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Abstract—This letter presents a millimeter-wave (mmWave)
wideband and wide-angle scanning phased array antenna using a
simple scanning enhancement method for small-scale array. First,
introducing a stepped ground (SG) can significantly broaden 3 dB
beamwidth of the magnetoelectric (ME) dipole antenna element.
Based on the wide-beam element, a 4 × 4 array is constructed with
a spacing of only 0.378λ0 (at 27 GHz), and with SG, high frequency
scanning gain improves by 6 dB, achieving a 61° max scan angle
with no gain loss. To further enhance the scanning performance
of the phased array, a metasurface structure (MS) is integrated,
extending the scanning angle from 61° to over 66° and increasing
the maximum scanning angle to 69°. Additionally, π-shaped and
X-shaped decoupling paths are introduced to effectively reduce the
coupling between adjacent elements as well as between nonadja-
cent elements. This approach enhances isolation, improves active
S-parameter performance, and boosts efficiency. Fabricated using
low-temperature co-fired ceramics (LTCC) technology, the antenna
achieves a wide bandwidth of 24 GHz to 29.5 GHz, covering 5G
n257 and n258 bands, with a scanning range exceeding ±66°, and
a gain fluctuation within 3 dB. Additionally, the coupling coeffi-
cient remains below −19.5 dB, while the active S-parameter stays
below −10.3 dB at maximum scanning angles, and the efficiency
surpassing 70%.

Index Terms—Decoupling, magnetoelectric (ME) dipole,
metasurface, phased array, wide-beam elements.

I. INTRODUCTION

M ILLIMETER-WAVE (mmWave) frequency band, as a
crucial component of 5G and 6G frequencies, offers

advantages such as large bandwidth, large communication ca-
pacity, beam concentration, high transmission rates, and low
latency, making it better suited to meet the demands of modern
applications [1], [2], [3]. Meanwhile, mmWave, characterized
by high frequencies and short wavelengths, faces challenges
such as high path loss, significant signal attenuation, and limited
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Fig. 1. Topology of the proposed wide-beam ME antenna element: (a) 3-D
view and (b) top view and side view. (Wa= 0.8mm, Wb= 0.6 mm, Lt= 0.8 mm,
Li = 0.2 mm, Wh = 3.4 mm, Ua = 0.12 mm, Ub = 0.25 mm, Uc = 0.19 mm,
Ud = 0.25 mm, Ia = 0.54 mm, Ib = 0.95 mm, Y = 0.55 mm, Hf = 0.376 mm,
Hb = 0.47 mm, Ht = 0.658 mm, Dg = 0.15 mm, Df = 0.1 mm, Dn = 0.1 mm.)

coverage. Phased array antennas address these issues by con-
trolling the phase and amplitude of array elements to achieve
multibeam coverage, effectively mitigating these limitations [4],
[5], [6], [7]. However, existing mmWave phased array tech-
nologies are still constrained by a small beam-scanning area
and degradation of radiation patterns, such as significant gain
fluctuations, high sidelobes, and mismatches, which hinder their
practical applications [8].

To improve the wide-angle scanning performance and expand
the beam-scanning range of mmWave phased array antennas,
several studies have been conducted. For example, some ap-
proaches focus on broadening the beamwidth of antenna el-
ements [8], [9], [10], constructing pattern-reconfigurable an-
tennas [11], [12], [13], or employing tightly coupled elements
[14]. However, pattern-reconfigurable antennas suffer from high
losses and instability of switching components at mmWave
frequencies, while tightly coupled elements result in low an-
tenna efficiency and fabrication challenges. Therefore, broad-
ening the beamwidth of antenna elements remains a commonly
used approach for mmWave phased arrays. In addition, closely
spaced antenna elements are prone to strong coupling, which
degrades scanning performance. Decoupling has thus become
a critical research focus [15], [16], [17], [18]. For example,
in [16], decoupling between antennas was achieved using a
decoupling surface. By placing a decoupling surface above the
array, effective decoupling is realized. This method is simple
and applicable to various antenna types. In [18], an effective
decoupling technique based on planar coupling cancellation was
proposed, introducing an additional coupling path with equal
magnitude and opposite phase to cancel the inherent coupling
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Fig. 2. Antenna element with three different ground planes: (a) Case 1 (planar
ground), (b) Case 2 (tilted ground), and (c) Case 3 (stepped ground).

paths. This approach adds no extra profiles, which makes it be
fabrication-friendly and suit wideband applications.

Inspired by the above works, a mmWave wideband and
wide-angle scanning phased array antenna using a simple scan-
ning enhancement method for small-scale array is presented. A
stepped ground (SG) and metasurface structure (MS) are used
to widen the beamwidth of the ME dipole element, improving
scanning performance in a 4 × 4 array. Additionally, π-shaped
and X-shaped decoupling paths are introduced to respectively
reduce the couplings between adjacent elements or between
non-adjacent elements, for improving active S-parameters and
boosting efficiency.

II. WIDE-BEAM MAGNETOELECTRIC DIPOLE ANTENNA

ELEMENT BASED ON STEPPED GROUND

Due to the broadband impedance matching characteristics of
the ME dipole, a broadband antenna element based on the ME
dipole is proposed, as shown in Fig. 1. The design features four
rectangular metallic patches with slots and four grounded vias.
To enhance bandwidth, the ME dipole is fed by a Y-shaped
stripline coupled through an H-shaped slot etched on the ground,
specifically designed for optimal impedance matching. Addi-
tionally, to mitigate energy leakage, an isolation wall composed
of metal grounded vias and metal strips is placed around the
stripline. The antenna substrate is LTCC (εr = 5.9, tanδ =
0.002), and the metallic patches above the ground plane serve
as an electric dipole, while the metal ground vias connect the
ground plane to the patches, forming a magnetic dipole, as shown
in Fig. 1(b).

As we know, the ground of an antenna often functions as its
reflector. By modifying its structure, the reflection paths can
be adjusted, thereby altering the antenna’s gain and shaping
radiation beams with specific characteristics. Similarly, struc-
tural modifications to the ground can redistribute the antenna’s
energy, enhancing radiation performance at low elevation angles
and subsequently broadening the beamwidth. Fig. 2 illustrates
mmWave antenna elements with three different types of ground
reflectors. In Case 1, a standard planar ground is used. In
Case 2, resembling a parabolic antenna, a tilted ground is used
to concentrate energy. Case 3 employs the SG, redistributing
energy to improve radiation performance at low elevation angles.

The performance of the proposed wide-beam antenna with
the SG is illustrated in Fig. 3. It operates within a bandwidth
of 24 GHz to 29.5 GHz (20.6%), covering 5G n257 and n258
bands, with a maximum gain of 5.34 dB. The addition of the SG
enhances the antenna’s beamwidth across the 5G n257 and n258
bands, particularly at higher frequencies (such as 29.5 GHz),
where the proposed antenna element in Case 3 achieves a 3 dB
beamwidth of 131.3°, an increase of 23.2° compared to the
element without the SG. As a result, the 3 dB beamwidth in
the whole band is over 110°.

Fig. 3. Performances of the antenna element for three cases: (a) S11 and gain
of Case 3, (b) 3 dB beamwidths.

Fig. 4. Configuration of the proposed phased array antenna.

Fig. 5. Scanning envelope of the phased array with and without the SG.

III. WIDEBAND AND WIDE-ANGLE SCANNING PHASED ARRAY

ANTENNA USING SIMPLE SCANNING ENHANCEMENT METHOD

Based on the above wide-beam ME dipole element, a
4 × 4 phased array is designed, as shown in Fig. 4, where every
four ME dipole elements along the H-plane direction form a
subarray, which is fed by a 1-to-4 power divider. The subarrays
are arranged along the E-plane direction with an interelement
spacing of 4.2 mm (0.378λ0 at 27 GHz). The use of an in-
terelement spacing smaller than half a wavelength effectively
suppresses grating lobes, thereby achieving improved scanning
performance. Additionally, by integrating MS and decoupling
paths, the phased array antenna further enhances scanning
performance, isolation, and efficiency.

A. Scanning Enhancement via Wide-Beam ME Dipole
Element by Loading Stepped Ground

To clearly illustrate the improvement in scanning performance
provided by the SG, Fig. 5 presents the scanning envelopes
at different frequencies, both with and without the SG. The
inclusion of the SG significantly enhances the phased array
scanning capability.

Notably, gain attenuation is reduced after incorporating the
SG, with the improvement being particularly pronounced at
higher frequencies and larger scan angles. For instance, as indi-
cated by the 3 dB gain drop contour in the figure, the scanning
range has been significantly expanded from ±34° to ±61° at
29.5 GHz without any gain reduction at the peak. Addition-
ally, the gain performance across scanning envelopes at other
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Fig. 6. Performance of the phased array with and without MS at 29.5 GHz.
(a) Radiation patterns when scanning to max angle. (b) Electric field.

Fig. 7. Scanning performance with and without the MS or SG.

Fig. 8. (a) Equivalent circuits (R1 = 190 Ω, C1 = 24 fF, R2 = 225 Ω, C2 =
57 fF) and (b) decoupling principle of the MPCCP.

frequencies is improved, with the maximum scanning angle at
each frequency point exceeding 61°, effectively expanding the
phased array’s scanning range.

B. Scanning Enhancement via Metasurface Structure

To further enhance the scanning performance, MS are loaded
on both sides of the phased array, as shown in Fig. 4. The
MS consists of metasurfaces and metal grounded vias. By ap-
propriately adjusting the position and size of the MS, surface
waves can be guided to radiate at the edges of the array. This
is because the periodic metasurfaces can excite higher-order
harmonics, enabling the transformation of the reference surface
into a radiated wave in free space—allowing the slow wave
to radiate [19]. This improvement enhances the low-elevation
radiation performance of the edge elements, thereby broadening
the beamwidth of the array elements.

Fig. 6(a) illustrates the scanning performance at 29.5 GHz
before and after integrating the MS. It is evident that the maxi-
mum scanning angle of the beam extends from −61° to −69°,
significantly broadening the scanning range of the phased array.
Fig. 6(b) presents the electric field distributions of the 4 × 4
phased array with and without the MS. It can be observed that,
after incorporating the MS, the electric field at the array edges
is significantly enhanced. The electric field distribution of the
upper MS is similar to that of the radiation patches, indicating

Fig. 9. (a) Magnitude and phase of SC
21 and SD′

21 . (b) Magnitude and phase of

SD′
31 and SD′′

31 . (c) S-parameters with and without MPPCP.

that the upper MS enhances the scanning angle in the negative
direction, while the lower MS improves the scanning angle in
the positive direction.

To highlight the impact of the MS on expanding the maximum
scanning angle of the phased array, Fig. 7 shows the maximum
scanning angle at different frequencies with and without the
MS and SG. This figure further demonstrates, from another
perspective, that with SG, the scanning angle increases from
34° to 61°. Subsequently, the MS further enhances the scanning
performance of the phased array, extending the scanning angle
from 61° to over 66° at the whole bands, and increasing the
maximum scanning angle to 69°, with gain fluctuation controlled
within 3 dB.

C. High Isolation and Low Active S-Parameters via Multiple
Decoupling Structures

As shown in Fig. 4, to address the coupling issues in the 0.378
λ0-spaced phased array, π-shaped and X-shaped paths, per-
ceived as multiple planar coupling cancellation paths (MPCCP),
are introduced between elements, whose equivalent circuits are
presented in Fig. 8(a). The closely spaced metal segments are
modeled as coupled lines, shorter segments as microstrip lines,
and radiation resistance and coupling capacitors are included
to represent radiated energy and antenna-structure interaction,
respectively [18]. Fig. 8(b) illustrates a three-element array
to demonstrate the decoupling principle of the MPCCP. The
inherent coupling between adjacent and non-adjacent elements
is denoted as SC

21 and SC
31, while the coupling introduced by the

π-shaped path is represented as SD′
21 and SD′

31 and the coupling
introduced by X-shaped path is represented as SD′′

21 and SD′′
31 ,

respectively. The magnitude and phase of SC
21 and SC

31 are
obtained from a three-element array without MPCCP, whileSD′

21 ,
SD′′
21 , SD′

31 , and SD′′
31 are derived from the MPCCP equivalent

circuits. The MPCCPs generate equal-magnitude and anti-phase
coupling that effectively cancel the array’s inherent coupling,
resulting in improved array performance.

As shown in Fig. 9(a), the π-shaped path generates equal-
amplitude, 180° phase-inverted coupling to cancel inherent cou-
pling, achieving over 15 dB S21 reduction in 25 GHz to 29.5 GHz
and 5 dB to 10 dB in 24 GHz to 25 GHz in Fig. 9(c). However,
note that S31 slightly deteriorates at higher frequencies. To

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on January 21,2026 at 03:11:36 UTC from IEEE Xplore.  Restrictions apply. 



FENG et al.: MILLIMETER-WAVE WIDEBAND AND WIDE-ANGLE SCANNING PHASED ARRAY ANTENNA 4065

Fig. 10. Active S-parameters and efficiency of the array with/without MPCCP:
(a) Active S-parameters scanning at 0°, (b) active S-parameters scanning at
maximum angle, and (c) antenna efficiency.

Fig. 11. (a) Fabricated 4 × 4 phased array prototype and (b) testing environ-
ment for phased array’s radiation performance.

Fig. 12. Measured and simulated results of the proposed array: (a) S-parameter
curves and (b) gain curves.

mitigate this, X-shaped paths are added in Fig. 9(b), creating
cancellation (SD′

31 + SD′′
31 ) that reduces S31 by 4 dB at high

frequencies without impacting S21 in Fig. 9(c).
Due to the improved isolation, the active S-parameters at

the maximum scanning angle were enhanced. Fig. 10 illus-
trates active S-parameters and efficiency of the antenna with
and without decoupling paths. The active S-parameter when
scanning at 0° has been improved by decoupling especially at
lower frequencies, while the active S-parameter when scanning
at the maximum scanning angle has significantly declined from
−6.9 dB to −10.3 dB in the whole band. Additionally, the
decoupling effect enhanced antenna efficiency to over 78.8%
for scanning at 0°, while the efficiency remains above 70% for
the maximum scanning angle.

IV. RESULTS AND DISCUSSIONS

To demonstrate the performance of the proposed phased an-
tenna array using 4×4 wide-beam antenna elements, a prototype
was fabricated, as shown in Fig. 11(a), with four SMPM con-
nectors soldered to the back of the antenna at four ports. These
connectors excite the antenna via grounded coplanar waveguide
(GCPW) transmission lines. The S-parameter measurements
were carried out with a vector network analyzer (VNA), and the
results are shown in Fig. 12(a). Within the 24 GHz to 29.5 GHz
bandwidth (20.6%), the reflection coefficient remains below
−10 dB, while the coupling coefficient stays below −19.5 dB.
For adjacent subarrays, the coupling coefficient remains below
−22 dB across the same frequency range.

The radiation pattern performance of the phased array was
tested in a compact range chamber, as shown in Fig. 11(b). The
scanning performance of the phased array is shown in Fig. 13

Fig. 13. 4 × 4 phased array scanning performance. (a) 24.25 GHz, (b) 27
GHz, and (c) 29.5 GHz.

TABLE I
SCANNING PERFORMANCE OF THE PROPOSED PHASED ARRAY

TABLE II
COMPARISON WITH OTHER MILLIMETER-WAVE PHASED ARRAYS

and Table I. Fig. 13 presents the normalized test results of the
phased array’s scanning performance at 24.25 GHz, 27 GHz, and
29.5 GHz. Across 24 GHz to 29.5 GHz, the scanning range of the
phased array exceeds ±66°, reaching a maximum of ±68°, and
gain loss within 3 dB. In the figure, the dashed lines represent the
simulated scanning performance, while the solid lines indicate
the measured results. Accounting for fabrication and testing
errors, the measured results align closely with the simulations in
terms of scanning gain, scan angle, and beamwidth during scan-
ning. In addition, Fig. 12(b) shows the measured and simulated
gain curves of the phased array, which are acceptable within a
certain margin of error.

Table II compares the proposed scanning array with other
related studies. It is evident that, under the same array scale,
the proposed phased array antenna exhibits the widest scanning
range up to ±66° within 3 dB gain fluctuation in the whole
band of 5G n257 and n258 bands; meanwhile, it offers a higher
isolation in the smallest element space.

V. CONCLUSION

This work demonstrates a mmWave wideband, wide-angle
scanning phased array antenna using simple scanning enhance-
ment method for small-scale array. With the integration of the
SG, MS, and MPCCP, the array achieves a broadband covering
24 GHz to 29.5 GHz, a very large scanning range exceeding
±66°. Additionally, the antenna exhibits a low coupling co-
efficient, along with favorable active S-parameters and high
efficiency. Fabrication and testing validate the design, demon-
strating its suitability for mmWave applications.
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