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Abstract – A high-selectivity filtering magnetoelectric
(ME) dipole antenna based on rectangular micro-coaxial
lines (RMCLs) is presented, fabricated using micro-
metal additive manufacturing (M-MAM) for V-band
operation. The structure integrates two λ /4 resonators,
one λ /2 resonator, and an ME dipole antenna, coupled
through J/K-inverters realized as RMCL gaps and short-
circuited stubs. Notably, while a standalone ME dipole
inherently supports an impedance bandwidth over 30%,
this design achieves a 5.04% operating bandwidth cen-
tered at 59.5 GHz after integrating filtering functionality.
Simulations confirm a peak gain of 4.53 dBi within
the passband, with cross-polarization consistently below
−20 dB. A sharp gain roll-off to −10 dBi at 1.048 f0
and 40 dB out-of-band suppression demonstrates excep-
tional frequency selectivity. Owing to inherent minia-
turization, lightweight construction, and low-loss char-
acteristics, the antenna exhibits significant potential for
low-earth-orbit (LEO) satellite internet systems.

Index Terms – Filter antenna, low-earth-orbit (LEO)
satellite, magnetoelectric (ME) dipole antenna, V-band.

I. INTRODUCTION
The Q/V frequency band (40–75 GHz) encom-

passes dual sub-bands, namely the Q-band (40–50 GHz)
and V-band (50–75 GHz), belonging to the millimeter-
wave extremely high frequency (EHF) spectrum regime.
Its ultra-wide bandwidth, high directivity, and low
interference characteristics render it a crucial spectral
resource for high-speed satellite communications, low-
earth-orbit (LEO) internet access, and scientific research
missions [1–3]. Corresponding radio frequency com-
ponents must satisfy stringent requirements for ultra-
miniaturization, ultra-low loss, and multifunctional inte-
gration. Filtering antennas with integrated filtering-
radiating capabilities have emerged as a promising
approach to address these challenges [4, 5].

Conventional filtering antenna implementations
typically follow three approaches: (1) cascading anten-
nas as terminal resonators with filter structures [6–
8], (2) embedding band-rejection elements within
feed networks to create transmission zeros [9], or
(3) loading parasitic structures to modify radiation
characteristics [10]. However, fabrication constraints
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at millimeter-wave frequencies often preclude direct
application of these techniques. Recent studies have
proposed solutions based on substrate integrated waveg-
uide (SIW) [11], gap-waveguide (GWG) [12], frequency
selective surfaces (FSS) [13, 14], and differential feed-
ing networks [15]. Nevertheless, challenges persist, such
as high integration complexity or excessive loss.

Notably, micro-metal additive manufacturing (M-
MAM) technology, utilizing sequential thick-photoresist
lithography and copper electroforming processes [16–
18], enables the monolithic fabrication of multi-layer
metallic structures without assembly. The rectangular
micro-coaxial line (RMCL) structure developed based
on this technology has been successfully applied in
millimeter-wave antenna designs owing to its low trans-
mission loss characteristics [19–22]. However, the inte-
gration of filtering functionality within this structure
remains an unresolved challenge.

This work proposes a novel filtering magneto-
electric (ME) dipole antenna implemented in RMCL
technology. The design offers three key innovations:
(1) a modular architecture permitting independent opti-
mization of filtering and radiating sections before inte-
gration, (2) implementation of λ /4 resonators with
short-circuited stubs connecting the feed and radiator,
reducing dielectric support requirements and minimiz-
ing insertion loss, and (3) angular orientation of the
dipole patches toward the ground plane to enhance front-
to-back ratio (FBR) without increasing footprint. The
prototype demonstrates 5.04% impedance bandwidth
centered at 59.5 GHz, exceeding 40 dB out-of-band
rejection, and stable cross-polarization below −20 dB.

II. FILTERING ANTENNA GEOMETRY
AND ANALYSIS

A. Antenna geometry
The proposed filtering antenna is constructed using

RMCLs based on M-MAM technology, with its mono-
lithic 3D integration achieved through nine stacked
copper layers. Figure 1 illustrates the RMCL fabrica-
tion schematic, wherein SU-8 support strips (εr = 4.2,
tanδ = 0.045) mechanically suspend the inner conduc-
tor to prevent inter-conductor short circuits. Release
holes perforating the outer conductor walls facilitate
post-processing removal of residual photoresist [18].
The characteristic impedance of the RMCL structure
is determined by the inner conductor width wi and the
conductor-to-outer-wall gap dimension wg, with opti-
mized values of wi = 0.32 mm and wg = 0.32 mm
achieving 50 Ω impedance matching.

Figure 2 presents the three-dimensional topology
of the integrated filtering antenna system, synergisti-
cally combining a hybrid resonator filter section with

an ME dipole radiating element. The filtering com-
partment integrates two λ /4 resonators and a single
λ /2 resonator interconnected through capacitive gap
coupling, while employing short-circuited stubs for
input/output port connections. The radiating element
comprises vertical arms, a ground plane, and angularly
oriented planar patches, where feeding is accomplished
through a tapered trapezoidal transition structure with
a probe pin directly coupled to an inclined patch to
establish electric dipole excitation. Electromagnetically,
co-directional surface currents on the inclined patches
constitute the equivalent electric dipole, while the ver-
tical arms in conjunction with the ground plane form
λ /4 short-circuited patch structures generating comple-
mentary magnetic dipole radiation. By leveraging the
modular design pattern inherent in RMCL technology
and maintaining the dimensional consistency of the
inner/outer conductors at the filter ports and antenna feed
interfaces, independent optimization and seamless inte-
gration of the two functional modules are achieved. The
optimized structural parameters are detailed in Table 1.

Fig. 1. RMCL based on M-MAM. (a) Main view.
(b) Side view. Main critical dimensions: h1 = 100 and
h2 = 40 (unit: µm).

Fig. 2. Geometry of the proposed filtering antenna.

Table 1: Design parameters of the proposed filtering
antenna (unit: mm)

Para. w ws wa ks kw kl
Value 1.66 0.20 0.35 0.05 0.236 0.507
Para. l l1 l2 l3 d12 d23

Value 5.71 0.89 2.21 0.89 0.321 0.321
Para. s d h t1 t2 α

Value 0.30 1.08 1.08 0.20 0.10 70◦
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B. Filter design
Conventional capacitive-gap coupled filters typ-

ically require each resonator to exhibit a physical
length of approximately λ /2 at the center frequency
f0, with inter-resonator coupling achieved through adja-
cent open-end gaps. This coupling mechanism can be
equivalently modeled as a J-inverter network [23]. How-
ever, such architectures inherently suffer from excessive
longitudinal dimensions and substantial dielectric sup-
port requirements, significantly degrading insertion loss
performance. To mitigate these limitations, this work
innovatively introduces λ /4 resonators combined with
K-inverters at the input/output ports, achieving over 40%
reduction in overall filter dimensions while minimizing
support structures to enhance transmission efficiency.
The topological configuration of the proposed hybrid
resonator filter is illustrated in Fig. 3.

Fig. 3. Illustration of a hybrid resonator filter structure
with J/K-inverters.

Within the electromagnetic model of this filter, the
electrical length of each resonator is determined by the
following equation:

λ/4: θ j =
π

2
+

1
2
(ϕ j−1, j +ϕ j, j+1), (1)

λ/2: θ j = π +
1
2
(ϕ j−1, j +ϕ j, j+1), (2)

where ϕ represents the phase contribution from adjacent
coupling elements.

The physical length l is then derived as:

l j =
θ jλ0

2π
, (3)

where λ0 is the wavelength at f0.
For a 3rd-order filter centered at 60 GHz with

3.33% fractional bandwidth (FBW) and 20 dB return
loss (RL), the Chebyshev low-pass prototype values [23]
are given as:

g0 = 1.00, g1 = 1.0315, g2 = 1.1474,
g3 = 1.0315, g4 = 1.00.

Theoretical calculations determine the initial res-
onator lengths as:

l1 = 1.1051 mm, l2 = 2.4617 mm, l3 = 1.1051 mm.

Corresponding J/K-inverter equivalent circuit
parameters are:

LS,1 = L3,L = 0.217 nH,

C1,2 =C2,3 = 1.2774×10−3 pF.

Leveraging the RMCL structure shown in Fig. 1,
parameterized physical models of the J/K-inverters are
established. Figure 4 demonstrates that the extracted J-
inverter’s equivalent capacitance C exhibits a monotonic
decrease with increasing gap distance d. Analysis of the
K-inverter model in Fig. 5 reveals that the equivalent
inductance L increases with stub length kl while decreas-
ing with width kw. These parametric relationships pro-
vide theoretical foundations for determining initial J/K-
inverter dimensions.

Fig. 4. The value of C with different gaps d (including
J-inverter).

Using these models, a 3D electromagnetic model
of the hybrid resonator filter is constructed in CST
Microwave Studio. Following parametric optimization,
the final design exhibits excellent agreement between
full-wave simulation results (Fig. 6) and ideal Cheby-
shev responses, validating the theoretical approach. Key
optimized dimensional parameters are comprehensively
tabulated in Table 1.

C. ME dipole antenna design
The evolutionary process of the ME dipole antenna

design is depicted in Fig. 7. Antenna I (Ant. I) consti-
tutes the baseline ME dipole configuration featuring a
conventional Γ-shaped feed and planar patches. Inspired
by [24], structural modifications yield Antenna II (Ant.
II): a bent probe pin directly coupled to the planar
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(a) 

(b) 

Fig. 5. The value of L with different (a) length kl and (b)
width kw (including K-inverter).

Fig. 6. Full-wave response of the designed filter (solid
lines). The ideal Chebyshev characteristic (dashed lines)
is reported for comparison.

patches provides integrated excitation, while the inner
conductor is reconfigured into a tapered trapezoidal
topology. The final proposed radiator structure is real-
ized through the angular orientation (α) of the planar
patches toward the ground plane.

Fig. 7. Design process of the proposed ME dipole
antenna.
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Fig. 8. Simulated S11 and realized gains of Ant I, Ant II,
and the proposed Ant.

50 52 54 56 58 60 62 64 66 68 70
0
2
4
6
8

10
12
14
16
18

Fr
on

t-t
o-

ba
ck

 R
at

io
 (d

B
)

Frequency (GHz)

 Ant Ⅰ.  Ant Ⅱ.  Proposed Ant.

Fig. 9. Simulated front-to-back ratio of Ant I, Ant II, and
the proposed Ant.

Figures 8 and 9 present the simulated S11 and FBR
for Ant I, Ant II, and the proposed antenna. Analysis
indicates that while Ant I exhibits resonance at 60 GHz,
but it suffers from severe impedance mismatch. The
bent probe implementation in Ant II shifts the resonant
frequency upward and achieves gain enhancement rela-
tive to Ant I, with the tapered transition, simultaneously
improve impedance matching. However, both configura-
tions demonstrate unsatisfactory FBR below 15 dB. The
angular orientation technique proposed herein success-
fully elevates FBR to 16 dB while achieving a broad
impedance bandwidth spanning 55–75 GHz (|S11| <
−10 dB) under the optimized parameters in Table 1.
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Fig. 10. Simulated S11 of the proposed ME dipole
antenna with different values of (a) wa and (b) h.

To elucidate the underlying electromagnetic mech-
anisms, Fig. 10 investigates the influence of critical
parameters wa and h on S11 characteristics. Increasing
wa primarily reduces resonant frequency while optimiz-
ing impedance matching, whereas parameter h predom-
inantly modulates resonant frequency with negligible
impact on matching. Current and electric field distribu-
tions in Fig. 11 reveal the physical origins: variation in h
alters the resonant frequency by extending the effective
current path length across the patch surface, while wa
induces frequency-shifting effects through reduced ver-
tical arm spacing during matching optimization.

Figure 12 further quantifies the effect of the tilt
angle α on the radiation characteristics. It can be
observed that the greater the inclination, which means
the smaller α , the FBR of the antenna increases. The
backward radiation is suppressed to some extent with an
unchanged ground floor, but this is accompanied by a
sacrifice in gain.

D. Filtering antenna integration
Owing to dimensional consistency between inner

and outer conductors in the RMCL utilized for both filter

Fig. 11. (a) Simulated current distribution on planar
patches. (b) Simulated electric field distribution on the
xoy plane.
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Fig. 12. Simulated realized gain and front-to-back ratio
of the proposed ME dipole antenna with different values
of α .

and antenna structures, direct interconnection enables
system-level integration of the filtering antenna. Fig-
ure 13 presents comparative simulated S11 and realized
gain characteristics for the ME dipole antenna configura-
tions with and without integrated filtering functionality.
The proposed filtering antenna satisfies |S11| < −10 dB
impedance matching across 58–61 GHz. Although the
incorporated filter structure introduces insertion loss, it
significantly enhances frequency selectivity. The real-
ized gain peaks at 4.53 dBi, while exhibiting a sharp roll-
off to −10 dBi at 62.4 GHz (1.048 f0), demonstrating a
characteristic bandpass response.

Figure 14 quantifies radiation patterns of the pro-
posed filtering antenna and ME antenna at operat-
ing frequencies of 59 GHz and 60 GHz. The fil-
tering antenna exhibits little change in the H-plane
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Fig. 13. (a) Simulated S11 and (b) realized gain of the
proposed antenna and the proposed filtering antenna.
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Fig. 14. Comparison of simulation radiation patterns
between the proposed filter antenna and the independent
ME antenna: (a) E-plane and H-plane at 59 GHz. (b) E-
plane and H-plane at 60 GHz.

pattern compared to the ME antenna, but the cross-
polarization in the E-plane has increased. Specifi-
cally, the proposed filtering antenna achieves cross-
polarization suppression exceeding 78 dB in the E-
plane, with a half-power beamwidth (HPBW) of 77◦.
The H-plane maintains cross-polarization levels below

−20 dB with an extended HPBW of 170◦, indicating
quasi-omnidirectional coverage capability. Furthermore,
optimized design achieves consistent FBR exceeding
15 dB, effectively suppressing back-lobe radiation.

III. MEASUREMENT AND COMPARISON
A. Measurement

Given the constraints imposed by available fabri-
cation and testing facilities, this study focused on the
physical realization and experimental validation only of
the hybrid resonator filter based on the RMCL structure,
as described in section IIB. Considering that mainstream
millimeter-wave measurement systems rely on planar
probing platforms, the fabricated filter incorporates a
broadband transition structure at its ports. This structure
provides an optimized connection from the RMCL to
Ground-Signal-Ground (GSG) probe pads [25], specif-
ically designed for millimeter-wave on-wafer probing.
A photograph of the final packaged device is depicted in
the inset of Fig. 15.

As shown in Fig. 15, the measured results exhibit a
center frequency shift of 0.7% compared to simulations,
with f0 = 60.42 GHz (vs. simulated 60 GHz), FBW
reduction to 2.5% (vs. 3.3%), IL degradation to 2.44 dB
(vs. 1.05 dB), and RL >10 dB (vs. >20 dB).

A Monte Carlo sampling (MCS) sensitivity analy-
sis was conducted on 13 primary dimensional param-
eters (Fig. 16) with manufacturing tolerance limits of
±5 µm (the typical tolerance of the M-MAM technol-
ogy [26]). Two hundred uniformly distributed random
samples were simulated, excluding transition interfaces.
The observed deviations between measured and sim-
ulated results are attributed to these factors: (1) criti-
cal dimension deviations exceeding ±5 µm tolerance;

Fig. 15. The simulated and measured results of the
proposed filter, accompanied by the fabricated prototype
(inset).
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Table 2: Comparison with the previous filtering antennas

Ref. Impedance Peak Stopband Suppression FL/F
a
U Profile

Bandwidth (GHz) Gain (dBi) Level (dB) (%/%) (mm/λ0)
[27]b 5.00–5.42 (8.0%) 3.06 ∼27 ∼4.2 / ∼3.8 0.288 / 0.005
[28]c 33.7–36.3 (7.40%) 7.10 ∼13 ∼2.3 / ∼5.4 0.962 / 0.112
[29]b 18.9–30.3 (46.3%) 6.00 ∼25 ∼8.9 / ∼6.9 3.937 / 0.323
[30]b 24.0–28.6 (17.5%) 6.20 ∼20 6.1 / 10.6 2.330 / 0.204
This Workc 58.0–61.0 (5.04%) 4.53 40 3.2 / 3.4 0.800 / 0.158
aDefinition of frequency selectivity: FL = ( f10L − f∆20L)/ f0, FU = ( f∆20U − f10U )/ f0. f10L and f10U are
the frequencies at the edges of the −10 dB impedance bandwidth. f∆20L and f∆20U are the frequencies
with suppression more than 20 dB.
bAll dates provided by this line are measurement dates.
c All dates provided by this line are simulation dates.

Fig. 16. Sensitivity analysis of the proposed filter.

(2) unremoved dielectric material at K-inverter corners;
(3) probe contact error and system calibration drift.

B. Comparison
As shown in Table 2, the filter antenna proposed

in this paper has significant performance characteristics
compared to the existing typical designs. Compared with
the 3.06 dBi gain level reported in [27], the present work
achieves a gain enhancement of 4.53 dBi. Although
the cascaded magneto-electric dipole and hybrid res-
onator configuration yields lower gain than the 6.0–
7.1 dBi range in [28–30], our design demonstrates three
significant advancements at the demanding 59.5 GHz
millimeter-wave frequency: (1) an ultra-compact verti-
cal profile of only 0.158λ0, (2) superior out-of-band
suppression exceeding 40 dB, and (3) sharp frequency
selectivity of 3.2/3.4%.

IV. CONCLUSION
This paper presents an innovative design of a V-

band filter antenna based on RMCL, which centers

on the realization of a modular split design and easy
integration of a hybrid resonator filter structure and an
ME dipole antenna. The antenna exhibits an impedance
bandwidth of 5.04% at the center frequency of 59.5 GHz
and maintains a cross-polarization level below −20 dB.
The overall size of the antenna structure is optimized
to 6.79× 3.19× 0.8 mm (including the ground plane),
corresponding to a profile height of only 0.158λ0. In
particular, the design exhibits excellent out-of-band sup-
pression characteristics. Outside the frequency band of
±4.8% from the center frequency, rapid gain attenuation
below −10 dBi is achieved. This feature significantly
reduces the risk of adjacent channel interference in V-
band antenna systems, providing an effective solution
for high-density integrated RF front ends.
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