,

the amount ofy; falls, while the aperture efficiency gets a little

Fig. 7 shows the layout graph of this two-layer structure. Worse [14]. The normalized phase constantspfand~;" are
50 transmission line is power divided into two paths abiding-04 and 0.67, agreeing closely with the results displayed in
the power ration 0f0.66)2 to excite only they, mode. The Fig. 2. The energy carried by’ is found to be only 0.98% of
first path is again evenly power divided into two paths of 1gathat carried byy;"; hence, they, mode is shown to be dominant
phase difference to excite the bottom microstrip. The secolitithe reported leaky-mode antenna.
path, while properly designed to support differential inputs at Fig- 9 presents the theoretical (full-wave integral-equation
the top microstrip, is further delayed by 186.1 method), simulated (HFSS, Ansoft) and measured radiation
Fig. 8 displays the simulation results of the modal currenfgsults. The half-power beamwidtff; 45) on the H-plane
that flow on the top and bottom microstrips at 35 GHz from thélevation plane oz—z-plane) is plotted against the normalized
three-dimensional (3-D) commercial software, HFSS of Ansofhase constant/k, to fairly elucidate the gain-enhancement
The arrow points to the direction of the current flow and theffect. The solid line represents the theoretical result [referring
length of the arrow is directly proportional to the magnitude ¢P (1)] and reveals tha; 45 decreases ag increases. The
the current. Fig. 8 shows only the first 20 mm (approximateli?’s represent the simulated results and the circles represent
1.5 ),) since the leaky-mode antenna is a traveling-wave aihe measured results. These three results agree closely with
tenna and the modal currents are distributed periodically alofigch other. Comparing the results for themode with those
the metal strip, excepting the energy decays exponentially. T the viss1 mode reveals a significant reductionfipqs. The
distributions of longitudinal (transverse) currents that flow ofalf-power beamwidth of the, mode is only approximately
the two microstrips are both oddly (evenly) symmetric abod0% of that of theyi;o; mode over0.3 < 3/ky < 0.7.
theY = 0 plane, showing that the first higher ordgf H)
leaky mode is well excited. The currents that flow on the wh-
microstrips are in opposite directions and the magnitude of theAs mentioned above, a reduction in the attenuation constant
current on the bottom microstrip exceeds that on the top mi-can support a high-gain narrow-beam leaky-mode antenna.
crostrip, establishing that the mode dominates according tolt is pointed out in [14] that the decline in and beamwidth
the designed feeding network. can be related to a thin substrate or one with a low dielectric
The waves that propagate along the transmission line caonstant. Finely tuning the thickness or dielectric constant of
be extracted from the modal current distributions in Fig. 8 bgubstrates, however, is difficult, as the microwave substrates are
invoking the matrix-pencil technique [23]. Four modes, two fordsually made according to commercial specifications. The sub-
ward traveling waves;", 5~ and their corresponding backwardstrates with quite a thin thickness or low dielectric constant are
traveling wavesy; , vy, contribute much to the total field, while typically very fragile and expensive. This section shows that the

Control of the Attenuation Rate
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Fig.11. Measured far-field radiation pattern in the elevation plane-plane)
cut of the reported leaky-mode antenna with a wider top microstip (=

Normalized Phase Constant ( Prko ) 575 mm. - 2.5 mm)
L8 ,Wo = 2.8 .

Fig. 10. Normalized attenuation constants/k, against normalized phase . . .
constants3, / ko of they, mode due to the variation div; (width of the top The energy loss mainly comes from the mismatching loss and

microstrip). material losses (conductor loss plus dielectric loss). The return
loss is measured to be lower thari5 dB from 32 to 36 GHz

attenuation constant can easily be reduced dramatically bfhowin'g a bandwidth of 11.8%. However, the material losses
controlling the width of the top microstrip. are difficult to measure from experiment; hence, only simula-

. . . tion results are mentioned as budget analyses. The conductor
Fig. 10 presents the normalized attenuation constaf¥, of . 3 . .
. . ielectric) loss of the reported electrically long antenna is
the~y, mode (the mode with approximately out-of-phase mod ; S .
. . ; . established to be 8.4% (3.6%), which is the difference between
currents) for variou$l; (width of the top microstrip) versus the : -
) e the cases of ideal and actual conductivity (loss tangent). Several
normalized phase constafyt/ k. The solid line in Fig. 10 rep- .
measurements show that this antenna can scan frérto20®

resents the case &F; = W, and shows thads /k, decreases

asf2/ko increases. When the width of the top microstrip is inWIth faas below 3, establishing that this leaky-mode antenna

creased by 10%;y is lower at a given3, as illustrated by the can scan a very wide range.
dashed line in Fig. 10. Restated, the radiation beamwidth can be
reduced by adjusting the width of the top microstrip according
to (1). The higher order leaky modes of broadside-coupled line

A leaky-mode antenna that employs two-layer broadtructures are investigated. Two-layer broadside-coupled mi-
side-coupled microstrips with a wider top microstrip arerostrip structures are considered, and the dispersion curves,
designed and measured to demonstrate a further reductigddal currents, and electromagnetic fields are comprehensively
of the beamwidth. The feeding network should be carefultfiscussed. The leaky region of this structure is much broader
designed to excite thg, mode. The theoretical value (usingthan that of a conventional isolated microstrip. The coupled
a two-dimensional (2-D) full-wave integral-equation method); /; mode with approximately in-phase modal currents always
of the normalized attenuation constamt/ko at 34 GHz is falls into a lower frequency band and should be treated carefully
found to be 0.0043, wherg/kq is 0.44 and), is 5.1 mm. in practical multilayered microwave integrated circuits (MICs)
The antenna length is 300 mm (3§ at 34 GHz), exceeding or monolithic microwave integrated circuits (MMICs).
217 mm to radiate above 90% of its power. Fig. 11 depicts This paper offers a practical design example of a leaky-mode
the measured radiation pattern along the entire elevation plafienna that invokes the couplééf; mode with approxi-
(H-plane,¢ = 0) from —90° to 9C¢° (from the broadside) at mately out-of-phase modal currents. This weakly attenuated
34 GHz. Clearly, since the proposed antenna is long enoughniede can be primarily excited to fabricate a high-gain
radiate almost all the input energy, no observable back lobenigrrow-beam leaky-mode antenna. However, the attenuation
found in this figure. The measuretl, (angle of the radiation rate can also be increased or decreased over a very wide range
main beam) is 252 agreeing very closely with the theoreticaby adjusting the ratio of the strips’ widths, showing a plain
value 26.2 of ¢,, obtained fromf,, ~ sin~'(8/k,). The approach to a highly directed antenna, which is important to
measured half-power beamwidihap is 2.1 atf,, = 25.2°, modern wireless communication systems.
also agreeing closely with the theoretical value®°fifsm (1)
and much narrower than that of the leaky-mode antenna with REEERENCES
equal microstripsfzqg = 11.2° atd,, = 25.2°). The result o o
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