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Broadband slant-polarized series-
fed microstrip patch antenna array
based on magnetic current feeding
technology
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This paper introduces a broadband 45° slant dual-polarized series-fed microstrip patch antenna

array with low VSWR, based on magnetic current feeding technology. Conductive strips connect

the radiating elements, minimizing out-of-phase currents to improve broadside directivity. A ring
resonator is introduced by slotting the microstrip line, adding new resonant frequency bands, while
the feed network design enables the formation of radiation modes similar to a magnetic current-fed
array. The series-fed array’s wide bandwidth is achieved by combining the fundamental mode of side-
shorted microstrip patch antennas with additional modes from the feed structure. A fabricated three-
element linear array with central feeding demonstrated an impedance bandwidth of 3-6 GHz (67%)
and a minimumVSWR of 1.007, offering simple feeding and low loss. This design is well-suited for
applications requiring high directivity and dual polarization, such as 5G communication, drones, radar
systems, satellite communications, and loT networks.

Keywords Multiple-Input, Multiple-Output (MIMO), Magnetic current, Series-fed antenna array, Low
voltage standing wave ratio (VSWR), Broadband

MICROSTRIP patch antennas (MPA) are widely utilized in wireless communication systems due to their
simple structure, low manufacturing cost, ease of integration, and compact size. However, despite their excellent
performance in many applications, several pressing issues still need to be addressed. Firstly, microstrip patch
antennas typically have a narrow bandwidth, limiting their use in broadband communications, especially
when handling multiple signal bands is required, making them less flexible. Secondly, in dense antenna arrays,
microstrip patch antennas are prone to mutual coupling effects, which can lead to reduced communication
capacity and increased signal interference, thereby degrading the overall system performance. Furthermore,
traditional microstrip patch antennas usually have a single polarization, which fails to meet the diverse
polarization requirements of modern communication systems in complex environments. Consequently,
to enhance the performance of microstrip patch antennas, researchers have recently focused on increasing
bandwidth, reducing mutual coupling effects, and achieving multi-polarization through extensive research and
optimization efforts"2.

To meet the high gain requirements of line-of-sight communication scenarios, such as satellite
communications, base stations, and outdoor customer equipment, researchers have proposed various techniques
to enhance antenna directivity. Among these, array antennas are a conventional method widely used to increase
antenna gain. Based on different feeding methods, array antennas can be categorized into series-fed arrays and
parallel-fed arrays. Comparatively, series-fed antenna arrays have advantages such as a simple feed network
structure, low insertion loss, and compact size. However, series-fed arrays typically exhibit a narrow operational
bandwidth. This is due to Series-fed arrays often exhibit narrow operational bandwidth characteristics, primarily
due to the intrinsic nature of signal propagation in a linear array configuration. When using a common feed
line, the input signal must traverse multiple antenna elements in sequence, with each transition introducing
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cumulative transmission loss and signal uncertainties due to multiple reflections and transmission processes.
These factors lead to phase variations and amplitude distortions, effectively limiting the achievable bandwidth.
The common feed line also exacerbates signal phase differences across elements, resulting in destructive
interference over wider frequency ranges and thus reducing the overall bandwidth®. Consequently, series-fed
arrays often display narrow bandwidth characteristics**. Moreover, due to the complexity of the array structure
and interactions among elements, the Voltage Standing Wave Ratio (VSWR) can be significantly affected. In
recent years, various series-fed MPA have been reported, with relative bandwidths of 1.34%?°, 1.39%7, 0.087%>,
and 5.7%?%, all of which achieve relatively narrow operational bandwidths. Additionally, other types of microstrip
patch antennas have been extensively studied and reported, including slot-fed arrays®'3, dual-polarized antenna
arrays'*18, and slot arrays'®?’. However, these antennas also generally have operational bandwidths of less than
10%, and the impedance matching often results in poor VSWR, potentially causing power dissipation in the
system. Although performance can be improved through optimization techniques such as matching stubs, these
methods also increase system complexity and hardware costs. In large scale Multiple-Input Multiple-Output
(MIMO) base stations, the system typically consists of multiple sub-arrays, each containing three or four patch
elements, which are fed through a corporate feed network?'~2%. The use of numerous power dividers in large
scale MIMO feed networks not only increases dissipation loss but also elevates hardware costs. In contrast,
series-fed antenna arrays, by avoiding the use of power dividers, offer the advantages of simpler structure and
higher efficiency.

In engineering applications and relevant literature, broadband antenna arrays based on microstrip line
structures have been widely reported®=>2. However, research on broadband series-fed antenna arrays is relatively
limited. Among the few existing studies, such as**-* a low sidelobe end fed 45° polarized microstrip comb
linear array has been proposed. This antenna array demonstrates excellent impedance bandwidth, but its good
radiation performance is confined to a narrow bandwidth range. Furthermore, this design requires an air gap
between the substrates, which increases the complexity of antenna fabrication. Another study’ introduced a
broadband center-fed series patch antenna array, achieving a bandwidth of 26.1%. However, it has only a single
polarization direction.In the current body of research, series-fed arrays with slant polarization are exceedingly
rare. Therefore, designing a series-fed array that not only offers a wide bandwidth and good radiation performance
but also excels in impedance matching remains a significant challenge.

Based on the aforementioned studies, this paper proposes an ultra wideband, low VSWR, dual-polarized
three-element series-fed slant-polarized MPA array. This design offers the advantages of simplicity and low cost.
The antenna array utilizes magnetic current feeding and incorporates ring resonators and slot structures as
resonant elements. By employing a dual-radiator design with a two-layer main structure, the array achieves a
wide bandwidth and a low VSWR. The impedance bandwidth of this antenna array ranges from 3 GHz to 6 GHz
(67%), with a VSWR of 1.0074 and a maximum gain of 14 dBi. This structure can be widely applied in various
fields such as 5G communication systems, drones, radar systems, satellite communications, and IoT networks.

Working principle

Sides-Shorted MPA

Due to the short-circuited structure of the ring resonators at both ends of the antenna, the TM , mode is
effectively suppressed, allowing the TM,, mode to be excited as the fundamental mode in the side-shorted
MPA(SSMPA). Similar to the TM |, mode, the magnetic field of the TM,; mode exhibits an in-phase distribution
along the horizontal direction and can be excited through coupling slots. In fact, the traditional microstrip slot
feeding method can be regarded as a current excitation method, and the microstrip line current (Je) on the slot
can induce a ring H-field pattern around the slot, which introduces a horizontal H-field to excite the TM21 mode
in SSMPA. At the same time, the magnetic current (Jm) along the coupling slot can also generate a horizontal
H-field within the antenna cavity. Therefore, the TM21 mode of the antenna structure transmission surface can
be driven by two types of excitation along the slot, i.e., current excitation and magnetic current excitation. By
introducing magnetic current into the opening or gap of the microstrip antenna, the magnetic current in the
gap is able to form a horizontal magnetic field component in the antenna cavity or other radiating surface and
resonate with a specific mode of the antenna, such as TM mode, further enhancing the radiation characteristics.
This dual excitation mechanism not only increases the flexibility of the antenna’s mode excitation, but also
optimizes its radiation characteristics and bandwidth to achieve more efficient energy transfer, as illustrated in
Fig. 1.

Magnetic-Current-Fed MPA element
To validate the concept of magnetic current excitation, a magnetic current-fed side-shorted microstrip patch
antenna (SSMPA) element was designed, as shown in Fig. 2(a). According to “Love’s equivalence principle”?,
an equivalent magnetic current is obtained along the quasi-magnetic wall at the open side of the divided cavity.
Based on this, a microstrip-fed quarter-mode cavity (QMC) was designed as the magnetic current feeding
structure, positioned on the top layer. The ring resonators are deposited on a substrate. These rings are strongly
coupled by a distributed capacitance, which is formed by the gap between the rings. The current in the loop is
driven by an electromotive force, which is generated by applying a time varying electric field parallel to the axis
of the ring shaped structure. The current generated follows a quasi-static model, where the current flows from
one ring to another in the form of displacement current through the capacitance gap*’. The magnetic current
introduced by the QMC excites the bottom SSMPA through the coupling effect between devices via a coupling
slot. As shown in Fig. 2(c), the proposed SSMPA element successfully excites the fundamental TM,, mode.
Next, this paper discusses the principles of bandwidth enhancement, as illustrated in Fig. 2. In the design,
both the quarter-wavelength cavity (QMC) and the SSMPA are in an excited state. The QMC itself is capable of
radiation, and this design expands the bandwidth through two different structures: one is to use the gap loading
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Fig. 1. Two types of excitation. (a) Electric current. (b) Magnetic-current excitation.

technique, and the other is to introduce a ring resonator. The larger the cross-sectional area of the guide ring,
the greater the capacitance of the gap capacitor generated at the cutting point, and the smaller the resonance
frequency. By keeping the width of the ring constant, increasing the spacing between the two rings decreases
the capacitance between the rings, resulting in a significant increase in the resonance frequency. Without the
inclusion of the ring resonator and slots, there is only one resonant point within the usable frequency band, as
shown in Fig. 3(b). However, with the addition of the ring resonator, new resonant frequencies are introduced
into the structure, thereby increasing the bandwidth and enhancing the practical usability of the design.

At the frequency of 4.7 GHz, due to the center-positioned coaxial feed used in the antenna array, the actual
signal transmission path begins at the centrally located feed port and propagates along the transmission lines
toward both sides. As shown in Fig. 4, distinct regions of varying radiation intensity can be clearly observed,
which delineate the signal propagation paths and trends. Based on this information, the positions and design of
the slots can be further optimized.

Series-fed sides-shorted MPA array

Magnetic current array

To implement a series array where each element is fed by magnetic current, a linear magnetic current array
based on a microstrip structure (MS-MCA) was employed. The design of the microstrip transmission line was
tailored to ensure linearity, resulting in the formation of the MCA. Using this approach, a three-element feed
structure was designed on an F4BM substrate (¢=2.65, tand=0.002, h1 =0.76 mm), as shown in Fig. 3. This
center-fed structure functions as a directional radiator, emitting electromagnetic waves. In the initial design
phase, no ring resonator elements were included. The simulated |S, | parameters for the three rectangular patch
antenna elements are shown in Fig. 2(b). The preliminary design of the MS-MCA achieved a narrow impedance
bandwidth of 5.0-5.5 GHz (9.5%) with low return loss, providing a crucial foundation for subsequent design
and optimization.

As described in Section II-B, by introducing ring resonators and constructing a dual-layer slot structure in
the magnetic current-fed MPA array, two additional resonant points are introduced, forming new frequency
bands. As shown in Fig. 5(b), the resonant point of the initial structure shifts, creating new resonant points on
both sides. The right side resonant point is induced by the introduction of the ring resonator, while the left side
resonant point arises from the addition of the slot structure. The resonant frequencies of these two elements
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Fig. 2. Magnetic-current-fed MPA. (a) Element structure. E-field distribution of (b) QMC and (c) MPA at the
operation frequency.

should be tuned to be close to the resonant frequency of the feed structure. The resonant frequency of the
MPA elements can be adjusted by modifying the radius R of the ring resonator and the position and size L of
the slot. The |S,,| parameter curves for different R values are shown in Fig. 5(b) (c). As illustrated in the figure,
with an increase in R . and R, the overall return loss curve shows a decreasing trend; as R, and R , increases,
the return loss reaches a minimum at 4.7 GHz, satisfying the low VSWR requirement. The reason for choosing
4.7 GHz as the design frequency is twofold: on the one hand, 4.7 GHz optimizes the design of the antenna
structure, not only to achieve the required broadband and low VSWR, but also to optimize the transmission
path of the signal through the center-fed coaxial structure to reduce the impact of phase offset currents. It helps
to improve the bandwidth, gain and impedance matching performance of the antenna, and ensures the stability
and effectiveness of the antenna in the target frequency band. On the other hand, the 4.7 GHz frequency band is
of great significance in practical applications, such as 5G base stations, unmanned aerial vehicles, and in vehicle
communications, where it can achieve efficient data transmission and meet the needs of high speed and low
latency applications. Therefore, the 4.7 GHz frequency is selected for this design, which not only improves the
antenna performance at the technical level, but also closely connects with the actual application requirements.
Considering the overall performance, the parameters were finally optimized to R ;=8R,=10,R,=13 and R ,=15.
The dimensions are shown in Table 1.

Antenna configuration

The MS-MCA feeds a series of MPAs through coupling slots to form a linear MPA array. The proposed MPA
array structure is shown in Fig. 6. This antenna consists of two complete antenna structures stacked vertically,
comprising a total of six layers. The figure clearly shows two closely stacked dielectric substrates, F1 and F2, with
the feed positioned on the upper layer, F1. Four identical coupling slots are etched on the ground plane of the
F1 layer and the top surface of the F2 layer. The MPA elements are located on the F2 layer of the F4ABM substrate
(e=2.65, tan §=0.002, h2:3.9 mm). To achieve structural miniaturization, the feed network of the antenna
array is designed in a curved shape to increase the edge to edge distance between adjacent patch elements,
thereby further reducing the overall occupied space of the antenna.

During the design process, to avoid the overlap of transmission lines a and b, an air bridge structure was
initially introduced. However, the final simulation results showed poor performance due to significant coupling
effects between the two strips and the surrounding antenna patches, which disrupted the original electric field
distribution of the antenna. To resolve the strong coupling issue caused by the close proximity of strips and
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Fig. 3. (a) Initial MS-MCA structure diagram (b)S-parameter of the MS-MCA.

Fig. 4. Configuration of the proposed feeding structure and E-field distribution at 4.7 GHz.

patches, as shown in Fig. 5(a), the sections of the strips originally etched on the surface of F1 were moved to the
backside of F1. Specifically, part of strip b was etched on the bottom layer of the lower substrate, and its near
field coupling with the patches printed on the top layer of the upper substrate was shielded by a metal plane. The
signal is conducted through metal vias in the middle, achieving electrical interconnection between the upper
and lower layers.

It should be emphasized that, beyond size optimization, the design of the strips also takes into account the
following considerations: Due to the loading effect of the strips, which disrupts the symmetry of the surface
currents on the patch antenna relative to its diagonal, it is necessary to bend the strips to keep them as far
away as possible from the square patch. However, excessive bending can increase the coupling between the
two orthogonal strips, which may further degrade the orthogonality of the surface currents on the antenna.
Therefore, the bending design of the strip structure aims to achieve an optimal balance between minimizing
the impact on the patch elements and reducing the coupling effect between the two orthogonal strips. The
dimensions are shown in Table 2.

In the design of the feed section, we adopted a center-fed configuration. The inner conductor of the SMA
adapter passes through a hole at the center of the ground layer and is offset by a certain distance to achieve
optimal slant-polarized impedance matching. Two rows of nylon standoffs are used to secure and support
the upper dielectric substrate. Additionally, to ensure that the SMA adapter can connect from the back of the
antenna to the microstrip line on the top F1 layer and achieve perfect matching, the diameter reserved for the
RF line should be set according to the diameter of the SMA adapter’s inner conductor. Soldering holes for the
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RG401-U coaxial cable?,

The slot design for the metal slot layer and substrate F2 (as shown in Fig. 6(a-c)) is primarily intended to
reduce the coupling effects between the metal strip b on the bottom of F1, the slot layer, and the SMA feed line.
By incorporating this slot design, the distance between the feed line, the slot layer, and strip b is increased,
thereby minimizing the impact of coupling effects on system performance.
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Table 1. Dimensions of ant (Unit: mm).
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Table 2. Dimensions of ant (unit: mm).

Antenna analysis
The electric field radiation pattern of the antenna discussed in this paper was simulated using CST Microwave
Studio, and the resulting images are shown below.

The electric field distribution of the proposed array at 4.7 GHz is shown in Fig. 7. The results indicate that
the electromagnetic radiation of the MS-MCA is primarily concentrated in the central region, where the electric
field intensity is stronger. The electromagnetic radiation of the MPA is mainly concentrated in the slot areas
of the ring resonator and along the edges of the central slot. As illustrated in Fig. 7, the equivalent magnetic
current along the x-axis is also demonstrated. The in phase current portion in the quarter-wavelength cavity
(MCA) can be arranged along the y-axis. When fed from one port, the current on the strip is orthogonal to
the current at the center of the patch surface; when fed from the opposite port, the overall current direction
is reversed, maintaining orthogonal alignment. Compared to traditional series-fed microstrip patch antenna
arrays, the two+45° feed ports in this design produce two mutually perpendicular slant-polarized radiations,
thereby achieving dual polarization.

Implementation and measurement

To validate the proposed three-element linear array design, we fabricated a physical model and conducted
measurements. The antenna array consists of two parts: an upper and a lower antenna section. During the
manufacturing process, several fabrication issues needed to be considered, such as whether the selected feed
line dimensions meet the processing requirements, how much soldering area should be reserved, whether the
design structure conforms to the metal formation requirements of the PCB process, and the choice of the SMA
feed line soldering position. Additionally, it was important to consider whether the addition of solder during the
welding process would alter the electric field characteristics at relevant positions. In this design, the upper and
lower layers were fabricated separately and then stacked together to form the desired structure. Twelve nylon
screws were used to secure the two layers, minimizing the adverse effects of air gaps. A photo of the fabricated
array is shown in Fig. 8.

The radiation performance of the antenna was measured using a far-field test system in an anechoic chamber.
A comparison of the measured |S, | parameters and the simulated parameters is shown in Fig. 9(a). Under
the criterion of |S,,| < ~10 dB, the antenna achieved an ultra-wide bandwidth of 3 to 6 GHz (66%). Three
similar resonant points can be observed in the figure, indicating good agreement between the test results and
the simulation results. The shift in resonant frequencies is attributed to the introduction of screw holes, which
disrupted the original surface wave transmission mode and affected the original resonant structure. The minor
discrepancies between the test and simulation results may be due to fabrication errors.

Figure 9(c-h) show the isolation of the structure, where Fig. 9(g) shows that across the entire operational
frequency band from 3 GHz to 6 GHz, the minimum value of the S34 coupling measured between the two ports
is -50dB, demonstrating good isolation. Figure 9(i) displays the gain of the structure, with test results indicating
that the gain remains above 12.3 dBi throughout the entire operational bandwidth. Figure 9 (b) shows the
standing ratio of the structure with a minimum of 1.007, suggesting that the overall structure exhibits excellent
performance.

Figure 10 presents the radiation patterns at 3.5 GHz, 4.7 GHz, and 5.3 GHz. A good consistency between the
measurement results and simulation results can be observed.

Finally, we compared the proposed array with previously reported series-fed arrays and dual-polarized
antennas, and the results are summarized in Table 3. It can be seen that the antenna structure presented in
this paper performs well in terms of maximum gain. Although the antenna described in reference? achieves
a higher maximum gain, its design incorporates more radiating elements, leading to a more complex structure
and significant coupling effects. In contrast, the antenna proposed in this paper utilizes a multilayer structure to
achieve a satisfactory gain-to-area ratio.

Most high-gain patch antennas support only single polarization, whereas the antenna designed in this paper
can achieve slant polarization. Moreover, the proposed antenna structure is a two-dimensional linear antenna
array, which is significantly smaller in size compared to the previously reported dual-polarized antennas'’.
Building on this, by utilizing a dual-radiator structure, the antenna in this work demonstrates excellent
performance in terms of gain and impedance bandwidth, achieving an ultra-wide bandwidth of 3 GHz and a
minimum VSWR of 1.007, thereby extending the operational bandwidth. The comparison between this antenna
array and other antenna arrays is shown in Table 3.

Conclusion

This paper proposes a 1x 3 linear configuration series-fed slant-polarized MPA array using magnetic current
feeding. Based on the classical series-fed antenna array, we have analyzed a dual-polarized array. In response
to the current distribution within the antenna array, a modern miniaturization structural solution is proposed,
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Fig. 7. E-field distribution at4.7 GHz (a) Feeding structure. (b) MPAs. (c) current distribution at 4.7 GHz.

effectively addressing the issue of large size in traditional dual-polarized antenna arrays. A prototype was
fabricated and measured, validating the designed antenna’s excellent performance in terms of low VSWR and
ultra-wideband. The simulation results showed good agreement with the measured results. The proposed
antenna demonstrates potential for high directivity and dual-polarization applications while providing a new
practical method for bandwidth enhancement. This structure can be widely applied in various fields such as 5G
communication systems, drones, radar systems, satellite communications, and IoT networks.
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Fig. 8. Photos of the proposed array. (a) Unassembled layer-F1. (b) Unassembled layer-F2. (c) Front view of
the assembled array. (d) Back view of the assembled array.
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Frequency | Polarization | -10dB BW | Profile | Array Max gain

Ref. | (GHz) type (%) (mm) architecture | VSWR | (dB)
o 28.5 Slant DP 31.6 25x21 | 4x4 1.046 14

7 25 DP 14.34 240x20 | 1x8 1.094 6.01
2 4.9 SP 11.5 73x50 |1x3 1.173 5.8

= 4.4 SP 41 150x 75 | 1x8 1.094 5.8
z 5 SP 5.4 170 x 65 | 2x 4 1222 |58

» 14 DP 7.8 79%79 |2x8 1119 | 184
3 10.5 SP 233 76x24 |2x3 1.065 13.95
2 3.5 Slant DP 5.7 170x 80 | 1x3 1.119 11.8
Prop. | 4.5 Slant DP 66.7 170x 80 | 1x3 1.007 14

Table 3. Comparisions of the relevant patch antennas. Abbreviations: Ref., reference; Prop., proposed; SP,
single-polarized; DP,, dual-polarized; BW., bandwidth.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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