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ABSTRACT In this paper, a class of single-layered multifunctional leaky-wave antennas (LWAs) with
flexibly engineered radiation and filtering characteristics are proposed and demonstrated for microwave
and millimeter-wave applications. Radiating discontinuities (RDs) exhibiting multiple resonances while
particularly possessing flexible model-control capability are exploited to accomplish such design freedoms
and multifunctionalities of LWAs. By properly engineering the resonance characteristics of RDs under
the mode-control principle, the attenuation constant of relevant LWAs can not only be freely tailored for
diverse beamwidth/directivity requirements, but also simultaneously maintain a flat frequency response
for radiation stability. Meanwhile, controllable filtering behaviors can be obtained as well by the LWAs
thanks to the transmission zeros introduced by resonances. Consequently, both the radiation and filtering
performances of LWAs can be adequately tailored by taking advantage of the mode-control capability
of RDs. Under this design concept, two types of LWAs based on substrate-integrated waveguide and
microstrip techniques are respectively developed for different system integration platforms. The substrate-
integrated waveguide LWA whose unit cells consist of different longitudinal slots is firstly examined.
Additionally, the microstrip LWA, which depends on stub-loaded resonators, is further investigated. The
proposed two LWAs are all with flexible engineered electrical behaviors, single-layer, low-cost, and easy
integration; they may be a potential candidate for various system applications such as 5G communication
and Internet of Vehicles.

INDEX TERMS 5G, beam-scanning, design flexibility, filtering antenna, Internet of Things (IoT),
Internet of Vehicles (IoV), leaky-wave antenna (LWA), mode-control, multimode resonator (MMR),

multifunctionalities, system integration.

. INTRODUCTION

EAKY-WAVE antennas (LWAs) have been well-known

for the unique frequency-driven beam-scanning capa-
bility, thanks to which they may find potential in system
applications such as wireless communications, real-time
spectrogram analyzers, and automotive radar sensors [1]-[2].
Most LWAs physically manifest periodic appearances and
are normally realized by periodically loading radiating dis-
continuities (RDs) along the host guides or transmission
lines (TLs). Among these LWAs, some using the fun-
damental space-harmonic for radiation are referred to as
quasi-uniform LWAs [3]-[9], while others employing the
higher-order (e.g., —1%-order) counterparts are termed peri-
odic LWAs [10]-[24]. Different from the above-mentioned

classifications that are conventionally based on the radiat-
ing harmonics or geometry, LWAs, however, can also be
classified into two basic groups from the perspective of res-
onance behaviors of RDs, i.e., single-mode resonator (SMR)
and multimode resonator (MMR) [24]. This is because var-
ious kinds of resonant structures are commonly used as
RDs to construct LWAs, such as slots [4]-[9], [13]-[15],
stubs [10]-[12], dipoles [16]-[18], patches [19]-[21], and
composite structures [22]-[24], etc. Notably, those RDs are
not just limited to enable host TLs radiative; their reso-
nance characteristics certainly have a significant influence
on the complex propagation constants of the leaky modes
or space-harmonics. Thus, they critically impact the elec-
trical performances of LWAs, such as the realization of
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FIGURE 1. A simplified illustration of 5G-enabled loV.

high directivity [10], stable radiation [11], [12], [22], [24],
and rapid beam-scanning [6], [15], [23], etc.

As one of the most significant application scenarios of
Internet of Things (IoT), Internet of Vehicles (IoV) has
recently experienced an unprecedented development thanks
to the emergence of 5G technologies [25]-[27]. 5G-enabled
IoV (5G-IoV) makes vehicle-to-everything (V2X) realizable
with significant benefits of latency, data speed, reliability,
and security, thanks to which autonomous driving devel-
opments will become practicable in the short future. As
a critical radio frequency (RF) frond-end component in such
5G applications (i.e., IoV), antennas implemented on the
host vehicles should be capable of providing a specific nar-
row and directive beam to each “user” (e.g., other guest
vehicles, pedestrians or infrastructures), as shown in Fig. 1.
Such required multiple beams (or beam-scanning) are usu-
ally realized by complicated beam-forming networks, costly
phase shifters, or computationally intensive back-end digital
signal processing techniques. Comparatively, beam-scanning
simply driven by frequency is a relatively cost-effective and
straightforward solution. Due to the features of simple feed-
ing, narrow directive beam, and unique frequency-driven
beam-scanning property, LWAs present a promising can-
didate, which have already been developed for automotive
radar sensors [28], [29] and may be deployed for prospective
5G-IoV applications. Nevertheless, a well-designed LWA for
potentially practical use should simultaneously have some
desirable merits and functionalities, e.g., adequate design
freedoms and flexibilities of electrical characteristics (radi-
ation and circuit performances), low-cost, easy fabrication
and integration, etc. To be specific, it is of great signifi-
cance and necessity for an LWA that can be customized in
terms of its beamwidth/directivity to meet different practical
specifications. Simultaneously, the LWA should also main-
tain stable beam-scanning performances so as to provide
uniform effective isotropically radiated power (EIRP) in the
field of view (FoV) of V2X communication. Moreover, it
would be better if this LWA can also be equipped with filter-
ing capability to reduce total circuit size and improve overall
front-end system performances (e.g., insertion loss, noise fig-
ure and dynamic range). Although a singular functionality
of LWAs such as radiation stability [11], [12], [22], [24] or
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FIGURE 2. Generalized equivalent circuit models of a periodic LWA. (a) Series
loading type. (b) Shunt-loading type. The radiating discontinuities (i.e., Z,y and Y,q)
can represent an SMR or MMR.

filtering characteristics [30]-[32] can be found in the open
literature, no reported works, to the best of the authors’
knowledge, have been specially dedicated to combining mul-
tifold functionalities such as radiation stability and filtering
behavior as well as flexible engineering capability into a sin-
gle LWA. More critically, practical industrial significance
of LWAs such as low-cost and easy fabrication/integration
properties should also be simultaneously taken into account
aimed for mass-production.

In this work, such kind of LWAs, taking advantage
of the flexible mode-control principle of RDs and simple
single-layer PCB processing, are developed for microwave
and millimeter-wave system applications. The main con-
tribution of this work is reflected on the artful use of
MMR-based RDs featuring flexibly controlled modes for
LWAs with good design freedoms and multifunctional
electrical performances such as manageable beamwidth, con-
trollable bandwidth/filtering characteristics, and stable radi-
ation. Different TL technologies such as substrate-integrated
waveguide (SIW) and microstrip are respectively exploited
as the host TLs, aimed for diverse system integration plat-
forms. An SIW LWA, whose unit cell consists of different
longitudinal slots exhibiting multiple independently control-
lable resonances, is first to be investigated. Comparatively, an
open-circuited stub-loaded resonator (OCSLR) with the sim-
ilar flexible model-control behavior is subsequently proposed
and implemented for a microstrip combline LWA. It is
demonstrated that by properly controlling the RD’s several
resonant modes simultaneously (i.e., the so-called flexible
mode-control), the attenuation constant of related LWAs
can be freely adjusted during which a stable frequency
response of it can always be maintained. This is not only
useful for LWAs to realize radiation stability, but also ben-
eficial to accomplish diverse beamwidth specifications as
well as wideband behaviors of low side-lobe radiation. On
the other hand, strong resonances of the RD will cut off
the whole transmission link of relevant LWAs and thus
introduce transmission zeros, exhibiting desirable filtering
characteristics in the frequency band of LWAs. Due to the
multifold benefits such as flexibly engineered radiation and
filtering characteristics, single-layer, low-cost, and easy fab-
rication/integration, the proposed LWAs may find potentials
in practical applications such as the 5G communication
and IoV.

Il. PROBLEM ANALYSIS AND DESIGN PRINCIPLE
For an LWA that is not tapered along its wave-propagation
direction, its radiation characteristics can be easily predicted
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by its complex propagation constants, namely the attenuation
constant @ and phase constant 8. For a periodic LWA using
the —1% order space-harmonic to radiate, its main-beam
direction 6, and 3-dB beamwidth A6 can be expressed by
the following equations [1], [2]

o/ko

Qm:sinfl E ,A 0O~
ko cos(0)

where ko and Ag are the free-space wavenumber and wave-
length, respectively. The 3-dB beamwidth A@ in (1) assumes
90% efficiency provided that there are no material losses,
and the remaining 10% of the injected power is absorbed by
a matching-load at the end (i.e., matching-load loss). It can
be seen from (1) that to realize various beamwidths of an
LWA customized for different application scenarios, its atten-
uation constant should be altered accordingly. It has already
been demonstrated in [24] that there is an approximate
one-to-one mapping relation between the RD’s normalized
resistance/conductance and the attenuation constant of the
related LWA, which can be expressed as

a —ln|:1 — re(é—rs)}/ZP or —ln|:1 — re(l;—r;i)}/ZP,

2

corresponding to the series-loading and shunt-loading circuit
models as shown in Fig. 2(a) and (b), respectively. Z,; and
Y,q represent the impedance and admittance of the loaded
RDs, while Zy and Yy denote the characteristic impedance
and admittance of the host TLs, respectively. P is the
period length of unit cells. According to (1) and (2), two
effective approaches can be used to control the attenua-
tion constant or beamwidth of an LWA: change either the
absolute resistance/conductance of the RD, or the character-
istic impedance/admittance of the host TLs. In general, the
realization of various attenuation constants for an LWA is
usually realized by resizing the RD and shifting its res-
onance close to or away from the design frequencies so
as to manage its absolute resistance/conductance value. For
example, by changing the length of the slot/stub/dipole, the
related resonance frequency and thus the attenuation con-
stant can be adjusted to facilitate a low side-lobe design
of the LWAs [6], [8], [9], [11], [17]. However, it should be
noted that although the attenuation constant can be altered
by shifting the resonance frequency of the RD, it is hard for
these relevant LWAs to simultaneously hold a flat frequency
response of the attenuation constant over the frequency band
of interest. Thus, the design freedoms and flexibilities as
well as the electrical performances of LWAs have to be
compromised to some extent. This is especially true for
SMR-related LWAs [24]. To make matters worse, a further
deterioration of radiation fluctuation would be encountered
when requiring a larger attenuation constant in these LWAs.
The reason for this is easily understood since such a sit-
uation usually needs to shift the RD’s resonance closer to
the design frequency band. Thus, a more dramatic varia-
tion would occur for the resistance/conductance properties
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FIGURE 3. Mode-control principle for the design flexibilities and multifunctionalities
of LWAs. Curve peaks can represent either series- or shunt-resonances,
corresponding to the conductance or resistance case accordingly. While the #1 is
referred to as the reference, the #2 is with an increased frequency distance of
resonances and the #3 has the reverse situation.

of such an RD as well as for the radiation behaviors of
associated LWAs over frequencies.

Recall that in our RF/microwave communities resonance
behaviors are always crystallized in a periodic manner over
the frequency domain thanks to the periodic essence of
time-harmonic electromagnetics and specific boundary con-
ditions [33]. Because of this, a simple resonant structure
such as a dipole, slot, stub, and patch naturally possesses
several resonant modes over frequency as simply illustrated
in Fig. 3, and these multiple resonances may be simultane-
ously used for operations such as the design of multiband
or wideband antennas [34]. Nevertheless, in most cases,
only one of these modes (usually the fundamental one) is
used for operations because it is easier to manipulate only
one mode at a time compared to the simultaneous con-
trol of multiple modes. This partially explains why most
of resonant structures are usually under the treatment of an
SMR in some typical applications like those LWAs with
a low side-lobe design [6], [8], [9], [11], [17]. Interestingly,
multiple simple structures with each donating only one of
its modes can also be combined to constitute a compos-
ite structure presenting MMR behaviors like Fig. 3, such as
the well-known magneto-electric dipole and aperture-coupled
patch [22], [24], [35]. Notably, even though MMR-based
RDs can be adopted to construct LWAs for radiation sta-
bility like the works in [22] and [24], the design freedoms
and flexibilities of diversified beamwidths while maintaining
the radiation stability are still difficult to be simultaneously
realized, since this requires that several resonances of the RD
could be flexibly controlled to stabilize the normalized resis-
tant/conductance curve over the frequency band of interest
as revealed in Fig. 3. Obviously, to realize a changeable
resistance/conductance value while simultaneously keeping
its flat frequency response, the two relevant strong reso-
nances (i.e., curve peaks in Fig. 3) of the MMR-based
RD should be engineered on the beat. In other words,
the flexible-mode control capability should be equipped for
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FIGURE 4. Traditional longitudinally slotted SIW LWA unit cell with a single slot [36].
(a) Geometry. (b) Norton equivalent circuit model. The longitudinal slot is simply
modeled as a series RLC resonator that is parallel-connected into the SIW, similar to
Fig. 2(b). In (b), /g denotes the current source, and it also represents the transverse
currents flowing on the broad wall of the SIW. Yg is the source admittance, which is
equal to the characteristic admittance of the SIW, i.e., Yo The slot’s admittance is
represented as Ys.

the RD. Since the resistance/conductance value is normally
related to the frequency locations of the two strong res-
onances, they can be controlled to be far away from the
center frequency to lower the resistance/conductance value
of the RD and thus the attenuation constant according to (2).
Contrastively, improved radiation leakage can be achieved
by shorting the frequency distance of such two modes. In
both cases, stable frequency response can always be held if
frequency locations of the two modes are kept symmetri-
cal about the center frequency. It is interesting to mention
that another significant benefit of the flexible mode-control
principle illustrated in Fig. 3 can be found in LWAs’ low
side-lobe design over a wide bandwidth. This is because in
this case the attenuation constant distribution along the leaky
structure according to a specific aperture illumination would
be frequency-independent, which cannot be meet by most
of current low-side lobe designs [6], [8], [9], [11], [17]. On
the other hand, when relating the resonance behaviors illus-
trated in Fig. 3 to the LWAs’ equivalent circuits shown in
Fig. 2 (a) or (b), it can be found that the two strong reso-
nances, which represent shunt-resonances in the impedance
case or series-resonances in the admittance one, would
respectively behave as “open” in Fig. 2(a) or “short” in
Fig. 2(b). Thus, such two strong resonances can turn off the
energy transmission and produce two relatively symmetrical
transmission zeros or stopbands in LWAs [33]. These stop-
bands can be potentially used to control operating bandwidth
of the periodic LWAs. Namely, the operating bandwidth
of the periodic LWAs can be flexibly adjusted by resort-
ing to the MMR-based RDs featuring flexible mode-control
capability. In conclusion, the resonance behaviors of an RD
should have the merit of flexible mode-control capability for
prospective LWAS to simultaneously realize stable radiation,
manageable beamwidth, and controllable bandwidth/filtering
behaviors. This kind of LWAs featuring such design flex-
ibilities and benefits will be investigated and developed in
the following sections.

lll. ASYMMETRICALLY LONGITUDINAL

SHUNT-SLOT-PAIR (ALSSP)-BASED SIW LWA
A. DEVELOPMENT OF THE ALSSP-BASED RD

Fig. 4(a) depicts the geometry of a traditional longitudinally
slotted SIW LWA unit cell [36]. Only a single longitudi-
nal slot is etched on the top broad wall of the SIW along
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FIGURE 5. Longitudinally slotted SIW LWA unit cell with two different slots.
(a) Unilateral and (b) bilateral (proposed) arrangements with respect to the
longitudinal centerline. Both slots resonate at a half-wavelength mode.

which the dominant TE{p mode is assumed to be excited
and guided. Radiation occurs when the longitudinal slot is
offset from the longitudinal centerline, since transverse cur-
rents on the SIW’s broad wall would be cut off by the slot.
Simplified excitation mechanism of the slot can be explained
by the Norton equivalent circuit model, as shown in Fig. 4(b),
where the transverse currents behave as a current source and
excite the slot resonating at a half-wavelength mode. Notably,
the admittance property of the slot is usually characterized
as an SMR without exhibiting higher-order modes which are
hardly excited under such a slot-excitation-mechanism. Thus,
the slot is simply modeled as a series RLC resonator that is
parallel connected to the host SIW lines, similar as Fig. 2(b).
In order to create multiple resonances behaviors in the slot,
extra structures must be incorporated with it. For example,
planar electric dipole or patch can be additionally attached
over the longitudinal slot to form multi-layered composite
structures, presenting multiple resonances [22], [24], [35].
However, strong electromagnetic coupling is used as the
feeding mechanism in these structures, for which those rele-
vant resonant modes are mutually coupled and cannot be
flexibly controlled for operations to some extent, not to
mention that such multilayer geometries would bring the
cost and fabrication issues in practical applications. Inspired
from the excitation mechanism of the longitudinal slot [36]
and the works in [37]-[38], multiple longitudinal slots with
different dimensions and resonant frequencies can be etched
on the SIW. Typically, two slots are taken into account,
and thus two arrangements, namely unilateral and bilat-
eral cases, can be deployed as shown in Fig. 5, in which
the simplified aperture field and transverse current distribu-
tions are also illustrated. For the unilateral case, the two
slots will feature oppositely directed aperture field distribu-
tions, which can be conveniently expounded by the Norton
equivalent circuit shown in Fig. 4(b). Specifically, in the
target frequency band (i.e., the band between the two res-
onances respectively introduced by the two slots), the two
slots behave with opposite susceptance behaviors. One is
inductive (after its own resonance) while the other is capac-
itive (before its own resonance) over such a frequency range.
They will possess reversely directed electrical potential dif-
ferences (voltages) and so do their aperture fields since their
driven currents share the same direction, as illustrated in
Fig. 5(a). Obviously, it is difficult for this unit cell to radiate
since most of radiation originated from the two slots cancel
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FIGURE 6. ALSSP-based SIW LWA unit cell. (a) 3-D view (not to scale); (b) top view
(not to scale); (c) cross-sectional E-filed distribution (35 GHz); (d) equivalent circuit
model neglecting the matching vias. The substrate is RT/duroid 6006 with a thickness
of 0.635 mm, relative permittivity of 6.45, and loss tangent of 0.0027. Specific
dimensions are P = 4.15, Wg =29, Wa=6,Lgy =3.4, Wgq =0.3, Dgq =0.2,

Lgp =2.1, Wgp = 0.6, Dgp = 0.3, Dy = 1.96, Ly = 0.356, Wy = 0.266, h = 0.635,

t = 0.4 (unit: mm).

each other out. As a comparison, thanks to the reversely
directed transverse currents on the two halves of the SIW,
the two oppositely signed (susceptance-complementary) slots
will embrace the same-directed aperture fields, and this cor-
responds to the bilateral arrangement as shown in Fig. 5(b).
In this case, the two slots can work together as an effec-
tive radiator characterized by multiple resonances, as will be
exhibited later. Although a similar dual-slot geometry can
also be found in [38], more physical insights and extensive
characterizations are explored and clarified in this paper in
terms of the circuit modeling and radiation mechanism of
the structure, as described above and also will be illustrated
later. Also note that the research purposes between the two
are totally different. Due to the fact that the two slots are
different in size and distributed on the two halves of the SIW
along the longitudinal centerline and all share the same type
of shunt-loading effects on the SIW, the two slots are thus
referred to as “asymmetrically longitudinal shunt-slot-pair”
(ALSSP).

B. MULTIPLE RESONANCES BEHAVIOR AND FLEXIBLE

MODE-CONTROL OF THE ALSSP

The geometry, cross-sectional E-field distribution, and
transmission-line equivalent circuit model of the proposed
ALSSP-based SIW LWA unit cell can be found in Fig. 6.
Note that a pair of matching vias are embedded into the unit
cell for an open-stopband suppression [24]. The simulated
cross- sectional E-field distribution of the unit cell is consis-
tent with Fig. 5(b), illustrating that radiated fields emanated
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FIGURE 7. Admittance frequency responses of the proposed ALSSP-based RD with
respect to full-wave (solid line) and circuit (dash line) simulations.
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FIGURE 8. Dimensional effects of the ALSSP on its normalized admittance
behaviors. (a) Lgq. (a) Lgp. The two studied parameters are the length of the longer
and shorter slots, respectively.

from the two slots are constructively superposed to form
effective radiation that interestingly resembles a rectangular
patch antenna’s radiation mechanisms, i.e., equivalent two-
element slot array [34]. In Fig. 6(d), each longitudinal slot of
the ALSSP is simply modeled as a series RLC resonator, and
the full-wave and circuit simulation results in terms of the
ALSSP’s admittance are illustrated in Fig. 7. The circuit sim-
ulation results are in a reasonably good agreement with their
full-wave counterparts, and both exhibit multiple resonances
behavior. Values of those circuit components (Ryp1, Lgp1, Cyp1
for the long slot, while Ryp, Ly, and Cyyp for the short
slot) are obtained by a curve-fitting approach with the help
of Advanced Design System (ADS) software. Notably, apart
from the two series-resonances that are individually intro-
duced by the two slots, there is an additional shunt-resonance
between the two. The reason for its occurrence can be
explained using the ALSSP’s equivalent circuit model shown
in Fig. 6(d). Since the two slot resonator-branches have com-
plementary susceptance properties in the target frequency
range as mentioned previously, the inductive slot (long slot)
will compensate the capacitive slot (short slot) in terms of
their susceptances at one specific frequency point, at which
the whole resonator circuit tank (i.e., ALSSP) will satisfy
the shunt-resonance condition. Fig. 8 depicts the dimensional
effects of the ALSSP on its normalized admittance perfor-
mances. The two studied parameters L) and Ly represent the
length of the long and short slots, respectively. It is clearly
seen that the two series-resonances can be controlled inde-
pendently, i.e., flexible mode-control capability. Specifically,
by increasing Ly, the first series-resonance will be shifted
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FIGURE 9. Illustration of design flexibilities of the ALSSP-based LWA under
mode-control principle. (a) Normalized conductance of ALSSPs. (b) Normalized
radiation pattern, (c) |Saq| and (d) beam-scanning behaviors of ALSSP-based LWAs.
#1, #2 and #3 correspond to different assignments of the slot-length (Lgq, Lgp), with
specific values of (3.4 mm, 2.1mm), (3 mm, 2.4 mm), and (2.8 mm, 2.6 mm),
respectively. Also, #1-, #2-, and #3-related LWAs are respectively designed with 36, 19,
and 14 unit cells for 90% radiation efficiency.

to a lower frequency without influencing the second series-
resonance, as shown in Fig. 8(a). A similar phenomenon can
also be found with changing Ly, as plotted in Fig. 8(b). The
width of the slot is not studied here for brevity since it just
shows a little influence on the resonance frequency, beyond
our main considerations regarding the flexible mode-control
principle [34], [36].

C. CUSTOMIZED CHARACTERISTICS OF THE
ALSSP-BASED SIW LWA UNDER FLEXIBLE
MODE-CONTROL

In order to verify the claimed benefits of the flexible model-
control capability, i.e., design flexibilities of manageable
beamwidth and controllable bandwidth/filtering behaviors
as well as the radiation stability, resonance behaviors of
the ALSSP in terms of its two series-resonances are engi-
neered by changing length of the two slots, i.e., Lg; and Lg.
Specifically, three groups of (Lgi, Ls») are assigned to the
ALSSP in such a way that the two series-resonances are with
different frequency distances but approximately centered at
the design frequency of 35 GHz, as shown in Fig. 9(a) which
depicts the normalized conductance of each type of ALSSPs.
It can be seen clearly that a shorter frequency distance of the
two series-resonances will lead to an increased normalized
conductance at the center frequency. This is similar to Fig. 3
and thus will give rise to a wider beamwidth for the rele-
vant LWAs according to (1) and (2), as shown in Fig. 9(b).
Herein, each type of the ALSSPs, namely #1, #2, and #3, is
periodically loaded onto a lossless SIW line to establish an
LWA that has a certain quantity of unit cells for 90% radia-
tion efficiency. Notably, the introduction of matching vias for
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FIGURE 10. Evolution of microstrip combline antennas. Conventional (a) unilateral
and (b) bilateral cases. Proposed (c) case #1 and (d) case #2. Red circles represent
radiating edges within a unit cell.

the open-stopband suppression would not significantly influ-
ence the previously configured behaviors of the ALSSP. This
is due to the fact high-order waveguide modes excited by
the matching vias are in a cut-off status and thus are highly
attenuated and localized; they hardly reach the slot RD in
general [33]. Fig. 9(c) exhibits the |S;1| performances of
these relevant LWAs, in which stable and symmetrical curve
patterns over the middle passband are displayed, thus imply-
ing that stable radiation efficiencies can be realized. In this
sense, LWAs with diverse beamwidths while simultaneously
having stable radiation performances can be realized by tak-
ing advantage of the flexible mode-control capability of the
ALSSP. Note that a controllable operating passband is also
observed in Fig. 9(c), which is sandwiched by two stopbands
that are formed by the transmission zeros introduced by the
two series-resonances of the ALSSP, as explained previously.
Beam-scanning behaviors of these LWAs can be found in
Fig. 9(d); it also manifest apparent bandpass characteristics
only within which the beam is scanned with frequency. As
a result, with the flexible mode-control of the ALSSP, the
proposed LWA can provide good design freedoms and flex-
ibilities as well as those multifunctionalities as mentioned
previously. Also note that the proposed LWA is only single-
layered and can be fabricated using low-cost and simple
PCB processing, which is suitable for mass-production in
practical use.

IV. EVOLUTIONARY MICROSTRIP COMBLINE
LWA BASED ON OPEN-CIRCUITED STUB-LOADED
RESONATOR (OCSLR)

A. EVOLUTIONARY DESIGN OF MICROSTRIP COMBLINE
LWA USING MULTIPLE RESONANCES

The microstrip open-circuited stub can be interpreted as
a microstrip dipole with its one end shorted to the main
microstrip line while the other being a radiating edge. Due
to its simple geometry and easy fabrication, it is usually used
to develop a series of standing-wave antenna arrays [39] and
LWAs [10]-[12]. This kind of antennas are often referred to
as microstrip “combline” antennas, as shown in Fig. 10(a)
and (b) illustrating the two conventional schemes [39]. It is
worth noting that the open-circuited stub resonator adopted
in these schemes usually has a uniform width or charac-
teristic impedance, and herein it is entitled open-circuited
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FIGURE 11. Conventional microstrip combline LWA unit cell with respect to its
modal current distributions. The first three resonances are exhibited. The 15t and 3d
modes are series-resonances, while the 2"d mode is shunt-resonance. The related
equivalent circuit model is the same as Fig. 2(b).

uniform impedance resonator (OCUIR). A unit cell of the
conventional microstrip combline LWA [10] and its several
modal currents can be seen in Fig. 11. The first three reso-
nant modes respectively correspond to the series-, shunt-
and series-resonances, where the electrical length of the
stub is approximately equal to one, two, and three quarter-
wavelengths accordingly. The equivalent circuit model of
the unit cell is the totally same as the one in Fig. 2(b).
Due to the natural MMR behaviors of the OCUIR, these
resonant modes may be used simultaneously (as mentioned
previously) to design microstrip combline LWAs with sta-
ble radiation according to the MMR design rules in [24].
Note that this fact has not been recognized and explored
in reported similar microstrip stub-based designs [10]-[12].
However, the two conventional schemes shown in Fig. 10(a)
and (b) are not symmetrical along the longitudinal direction,
which may possibly lead to a high cross-polarization level
or asymmetrical cross-sectional radiation pattern [34], [39].
They are also subject to the scanning blind in end-fire direc-
tions due to the radiation null of element pattern from such
radiating edges of the OCUIR [5]. What is worse, for the
conventional bilateral case shown in Fig. 10(b), it would
largely suffer from large side-lobes or even grating-lobes
in the cross-sectional plane when the working frequency
becomes high, since in this case the physical distance
between the two bilateral radiating edges would be elec-
trical large that may close to or more than a free-space
wavelength. Also note that the common issue of the second-
order radiation beams is easily encountered in such an
alternatively bilateral arrangement [36], [39]. Consequently,
to tackle all the possible issues aforementioned that can also
be potentially suffered in [10]-[12], and simultaneously to
make use of multiple resonances for stable radiation [24],
an evolutionary microstrip combline LWA whose unit cell
consists of a pair of symmetrical folded OCUIRs is estab-
lished as shown in Fig. 10(c). Its specific unit cell geometry
can be found in Fig. 12(a) having a trident-like shape.
The folded or bend point is located at the center of each
OCUIR, where a right-angled corner is delicately cut to
reduce the bend discontinuity [39]. Notably, the two radiat-
ing edges of the pair of OCUIRs possess identical fringing
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field distributions and form a two-element array [40]. The
distance between them would never exceed 0.75 free-space
wavelength over the whole target frequency band under
the MMR design rules even if the employed substrate
has a relative permittivity of unity. Thus, the associated
LWA will be totally free from side-or grating-lobes in its
cross-sectional plane, which cannot be meet by the schemes
in Fig. 10(b) and [11]. Also note that in this case, the
radiating edge’s element pattern is null at the end-fire direc-
tions of the cross-sectional plane, which will also play
a role in further preventing possible appearances of side-
or grating-lobes in this plane. Fig. 12(b) shows the nor-
malized admittance of the pair of OCUIRs. Three resonant
modes (two series-resonances and one shunt-resonance) can
be clearly observed with a fixed frequency ratio. The over-
all stub length can be changed to shift frequency locations
of the two series-resonances so as to deploy the MMR
design rules for the LWAs with stable radiation. For exam-
ple, we choose 25 GHz as the center/design frequency, and
the stub length is altered so that its two series-resonances
are approximately centered at this frequency. As for the
width of the stub, it can be suitably used to adjust the stub’s
radiation ability while without significantly influencing its
resonance frequencies [33], [39]. For the open-stopband sup-
pression and continuous beam-scanning of the relevant LWA,
impedance matching techniques such as a delay line plus
a quarter-wavelength transformer can be used [10]. This is
shown in Fig. 13 which depicts the normalized complex
propagation constants of the LWA together with an inset
of the final unit cell. It also shows that a stable attenua-
tion constant is achieved for the unit cell over the target
frequency band from 21 to 29 GHz. This stems from the
stable frequency response of the normalized conductance of
the OCUIR and will lead to the relevant LWA to be equipped
with a stable [Sy1| and radiation efficiency as will be shown
later. For demonstration convenience, only 20 unit cells are
cascaded to form the proposed OCUIR-based LWA with the
fabricated prototype depicted in Fig. 14(a). Good impedance
matching exhibited in Fig. 14 (b) indicates that the open-
stopband issue has been effectively suppressed, while both
stable |Sy1| of —4.6+0.8 dB and stable radiation efficiency
of 59.5£4.2% [as shown in Fig. 14(c)] verify the effec-
tiveness of the evolutionary microstrip combline LWA using
the natural multiple resonances of the OCUIR for radiation
stability.

B. MICROSTRIP COMBLINE LWA BASED ON
STUB-LOADED RESONATOR—AN RD WITH FLEXIBLE
MODE-CONTROL CAPABILITY

As we have demonstrated previously, an MMR-based RD
with flexible mode-control capability is beneficial for LWAs
to realize good design freedoms and flexibilities like gov-
ernable beamwidth and filtering behaviors while simultane-
ously holding the stable radiation. Although the microstrip
combline LWA has been evolved by using multiple reso-
nances of the OCUIR for stable radiation, it is inconvenient
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FIGURE 12. (a) Unit cell of the proposed microstrip combline LWA using stub’s
natural multiple resc (b) Nori d admittance of the folded

OCUIR. Dimensions of the unit cell are P =7.15 mm, Wms =1.12mm, L5q = 1.6 mm,
Lap = 1.6 mm, and W3 = 0.4 mm. The substrate is RO3035 with a thickness of

0.508 mm, relative permittivity of 3.6, and loss tangent of 0.0015.
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FIGURE 13. Normalized phase and attenuation constants of the proposed

LWA. Open-stopband issue is effectively suppressed by using a delay line and
quarter-wavelength impedance transformer [10], as shown in the inset. Dimensions of
them are Ly = 0.55 mm, Lq =1.75 mm, and Wq =0.89 mm.

for this LWA to be versatilely tailored for different applica-
tion requirements due to the fixed frequency ratio of these
resonant modes. Illuminated by [41]-[43] where loaded
stubs or pins can be used to perform the flexible mode-
control, a short piece of capacitive open-circuited stub
is loaded to the folded OCUIR. Thus, an OCSLR-based
LWA is established, as shown in Fig. 10(d) and Fig. 15(a).
It is necessary to mention that there are two aspects that
should be carefully considered when constructing the folded
OCSLR. The first is concerned with the selection of the
loading point of the short stub for realizing the flexible mode-
control. According to the modal current distributions shown
in Fig. 11 and the works in [41]-[43], the middle current null
point of the 3™ resonance can be loaded with the short capac-
itive stub for the purpose of realizing an independent control
of this mode. Besides, differing from the folded OCUIR
described in the last subsection in which the bend point is
centrally located and the bend discontinuity is removed, the
microstrip bend discontinuity can be artfully used here when
folding a straight stub at the middle current null point of 3"
resonance. In this case, the bend discontinuity can cooperate
with the loaded capacitive stub to adjust this mode indepen-
dently, as can be seen in Fig. 16. When the loaded capacitive
stub is absent (i.e., Ly = 0), the folded OCUIR whose bend
discontinuity is located at the current null point of the 3™
mode has an obvious lower modal frequency compared to
its counterpart that has no bend discontinuity, regarding this
resonance. Meanwhile, this resonance can be progressively
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FIGURE 14. (a) Fabricated prototype of the proposed OCUIR-based microstrip
combline LWA. (b) Simulated and measured S-par s. (c) d radiation
efficiency. Radiation efficiency of the OCSLR-based counterpart (this design can be
found in Section IV-B) is also plotted in (c) for a comparison.
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FIGURE 15. Unit cell of the proposed OCSLR-based microstrip combline LWA.

(a) Geometry. (b) Current distributions at the center frequency. The proposed OCSLR
consists of a folded OCUIR loaded with a short capacitive stub. Dimensions of the unit
cell are P =7.25 mm, Wms = 1.12mm, Lyq = 0.9 mm, Lyy = 1.8 mm, Lgt = 0.45 mm,
Wj, = 0.4 mm. The substrate is RO3035 with a thickness of 0.508 mm, relative
permittivity of 3.6, and loss tangent of 0.0015.

shifted toward a lower frequency by increasing the length
of the loaded capacitive stub. The reason for this mode-
shifting phenomenon can be simply explained by the fact
that both the bend discontinuity and the loaded short stub
behave like a shunt-capacitor [33]. They will increase the
effective capacitance of the RLC series resonator circuit rep-
resenting the 3" mode (series-resonance), and thus lower the
related resonance frequency. It is necessary to mention that
the loaded capacitive stub will also introduce a radiating
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FIGURE 17. Normalized phase and attenuation constants of the proposed
OCSLR-based microstrip combline LWA. Open-stopband issue is effectively
suppressed by using a delay line and quarter-wavelength impedance transformer [10],
as shown in the inset. Dimensions of them are Ly = 0.58 mm, Lq =1.74 mm, and

Wgq = 0.65 mm.

edge involved into the total radiation mechanism; this is
the second aspect that should be noticed for the proposed
design. Thus, for the sake of radiation purity, this loaded
short capacitive stub should be placed collinearly with the
longer segment (i.e., the part that is parallel to the host line).
In this case, the fringing fields of the loaded short stub’s
radiating edge will interestingly share the same direction
with that of the folded OCUIR. This is because at the bend
point (the “node”), the loaded short stub is capacitive while
the longer segment of the folded OCUIR normally behaves
inductively. At such “node” they will share the same elec-
trical potential and hence their current directions will be
totally reversed with respect to the “node”. Namely one
flows inward while the other flows outward of the “node”,
as displayed in Fig. 15(b) which illustrates the typical current
distributions of the OCSLR. Consequently, it is concluded
that the loaded short capacitive stub is able to play a signifi-
cant role in the flexible mode-control of the proposed folded
OCSLR yet without contaminating the overall radiation
performances. In this context, the proposed OCSLR-based
LWA is also capable of providing such good design free-
doms and multifunctional electrical performances analogous
to the above demonstrated ALSSP-based LWA. These would
not be repeated here just for brevity. Fig. 17 depicts the
normalized complex propagation constants of the proposed
OCSLR-based LWA, where similar matching techniques as
those in the OCUIR-based counterpart are also employed to
suppress the open-stopband issue. The attenuation constant is
not only kept relatively stable across the frequency band from
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21 to 29 GHz, but also exhibits an obvious value improve-
ment compared to the OCUIR counterpart shown in Fig. 13.
For verification purposes, 20 OCSLR-related unit cells are
cascaded to form a microstrip combline LWA, and the fab-
ricated prototype is shown in Fig. 18(a). Fig. 18(b) shows
its simulated and measured S-parameters, illustrating that
a good impedance matching is achieved without present-
ing an open-stopband issue. We are more interested in the
|S21| performance, which shows a stable curve pattern in
the target frequency band from 21 to 29 GHz. Meanwhile,
a larger insertion loss (i.e., improved radiation capability)
can be found compared to Fig. 14(b), thanks to the flexi-
ble mode-control induced by the loaded capacitive stub and
the shortened frequency-distance between the two series-
resonances as indicated in Fig. 3. More importantly, an
obvious filtering behavior with good out-of- band rejection is
obtained. The radiation efficiency of the proposed OCSLR-
based LWA is already depicted in Fig. 14(c). Not only is the
stable efficiency realized (i.e., 74.3£7.2 %) that is consistent
with such a |Sy;| curve pattern, but an apparent efficiency
enhancement of about 15% than that of the OCUIR-based
LWA is observed. The simulated and measured realized gain
and beam-direction are displayed in Fig. 18(c). The simulated
results suggest that an average gain of about 16.8 dBi with
variation of £1.8 dBi is realized in the frequency range from
21 to 29 GHz, where the beam-scanning span is from —40°
(backward) to 20° (forward). The measured gain reason-
ably agrees with its simulated counterpart except for a little
drop that may be due to an increased material losses and
measurement tolerances, with a stable trend still remained
(i.e., 16.5£1.5 dBi). Simulated and measured radiation pat-
terns at several frequencies are shown in Fig. 19, indicating
that a reasonable agreement is realized between the two
cases with a slight difference that may be caused by fabri-
cation errors or measurement issues. Notably, the simulated
cross-polar components are too small to be visible.

V. DISCUSSION AND COMPARISON

So far, two types of 1-D periodic LWAs based on different
transmission line technologies and RDs, i.e., ALSSP-based
SIW LWA and SLR-based microstrip LWA have been
elaborately studied. Thanks to the flexible mode-control
capability owned by their RDs, good design freedoms and
multifunctionalities in terms of circuit and radiation perfor-
mances including controllable bandwidth/filtering character-
istics, manageable beamwidth, and radiation stability have
been achieved. However, there is a limitation behind this
design concept when it comes to the achievable bandwidth
and beamwidth of the related LWA: a larger beamwidth is
always accompanied by a narrower bandwidth (or beam-
scanning range), as revealed in Fig. 9. This is because
increasing the attenuation constant and thus the beamwidth
of the LWA simply relies on shorting the frequency distance
between the two strong resonances of the relevant RD so
as to enhance the absolute resistance/conductance value of
the RD. Fortunately, the characteristic impedance/admittance
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TABLE 1. A comparison between the proposed work and several references.
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FIGURE 18. (a) Fabricated prototype of the proposed OCSLR-based microstrip
combline LWA. (b) Simulated and measured S-parameters. (c) Simulated and
measured realized gain and beam-direction.

of the host TLs, according to equation (2), can also be
exploited as an additional parameter to control the attenu-
ation constant and thus beamwidth of the LWA. Besides,
the width of the slot/stub in our proposed LWAs can be
used as well to adjust the absolute resistance/conductance
value of the RD without significantly influencing its reso-
nance frequencies as mentioned before. In this sense, a fixed
bandwidth can be realized by controlling the locations of
the RD’s two strong resonances, while the beamwidth can
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FIGURE 19. Normalized radiation patterns of the proposed OCSLR-based
microstrip combline LWA. (a) 22 GHz; (b) 25 GHz; (c) 28 GHz.

be conveniently tailored by suitably selecting the charac-
teristic impedance/admittance of host TLs and/or the width
of the slot/stub RD. Consequently, the proposed LWAs can
be of more freedoms and versatilities when customizing
their electrical performances in terms of beamwidth and
bandwidth.

In order to highlight the benefits of our proposed LWAs
using the flexible mode-control principle, a comparison has
been conducted and tabulated as displayed in Table 1. Here,
the proposed SLR-based microstrip LWA is selected as
a representative of our works; then, it is used to compare
with other references. It can be observed that compared
to those SMR-related works [5], [7], the proposed SLR-
based LWA is capable of simultaneously providing both the
radiation stability and controllable filtering characteristics
thanks to the MMR design rule together with the flexible
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mode-control principle. The advantages of such two func-
tionalities in the proposed SLR-based LWA are still sustained
when compared with those works aimed for either radiation
stability [11], [12], [22], [24] or controllable filtering capa-
bility [31], [32]. In addition to these, it also should be noted
that a systematic or strategic approach to design an LWA with
rich freedoms and versatilities in terms of circuit and radi-
ation characteristics has been uniquely investigated in our
work compared to others in the table. Thanks to these ben-
efits, the proposed antennas, especially the OCSLR-based
microstrip LWA, may potentially be a competent candidate
or standard scheme to substitute those traditional counter-
parts as shown in Fig. 10(a) and (b) in practical system
applications that, for example, need different bandwidths
and beamwidths.

VI. CONCLUSION

In this paper, a class of single-layered multifunctional LWAs
exhibiting flexibly engineered radiation and filtering char-
acteristics, with the aid of mode-control principle, have
been systematically explored and developed for microwave
and millimeter-wave applications. It is demonstrated that by
properly controlling the modal behaviors of the RD, the
related LWAs can be freely tailored with respect to its atten-
uation constant while simultaneously maintaining radiation
stability and possessing filtering behaviors. Aimed for differ-
ent system-integration platforms, both microstrip and SIW
transmission-line technologies are separately employed to
implement LWAs whose RDs possess flexible mode-control
capabilities. In addition to those desirable electrical perfor-
mances as mentioned above, the proposed LWAs also have
some merits from the perspective of industrial practicability,
e.g., good design flexibilities and versatilities, single-layer,
low-cost, easy fabrication/integration. Therefore, they may
be a good candidate for practical system applications such
as 5G communication and the IoV.
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