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ABSTRACT: To realize a compact and low-profile Ka-band SIW antenna with continuous wideband operation, a wideband SIW slot an-
tenna based on split magnetic-electric dipole multi-mode coupling is proposed. The central design idea is to transfer electromagnetic
energy from the lower SIW cavity to the upper radiating layer through aperture coupling and to merge two adjacent resonant modes
generated by the electric- and magnetic-dipole components. The antenna employs a dual-layer configuration. The lower layer consists of
an SIW feeding cavity and a coupling slot, and the upper layer incorporates split arc-shaped patches, a central coupling patch, metallized
vias, and a cross-shaped perturbation structure. The split patches mainly generate the high-frequency electric-dipole mode, while the
central coupling patch and metallized vias introduce an adjacent lower-frequency magnetic-dipole mode. The cross-shaped perturbation
structure further optimizes the impedance transition between the two modes. The simulated results show that the antenna achieves an
impedance bandwidth of 26.35-29.20 GHz for |:S11| < —10dB and a peak realized gain of approximately 8.15 dBi at 28 GHz. The fab-
ricated prototype exhibits a measured impedance bandwidth of approximately 26.8-29.1 GHz. In addition, the simulated multifrequency
radiation patterns and efficiency results demonstrate relatively stable broadside radiation characteristics within the operating band. The
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proposed antenna provides a compact and readily integrated solution for Ka-band millimeter-wave communication systems.

1. INTRODUCTION

ith the rapid development of millimeter-wave commu-
Wnication technologies, Ka-band antennas have attracted
considerable attention owing to their significant application
value in high-speed wireless communications, satellite com-
munications, radar sensing, and 5G mmWave systems [1, 2].
Compared with conventional microwave bands, mmWave
bands offer substantially richer spectral resources and higher
data throughput. However, the deployment of mmWave
systems imposes increasingly stringent requirements on
antennas’ impedance bandwidth, gain, efficiency, size, and
integration density. Consequently, the design of wideband,
low-profile, and compact mmWave antennas with stable
radiation characteristics is of considerable significance.
Conventional microstrip patch antennas offer advantages of
a simple structure, ease of fabrication, and straightforward in-
tegration; however, they typically suffer from narrow operat-
ing bandwidths and are susceptible to dielectric loss and re-
duced radiation efficiency at mmWave frequencies. In con-
trast, the substrate-integrated waveguide (SIW) combines the
low loss and excellent shielding characteristics of conventional
metallic waveguides with the integration convenience of mi-
crostrip circuits and has become one of the most important pla-
nar guided-wave structures for mmWave circuits and anten-
nas [3,4]. By introducing periodic rows of metallized vias on
both sides of a dielectric substrate, the SIW forms an equiva-
lent waveguide cavity within a planar circuit, thereby achieving

* Corresponding author: Bowen Tao (1831955785@qq.com).

doi:10.2528/PIERC26061401

115

low-loss transmission and favorable electromagnetic shielding
performance [5, 20].

However, conventional SIW cavity-backed slot antennas
generally exhibit a narrow impedance bandwidth due to the
high quality factor of the cavity. Ref. [5] reported a planar
SIW cavity-backed slot antenna achieving a fractional band-
width of only 1.70% at microwave frequencies. To improve
the bandwidth, researchers have proposed a variety of enhance-
ment strategies. Ref. [6] simultaneously excited two hybrid
modes within the SIW cavity and merged them across the op-
erating band, extending the impedance bandwidth to 6.30%.
Ref. [7] introduced a superstrate with a rectangular slot win-
dow above the cavity to provide an additional resonance, im-
proving the bandwidth and gain to a fractional bandwidth of
approximately 7.07%; however, the superstrate increased both
the profile height and fabrication complexity. Ref. [9] em-
ployed a triangular slot combined with two different feeding
transitions to improve impedance matching; however, the band-
width enhancement remained limited, with a fractional band-
width of only 4.36%. Ref. [10] proposed a dual-band multi-
layer SIW differential slot antenna to achieve dual-band op-
eration by exciting multiple cavity modes; however, its dual-
band nature restricts its applicability in continuous wideband
scenarios. These studies indicate that the high-quality factor
of the SIW cavity imposes a fundamental constraint on wide-
band operation,; this difficulty is further aggravated at mmWave
frequencies, where increased dielectric loss, tighter fabrication
tolerances, and more sensitive interlayer coupling intensify the
challenge of bandwidth enhancement.
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Recent studies have continued to investigate SIW cavity-
backed slot antennas and magnetic-electric dipole antennas
for compact and broadband wireless systems. Ref. [23] re-
viewed the development and bandwidth-enhancement meth-
ods of SIW cavity-backed slot antennas. Ref. [24] proposed a
compact dual-slot SIW cavity-backed antenna and established
an equivalent cavity model to explain its resonant behavior.
For Ka-band applications, Ref. [25] employed a novel slot
with a shorting via to excite multiple adjacent cavity modes,
thereby achieving broadband operation. Ref. [26] introduced
a fragmented dipole arm into a low-profile millimeter-wave
magnetic-electric dipole antenna to generate an additional res-
onance and broaden the impedance bandwidth. More recently,
Ref. [27] utilized two closely spaced modes in a hexagonal
SIW cavity to enhance the operating bandwidth. These stud-
ies demonstrate that multi-mode excitation and the combina-
tion of electric- and magnetic-dipole radiation modes are ef-
fective approaches for bandwidth enhancement. Nevertheless,
compact Ka-band SIW antennas with a simple split magnetic-
electric dipole coupling configuration remain worthy of further
investigation.

To further broaden bandwidth and improve radiation perfor-
mance, multilayer stacked structures with interlayer coupled
feeding have been explored [14-17, 19]. The underlying prin-
ciple is to excite multiple adjacent resonant modes through the
coordinated coupling among the feeding slot, primary radiat-
ing element, and parasitic patches, such that the resonant peaks
merge within the target band to achieve bandwidth extension.
Among the available radiator topologies, a magnetic-electric
dipole structure offers distinct advantages in terms of wide-
band impedance matching and pattern stability, as it simultane-
ously exploits the radiation characteristics of both electric and
magnetic dipoles [18]. Therefore, integrating SIW slot feeding
with a split magnetic-electric (ME) dipole structure provides
an effective route for realizing wideband, low-profile Ka-band
mmWave antennas.

Based on the above analysis, this study proposes a wideband
SIW slot antenna based on a split magnetic-electric dipole with
multi-mode coupling. The distinguishing contribution of this
work does not lie in the use of SIW feeding or aperture coupling
alone, but in the coordinated mode-engineering scheme imple-
mented in a compact dual-layer structure. Specifically, the split
arc-shaped patches generate a high-frequency electric-dipole
mode; the central coupling patch and metallized vias intro-
duce an adjacent lower-frequency magnetic-dipole mode; and
the cross-shaped perturbation structure balances the impedance
transition between the two resonances. Consequently, the two
resonant modes are merged into a continuous operating band
without employing an antenna array, a high-profile superstrate,
or a complicated multilayer feeding network. Compared with
the array-based SIW magneto-electric dipole antennas reported
in [19] and [22], the proposed antenna is implemented as a
compact two-layer single element and does not require a cor-
porate feed network or an enlarged array aperture. Compared
with the multimode SIW cavity-backed slot antenna in [25], the
proposed design introduces a split magneto-electric dipole ra-
diator, in which the split arc-shaped patches, the central cou-
pling patch with metallized vias, and the cross-shaped perturba-
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tion structure control the electric-dipole mode, magnetic-dipole
mode, and intermodal impedance transition, respectively. The
simulated results demonstrate that the proposed antenna sat-
isfies |S11| < —10dB over 26.35-29.20 GHz, corresponding
to a fractional impedance bandwidth of approximately 10.26%.
The fabricated prototype achieves a measured impedance band-
width of approximately 26.8-29.1 GHz. In addition, the simu-
lated multi-frequency radiation patterns, realized gain, and effi-
ciency results indicate relatively consistent broadside radiation
characteristics over the investigated frequency range.

2. ANTENNA DESIGN

2.1. Antenna Configuration

The proposed antenna employs a dual-layer stacked configu-
ration based on Rogers RT/Duroid 5880 dielectric substrates,
with a relative permittivity of €, = 2.2 and a loss tangent of
tan § = 0.0009. The antenna consists of a bottom SIW feeding
layer and a top split magnetic-electric dipole radiating layer,
which are interconnected through a coupling slot to achieve in-
terlayer energy coupling, thereby forming a complete “feeding-
coupling-radiation” energy transmission chain. Fig. 1 shows a
3D structural diagram of the proposed antenna.

FIGURE 1. Schematic diagram of the SIW slot antenna.

(1) The bottom layer is an SIW feeding cavity, which pri-
marily consists of an input transition structure, two rows of pe-
riodic metallized vias, a metal ground plane, and a coupling
slot etched on the top metal surface. The two rows of periodic
metallized vias act as the sidewalls of a metallic waveguide, ef-
fectively confining the electromagnetic energy within the SIW
cavity and thereby enabling low-loss transmission. The equiv-
alent width of the SIW can be approximated as:

d2
Weyr = Wstw —

. 0.95p M

where Wgpw is the physical width of the SIW; d is the diameter
of the metallized vias; and p is the via pitch. To effectively sup-
press energy leakage through the gaps between adjacent vias,
the via pitch and diameter should satisfy p < 2d [3].
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TABLE 1. Geometrical parameters of the proposed antenna.

Parameter  Value (mm) Parameter Value (mm) Parameter Value (mm)
L 18.3 L, 4.0 Ly 0.9
h 1.016 W2 0.3 mi 0.8
Wi 7.0 P 0.8 R 2.6
Lo 10.8 mo 1.1 R,y 0.9
Ly 6.5 m 1.0 l 43
l2 2.0 di 4.0 da 1.2

The input transition structure is employed to convert the port
excitation into the SIW’s dominant-mode propagation and to
improve input impedance matching to reduce reflection. The
coupling slot etched on the top of the SIW cavity can be mod-
eled as an aperture-type magnetic current source. Without any
direct metallic connection, this slot couples the electromagnetic
energy stored in the bottom SIW cavity to the upper radiating
layer. Therefore, the length, width, and offset of the coupling
slot are the key parameters that determine the coupling strength,
the resonant frequency, and the impedance bandwidth.

The initial dimensions and position of the coupling slot were
determined according to the dominant-mode field distribution
in the SIW cavity and subsequently optimized using full-wave
simulations. The slot was placed at the transverse symme-
try plane of the SIW cavity and directly beneath the central
coupling patch. This zero-offset arrangement enables approxi-
mately symmetric excitation of the two split radiating sections
and reduces possible radiation-pattern asymmetry.

The initial slot length was selected according to the effective
half-wavelength around the target frequency of 28 GHz, and a
narrow slot width was adopted to prevent excessive interlayer
coupling. The slot width was fixed at W5 = 0.3 mm consider-
ing both the required coupling strength and fabrication capabil-
ity. The slot length was then parametrically investigated over
3.8-4.2mm. An excessively short slot results in insufficient
coupling and increased separation between the two resonances,
whereas an excessively long slot produces an overly-coupled
response and deteriorates high-frequency matching. The opti-
mized value Ly = 4.0 mm provides the most balanced resonant
positions and the best in-band impedance matching.

(2) The top radiating structure consists of split arc-shaped
patches, a central coupling patch, a cross-shaped perturbation
element, and metallized vias, whose coordinated operation con-
stitutes a complete magnetic-electric (ME) dipole radiator. The
central coupling patch is positioned directly above the coupling
slot; it captures the electromagnetic energy coupled through
the slot and redistributes the surface current to the arc-shaped
patches on both sides, while also altering the current path in the
central region and lengthening the equivalent current trajectory
to excite a lower-frequency resonant mode.

The split arc-shaped patches serve as the primary radiating
element and are equivalent to a horizontal electric dipole: com-
pared with a conventional rectangular patch, they lengthen the
surface current path and introduce strong edge coupling at the
split gaps, exciting an electric-dipole-type resonance at higher
frequencies while maintaining a compact aperture. The metal-
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lized vias connect the upper and lower metal surfaces, provid-
ing a vertical conduction path for the surface current and acting
as a vertical magnetic dipole to enhance the magnetic-dipole-
type radiation response, and the cross-shaped perturbation el-
ement finely tunes the local current distribution and equiva-
lent electrical length by introducing a capacitive perturbation,
thereby optimizing the impedance transition between the two
types of elements.

Through this synergistic operation, the adjacent electric and
magnetic resonant modes are coupled and merged within the
target band; being spatially orthogonal and complementary in
phase, they jointly achieve wideband impedance matching and
a stable broadside radiation pattern. The overall dimensions of
the antenna proposed in this study are 18.3 x 7 x 2.032 mm?.
The specific antenna parameters are listed in Table 1, and Fig. 2
shows the antenna’s planar structure.

2.2. Antenna Evolution

To elucidate the mechanism underlying the wideband charac-
teristic of the proposed antenna, Fig. 3 illustrates the evolution
of the radiating structure. The three evolutionary stages are de-
noted as Antenna a, Antenna b, and Antenna c, and their corre-
sponding simulated S1; curves are compared in Fig. 4.

Antenna a represents the initial structure, in which only a pair
of split arc-shaped patches is placed on the top metal surface
as the primary radiating element. This structure is equivalent
to a horizontal electric dipole and excites only a single reso-
nant mode at approximately 28.1 GHz. As shown in Fig. 4, its
|S11] < —10dB impedance bandwidth is confined to 27.69—
28.44 GHz, corresponding to a fractional bandwidth of merely
2.67%. This narrowband resonant response is inadequate for
broadband millimeter-wave applications.

For Antenna b, a central coupling patch loaded with two met-
allized vias is introduced directly above the coupling slot. The
central coupling patch enhances the energy coupling between
the SIW slot and the upper radiating structure and lengthens
the equivalent current path in the central region, introducing
an adjacent lower-frequency resonant mode. Meanwhile, the
two metallized vias provide a vertical conduction path for the
surface current, exciting a magnetic-dipole component. Un-
der the combined effect of the electric and magnetic dipoles,
the impedance bandwidth is markedly broadened to 26.34—
29.89 GHz, corresponding to a fractional bandwidth of approx-
imately 12.6%, thereby achieving a crucial transition from nar-
rowband to wideband operation. However, the hump between
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FIGURE 2. Plan view of the SIW slot antenna.
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FIGURE 3. Schematic diagram of the evolution of the SIW slot antenna.

the two resonances reaches only about —10.3 dB at this stage,
indicating shallow in-band matching with an insufficient mar-
gin.

To improve in-band matching, Antenna c incorporates a
cross-shaped perturbation structure based on Antenna b to form
the final radiating configuration. Embedded between the cen-
tral coupling patch and the split arc-shaped patches, this struc-
ture introduces a capacitive perturbation to redistribute the lo-
cal current and tune the equivalent electrical length, thereby
optimizing the impedance transition between adjacent reso-
nant modes. As shown in Fig. 4, the matching depths of
both resonances are notably deepened after its introduction:
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the lower resonance deepens from approximately —22.7 dB
to —25.5dB and the higher resonance from approximately
—19dB to —27.3 dB, while the central hump is substantially
lowered from about —10.3 dB to —18 dB, yielding more suffi-
cient in-band matching and significantly improved flatness. Ul-
timately, the antenna achieves stable wideband matching with
a fractional bandwidth of 10.26% over 26.35-29.20 GHz.

The above evolution demonstrates that the wideband perfor-
mance of the proposed antenna is realized through the synergis-
tic operation of the split arc-shaped patches, central coupling
patch, and cross-shaped perturbation structure: the split arc-
shaped patches provide the fundamental electric-dipole mode;
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FIGURE 4. Simulated reflection coefficients of the antenna evolution
structures.

the central coupling patch and vias introduce a magnetic-dipole
component and substantially broaden the bandwidth; and the
cross-shaped perturbation structure further deepens the reso-
nance matching and suppresses the in-band hump, enabling the
antenna to achieve sufficient and stable impedance matching
while maintaining its wideband characteristic.

2.3. Operating Mechanism Analysis

To provide a deeper insight into the wideband radiation mecha-
nism of the proposed antenna, the surface current and electric-
field distributions of the radiating structure at the two resonant
frequencies are presented in Figs. 5 and 6, respectively.

At the higher resonant frequency of 28.58 GHz, as shown in
Fig. 5(a), the surface current becomes highly concentrated on
the central coupling patch and cross-shaped perturbation struc-
ture, forming a strong horizontal current path that is equiva-
lent to a horizontal electric dipole. Correspondingly, as shown
in Fig. 6(a), the electric field spreads from the center to-
ward the surrounding split arc-shaped patches, exhibiting typi-
cal electric-dipole radiation characteristics. Therefore, the an-
tenna operates in an electric-dipole-dominated mode at this fre-
quency.

At the lower resonant frequency of 27.3 GHz, as shown in
Fig. 5(b), the surface current is mainly distributed along the
split arc-shaped patches on both sides, following a relatively
long path around the arc edges. Meanwhile, as observed in
Fig. 6(b), the electric field is highly concentrated around the
central coupling patch and the cross-shaped perturbation struc-
ture, forming a strong equivalent magnetic current in this re-
gion. At this frequency, a pronounced vertical current compo-
nent is excited along the metallized vias, which, together with
the horizontal surface current, constitutes an equivalent mag-
netic dipole. Consequently, the antenna operates in a magnetic-
dipole-dominated mode at this frequency.

A comparison of the two resonant frequencies reveals that the
strong regions of the electric field and surface current are com-
plementarily distributed between the lower and higher bands: at
the lower frequency, the electric field concentrates at the center,
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whereas the current is distributed at the periphery; at the higher
frequency, the current concentrates at the center, whereas the
electric field extends to the periphery. This spatially orthogo-
nal and phase-complementary behavior of the electric and mag-
netic dipoles is the characteristic signature of magnetic-electric
dipole radiation. The two resonant modes were coupled and
merged within the target band, enabling the antenna to broaden
its impedance bandwidth while maintaining a stable broadside
radiation pattern and good pattern consistency.

The multi-mode coupling mechanism can also be quantita-
tively verified from the antenna-evolution results. Antenna
a, which contains only the split arc-shaped patches, produces
a single electric-dipole-type resonance around 28.1 GHz and
achieves a fractional impedance bandwidth of only 2.67%. Af-
ter the central coupling patch and metallized vias are introduced
in Antenna b, an additional lower-frequency magnetic-dipole-
type resonance is generated, and the fractional bandwidth is
increased to approximately 12.6%. However, the impedance-
matching level between the two resonances remains close to
—10.3dB. After adding the cross-shaped perturbation struc-
ture in Antenna c, the in-band hump is reduced to approxi-
mately —18 dB, and the two resonant modes are more smoothly
connected over 26.35-29.20 GHz. These numerical results
confirm that the wideband response is produced by the cou-
pling and merging of the adjacent electric- and magnetic-dipole
modes rather than by a single aperture resonance.

3. SIMULATION RESULTS AND ANALYSIS

Figure 7 shows the simulated reflection coefficient of the pro-
posed antenna. It can be observed that the antenna satisfies
|S11] < —10dB over the frequency range of 26.35-29.20 GHz,
with a center frequency of approximately 27.78 GHz and a frac-
tional impedance bandwidth of approximately 10.26%. Two
distinct resonant points can be identified within the operating
band, located at approximately 27.3 and 28.58 GHz, where the
lower resonance is mainly attributed to the magnetic-dipole
mode excited by the SIW slot coupling, central coupling patch,
and metallized vias, whereas the higher resonance originates
primarily from the electric-dipole mode excited by the cen-
tral cross-shaped perturbation structure and split arc-shaped
patches. The effective overlap and merging of these two adja-
cent resonant modes enable the antenna to achieve good wide-
band impedance matching across the entire target band. The
fractional impedance bandwidth is calculated as follows:

_fu—Jr

c

FBW x 100%

2

Figure 8 presents the simulated realized-gain radiation pat-
terns of the proposed antenna in the ¢ = 0° and ¢ = 90°
planes at 26, 27, 28, and 29 GHz. At all investigated fre-
quencies, the main beam remains approximately oriented to-
ward the boresight direction, demonstrating generally consis-
tent broadside radiation characteristics. Although slight varia-
tions in beamwidth and backward radiation are observed near
the band edges, no evident main-beam splitting occurs. The
peak realized gains at 26, 27, 28, and 29 GHz are approximately
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FIGURE 5. Current distributions for the patch at two resonance points. (a) 28.58 GHz. (b) 27.3 GHz.

()

FIGURE 6.

6.61, 7.90, 8.15, and 7.89 dBi, respectively. Within the sim-
ulated impedance bandwidth, the peak realized gain varies by
only approximately 0.26 dB from 27 to 29 GHz, indicating rela-
tively stable in-band gain performance. The lower realized gain
at 26 GHz is mainly attributed to the fact that this frequency is
slightly below the lower edge of the —10-dB impedance band-
width.

Figure 9 shows the simulated peak realized gain, radiation
efficiency, and total efficiency of the proposed antenna. The ra-
diation efficiencies at 26, 27, 28, and 29 GHz are approximately
99.2%, 99.5%, 99.7%, and 99.5%, respectively. The corre-
sponding total efficiencies are approximately 81.8%, 98.7%,
98.2%, and 95.4%, respectively. The relatively lower total effi-
ciency at 26 GHz is mainly caused by impedance mismatch be-
cause this frequency lies slightly outside the simulated —10 dB
impedance bandwidth. Within the operating band, the antenna
maintains both high radiation efficiency and high total effi-
ciency.
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by

Electric-field distributions of the proposed antenna. (a) 28.58 GHz and (b) 27.3 GHz.

Figure 10 presents the simulated co-polarized and cross-
polarized realized-gain patterns at 28 GHz based on the
Ludwig-3 polarization definition. = The L3X component
represents the dominant co-polarization, whereas the L3Y
component represents the cross-polarization. In both principal
planes, the co-polarized component is dominant within the
main-beam region, and the maximum cross-polarization
level remains below approximately —18 dBi, indicating good
linear-polarization purity.

Since the proposed antenna is linearly polarized rather than
circularly polarized, the axial ratio is not considered an appli-
cable performance metric. The multi-frequency patterns show
no evident main-beam splitting. Although slight variations in
backward radiation and secondary lobes are observed near the
band edges, the overall pattern shape remains consistent within
the operating band.

To further clarify the influence of key structural parame-
ters on the antenna’s impedance-matching characteristics, a
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FIGURE 7. Simulated reflection coefficient of the proposed SIW slot
antenna.

comparative parametric optimization was conducted with the
coupling-slot length L, central coupling-patch length Lo, and
cross-shaped perturbation length L. In each case, only a single
parameter was varied while the others were kept at their opti-
mal values, and the final optimized structure was adopted as
the reference model. By comparing the reflection coefficient
under different parameter values, the respective effects of each
structural element on the resonant frequency, matching depth,
and impedance bandwidth can be identified.

Figure 11 shows the variation of the reflection coefficient
with the coupling-slot length Ls. Serving as the energy-
coupling channel between the bottom SIW cavity and the upper
radiating structure, L directly governs the interlayer coupling
strength and significantly affects the relative positions of the
two resonant modes as well as the in-band matching. When L
is reduced to 3.8 mm, the interlayer coupling becomes weak,
and the spacing between the two resonances increases, rais-
ing the return-loss hump between them to about —13 dB and
degrading the in-band matching margin and flatness; mean-
while, the higher resonance becomes deep and sharp, indicat-
ing a concentrated response that is sensitive to fabrication tol-
erances. When L is increased to 4.2 mm, the coupling is en-
hanced and tends toward over-coupling, shifting the lower res-
onance toward lower frequencies and deepening it, while the
matching at the higher band becomes shallow and the upper
[S11] < —10dB edge frequency moves leftward, resulting in a
reduced effective impedance bandwidth. When Ly = 4.0 mm,
the interlayer coupling strength is moderate, and the lower and
higher resonances are well connected within the target band,
yielding sufficient in-band matching and the best flatness with
an optimal impedance bandwidth. Therefore, Ly, = 4.0 mm is
finally selected.

Figure 12 shows the variation of the reflection coefficient
with the central coupling patch length Lo. Located directly
above the coupling slot, the central coupling patch dominates
the lower resonant mode, and its length directly determines
the equivalent current path in the central region, thereby sig-
nificantly affecting the position of the resonant frequencies.
When Ly is reduced to 1.8 mm, the equivalent current path is

121

shortened, and both resonances shift toward higher frequencies
with an increased spacing, raising the return-loss hump between
them to about —12 dB, which approaches the —10 dB thresh-
old and markedly degrades the in-band matching. When Lo
is increased to 2.2 mm, the equivalent current path is length-
ened and both resonances move toward lower frequencies and
become considerably shallower; in particular, the higher res-
onance reaches only about —17dB, and the upper |S11| <
—10dB edge frequency shifts substantially leftward, causing
severe mismatch in the higher band and a sharp reduction of
the effective bandwidth. When Ly = 2.0 mm, the two res-
onances are located at appropriate positions within the target
band, with moderate spacing and balanced depths, yielding the
most sufficient in-band matching. Therefore, Lo = 2.0 mm is
finally selected.

Figure 13 shows the variation of the reflection coefficient
with the cross-shaped perturbation length Ly. Embedded
between the central coupling patch and the split arc-shaped
patches, the cross-shaped perturbation structure introduces a
capacitive perturbation that tunes the impedance transition
between the adjacent resonant modes, primarily affecting the
distribution of the matching depth between the two resonances
and the in-band flatness, while exerting minimal influence on
the resonant-frequency positions. When Ly = 0.8 mm, the
capacitive perturbation is weak; the lower resonance is deep
while the higher resonance is shallow; and the matching depths
of the two resonances are unbalanced. When Ly = 1.0 mm, the
capacitive perturbation is enhanced, and the higher resonance
is further deepened, but the upper |S;;| < —10dB edge
frequency moves leftward, shrinking the higher-frequency
coverage. When Ly = 0.9 mm, the impedance transition
between adjacent modes is optimal; the matching depths of the
lower and higher resonances become balanced; the in-band
flatness is the best; and the edge frequencies at both ends of
the operating band are symmetric. Therefore, Ly = 0.9 mm
was selected.

In summary, the three key parameters dominate the antenna’s
different characteristics: the coupling-slot length L, controls
the interlayer coupling strength and the spacing between the
two resonances; the central coupling-patch length Lo deter-
mines the positions of the resonant frequencies; and the cross-
shaped perturbation length Ly tunes the in-band matching depth
and flatness. Their joint optimization enables the antenna to
achieve sufficient and stable wideband impedance matching in
the target band.

4. MEASUREMENT AND ERROR ANALYSIS

To verify the practical performance of the proposed antenna, a
prototype was fabricated and tested. The antenna was imple-
mented on dual-layer Rogers RT/Duroid 5880 substrates and
formed using a lamination bonding process, with the fabricated
prototype shown in Fig. 14. To reduce the assembly errors
caused by manual alignment, a lamination bonding process was
adopted instead of conventional manual alignment with auxil-
iary holes, thereby effectively reducing additional losses and
fabrication tolerances.
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FIGURE 9. Simulated radiation performance of the proposed antenna: (a) peak realized gain and (b) radiation and total efficiencies.

The reflection coefficient of the fabricated antenna was mea- fore the test. During the measurement, the prototype and test
sured using a vector network analyzer covering the Ka-band cable were carefully fixed to reduce fluctuations caused by ca-
frequency range. The measurement system was calibrated be- ble movement and unstable electrical contact. The reflection
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FIGURE 10. Simulated co-polarized and cross-polarized realized-gain patterns of the proposed antenna at 28 GHz in the: (a) ¢ = 0° and (b) ¢ = 90°
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FIGURE 11. Simulated reflection coefficients under different coupling

slot lengths L.

coefficient was recorded over 26-30 GHz and subsequently
compared with the simulated result.

Figure 15 compares the antenna’s measured and simulated
reflection coefficients. The measured curve generally follows
the trend of simulated curve, and both exhibit a distinct dual-
resonance wideband characteristic within the operating band.
The measured results indicate that the antenna satisfies |.S1;| <
—10dB over approximately 26.8-29.1 GHz, corresponding to
a fractional bandwidth of approximately 8.2%, which is in
good agreement with the simulated range of 26.35-29.20 GHz,
supporting the impedance-matching effectiveness and fabrica-
tion feasibility of the proposed split magnetic-electric dipole
structure with multi-mode coupling. The measured curve was
slightly shallower than the simulated one, with the band edges
at both ends slightly inward. These deviations are mainly
caused by fabrication and measurement errors. The dual-layer
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FIGURE 12. Simulated reflection coefficients under different values of
Lo.

laminated substrate structure may introduce interlayer mis-
alignment and small air gaps during bonding, altering the cou-
pling strength between the upper and lower layers and thus
slightly changing the resonance depths and band-edge match-
ing. In addition, tolerances in substrate thickness, drift in rel-
ative permittivity at millimeter-wave frequencies, and fabrica-
tion errors in metallized vias can disrupt structural symmetry
and impedance continuity, affecting matching at certain fre-
quency points. Moreover, the residual calibration errors of the
vector network analyzer, test-cable losses, and environmental
electromagnetic interference also introduce additional fluctu-
ations into the measured curve. Despite these deviations, the
measured and simulated results show reasonably consistent res-
onance positions and similar overall trends, demonstrating the
sound rationality and engineering feasibility of the proposed an-
tenna structure. It should be noted that the experimental valida-
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FIGURE 14. Fabricated prototype of the proposed SIW slot antenna.

tion in this work is limited to the reflection-coefficient measure-
ment. Due to current limitation of the available Ka-band far-
field measurement conditions, fully calibrated measurements
of the radiation patterns, realized gain, and radiation efficiency
cannot be provided at this stage. Therefore, the radiation char-
acteristics reported in this work are evaluated using full-wave
electromagnetic simulations, and the measured results are used
to verify impedance-matching performance and practical feasi-
bility of the fabricated antenna.

Table 2 compares the proposed antenna with recently
reported Ka-band SIW and magnetic-electric dipole antennas.
The array-based designs generally provide wider bandwidths
and higher gains because of their larger effective apertures,
multiple radiating elements, and corporate-feed networks.
However, these advantages are accompanied by increased
footprint, layer count, and feeding complexity. In contrast, the
proposed antenna employs a compact two-layer single-element
configuration without an array feeding network or an additional
superstrate.  Although its realized gain is lower than those
of array-based designs, it provides a favorable compromise
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FIGURE 15. Simulated and measured reflection coefficients of the pro-
posed SIW slot antenna.

TABLE 2. Comparison with recently reported Ka-band STW and
magnetic-electric dipole antennas.

Ref. Freq. band (GHz) FBW (%) Gain
[19] 29.28-35.83 21.80 14.1 (dBic)
[22] 24.12-30.83 24.42 11.02 (dBi)
[25] 27.58-32.71 17.02 11.5 (dBi)
[28] 25.00-30.00 18.18 8.50 (dBi)
This work 26.35-29.20 10.26 8.15 (dBi)

among continuous impedance bandwidth, realized gain,
simulated efficiency, electrical size, structural complexity, and
planar integration.

5. CONCLUSION

In this study, a wideband substrate-integrated waveguide (SIW)
slot antenna based on a split magnetic-electric dipole with
multi-mode coupling is proposed and implemented. The an-
tenna adopts a dual-layer dielectric substrate configuration, in
which the bottom layer serves as the SIW feeding layer that
achieves low-loss energy transmission and interlayer coupling
through periodic metallized vias and a coupling slot, and the
top layer constitutes the split magnetic-electric dipole radiating
layer, where split arc-shaped patches, a central coupling patch,
a cross-shaped perturbation structure, and metallized vias are
introduced to reconstruct the surface current path and excite
multiple adjacent resonant modes. The structural evolution and
field-distribution analyses demonstrate that the wideband per-
formance of the proposed antenna originates from the synergis-
tic coupling between the electric- and magnetic-dipole modes:
the split arc-shaped patches provide the fundamental electric-
dipole radiating mode; the central coupling patch and metal-
lized vias introduce a magnetic-dipole component and substan-
tially broaden the bandwidth; and the cross-shaped perturbation
structure further deepens the matching depth and improves the
in-band flatness, jointly enabling the low- and high-frequency
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resonant modes to merge within the target band. The simulated
results show that the proposed antenna achieves an impedance
bandwidth of 26.35-29.20 GHz for |S1;| < —10dB and a
peak realized gain of 8.15 dBi at 28 GHz. The fabricated pro-
totype achieves a measured impedance bandwidth of approx-
imately 26.8-29.1 GHz, confirming the impedance-matching
performance and practical feasibility of the proposed structure.
Furthermore, the simulated multi-frequency radiation patterns
and efficiency results demonstrate that the antenna maintains
high radiation efficiency, stable in-band realized gain, and gen-
erally consistent broadside radiation characteristics over the in-
vestigated frequency range.
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