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Abstract—This article presents a E-band phased antenna array
based on controllable decoupling path for wide-angle scanning
applications. The decoupling path is implemented by loading a
pair of I-shaped strip with two grounded vias and a parasitic
grounded via on both sides of the antenna to eliminate the
inherent coupling between elements in array, enabling the control
of amplitude and phase. According to the equivalent circuit anal-
ysis, the I-shaped strip is mainly used to control the phase and
magnitude of the energy in the decoupling path, and the parasitic
via is used to further adjust the phase of the energy, accurately
canceling the inherent coupling between different elements of the
array. To verify this, a wide-scanning phased array using stacked
metasurfaces was designed, where the controllable decoupling
paths are symmetrically located on both sides of the elements
along the E-plane, achieving high isolation and minimal impact
on impedance matching. As a result, the array has a high isolation
of over 20 dB and a wide-angle beam scanning of up to +62°
within a broad bandwidth of 66-76 GHz (19.7%). Additionally,
the gain fluctuation is less than 2.9 dBi, the active S-parameters
remain below —10 dB, and the antenna efficiency reaches 71%.
Compared with other works, this array has the advantages of
wide-angle scanning, high isolation, and good active impedance
matching in the E-band and has potential application prospects
in future millimeter-wave (mm-Wave) communications.

Index Terms—Decoupling path, high isolation, stacked meta-
surface, wide-angle scanning.

I. INTRODUCTION

ECENTLY, with the rapid development of wireless

communication technology, millimeter-wave (mm-Wave)
has been applied in military, civil, and industrial sectors
[1], [2]. A wide range of azimuth and pitch beam scanning
can be achieved in millimeter-wave (mm-Wave) frequency
band by using phased array technology. Therefore, improv-
ing the scanning performance of arrays has become the
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focus of current research. The scanning performance of the
array can be improved by reducing the distance between
elements, broadening antenna beams, and reconfigurable radia-
tion modes. Currently, radiation-mode reconfigurable antennas
[3], meta-lenses antenna [7], [8], metasurface structures [9],
antenna beamwidth [12], [13], [14], [15], and tightly coupled
arrays [16], [17], [18] have been extensively studied. In
[16], a compact patch antenna array with two decoupling
structures exhibits a low isolation of only 13 dB. It is
well-known that poor isolation can lead to high active S-
parameters, reduced radiation efficiency, and rapid loss during
scanning.

Currently, two methods have been studied for enhancing
isolation. One is to block the coupling path. In large-scale
arrays, structures, such as electrical tape gap electrical bandgap
(EBG) and perfect electrical conductor (PEC) perfect mag-
netic conductor (PMC) walls [18], [19], [20], are commonly
employed to resist inherently coupled paths. The compact
wide-beam mm-Wave 45° polarization low-temperature co-
fired ceramic (LTCC) phased array proposed in [21] achieves
a scanning angle of £58° and a high isolation of 21 dB
within the frequency range of 19.6%. However, the scanning
range of the array in this study is smaller than that proposed
in this article. The second method is to offset the inherent
coupling path by introducing additional paths. It requires that
the equal amplitude and inverse phase of the two paths are
satisfied within the working band. In the two-elements array or
small-scale arrays, neutralization line and decoupling networks
[22] are commonly utilized, but the additional impedance
matching networks of these two methods will increase the
design complexity of large-scale arrays. Consequently, the
antenna array decoupling surfaces and band-based stubs are
proposed in [22], [23], [24], [25], [26], and [27]. In [28], a
novel planar decoupling technique is employed to achieve a
high isolation of 22 dB and a scanning range of £60° over a
relative bandwidth of 16.7%. However, the radiation efficiency
is significantly reduced by gain drop during array scanning.

Inspired by the above works, a controllable decoupling
path is proposed and implemented for wide-angle scanning in
(mm-Wave) phased arrays. The concept of constant amplitude
and reverse phase cancellation is employed by this article to
achieve isolation performance exceeding 20 dB and active
S-parameters less than —10 dB. Moreover, validation with
1 x 2 and 1 x 4 arrays shows that this method can be
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Fig. 1. Topology and the electric field distribution of the stacked metasurface
element. (a) Three-dimensional view, (b) top view, and (c) side view of
electric field E and magnetic current JM distribution in antiphase TM20 mode
(parameters: wy = 0.3 mm, d, = 0.3 mm, a; = 1.2, a, = 1.8 mm, h; = 0.376
mm, iy = 0.282 mm, Wy, = 2.61 mm, Ly, = 2.3 mm, /; = 0.85 mm, and
ws = 0.1 mm).
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Fig. 2. Performance of the antenna element. (a) S-parameters and realized
gain and (b) radiation pattern.

extended to large-scale arrays. After this, the EBG structures
are integrated on both sides of the array. A £62° beam
scanning is achieved in the working band with a gain drop
of less than 2.9 dBi. Therefore, the proposed method ensures
favorable S-parameters and wide-angle scanning performance
for the 4 x 4 phased arrays integrated into the package using
the LTCCs process.

II. HIGH-ISOLATION WIDE-ANGLE SCANNING ANTENNA
ARRAY WITH GOOD ACTIVE IMPEDANCE MATCHING

This section presents the development of a wide-angle
scanning phased array with high isolation and good active
impedance matching. The design follows a path from the
individual antenna element to the 4 x 4 phased arrays system
and is elaborated in Sections II-A-II-C.

A. Wideband Stacked Metasurface-Based Antenna Element

As we know, metasurface antennas with TM resonant modes
as the traditional patch antenna have been widely used due to
their advantages of simple structure, compactness, and easy
integration. To address the coupling issue between (mm-Wave)
arrays and the performance limitations of wide-angle scan-
ning, a new wideband wide-beam antenna utilizing stacked
miniaturized metasurface is presented in Fig. 1. The electric
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Fig. 3. Principle of controllable decoupling path for two elements. (a) Without
decoupling path and (b) with decoupling path.

field distribution of the antiphase TMjy mode of the antenna
is illustrated in Fig. 1(c). When the metasurface is excited,
the horizontal electric field E, would be generated and two
electric fields E; and E, are produced on the radiation edge.
Meanwhile, the magnetic currents Jyq, Jyn, and Jy3 in the
same direction are also excited by the three slots to generate an
axial radiation pattern, resulting in a wideband and low profile.
The miniaturization and wide beam performance are achieved
by the incorporation of interlayer capacitances in the stacked
design, while broadband impedance matching is fulfilled using
short pins. In Fig. 2(a), the relative bandwidth of the antenna
element at —10 dB is approximately 25.6% (61.2-79.4 GHz)
with a gain drop of less than 0.5 dBi. Fig. 2(b) shows that
the E-plane features a 3-dB beamwidth of up to 120°, while
maintaining a cross-polarization level below 35 dB.

B. Analysis and Design of Controllable Decoupling Path of
Linear Array

The size of the antenna element effectively reduced to
only 0.16 Ay by using the stacked metasurface, but inherent
coupling between the elements is still existing. In order to
solve this problem, a controllable decoupling path is proposed.
The effectiveness of the decoupling path is validated through
equivalent circuit analysis and subsequently implemented in a
4 x 4 array configuration.

The inherent coupling between the two elements includes
space coupling caused by EM wave propagation and ground
coupling resulting from surface wave and the feeding network.
In order to visually illustrate the operation of controllable
decoupling paths, the conceptual model shown in Fig. 3 is used
to simulate the cancellation process of inherently coupling
and decoupling paths in a 1 x 2 array. When port 1 is
excited, most of the energy radiates into space, and a part
of energy is coupled into port 2, which is called the inherent
coupling Sfl. Then, a new energy in a decoupling path S%,
is introduced to satisfy that the equal amplitude and inverse
phase with S, so as to effectively offset the inherent coupling.
The subarray structure of the 1 x 2 stacked metasurface
antenna, as depicted in Fig. 4, consists of two identical stacked
metasurface antenna elements distributed along the x-axis with
an interelement spacing of 0.384y. The controllable decoupling
path is symmetrically loaded between the two elements.

To obtain a controllable decoupling path, the equivalent
circuit model and HFSS simulation model were established,
as shown in Fig. 5(a) and (b). Decoupling Path I consists of an
I-shaped strip and two grounded vias. In the equivalent circuit,
C, connects ports 1 and 2, representing the capacitive coupling
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Fig. 4. Configuration of the two-elements array. (a) Without decoupling path.
(b) With decoupling path. (c) Top view. (d) Side view (parameters: L; = 1.1
mm, W, = 0.1 mm, d. = 1.2 mm, dy = 0.35 mm, d, = 1.6 mm, dd, = 0.15
mm, 2; = 0.376 mm, and A, = 0.282 mm).

between the antenna and Decoupling Path 1. The two grounded
vias at a large height (0.091y) will introduce some radiation
[28], resulting in a radiation resistance R;. Additionally, the
strip near the grounded vias is denoted as Z,. According to
transmission line theory, the central connecting strip length L;
effectively controls the phase characteristics of the Decoupling
Path I by altering the equivalent electrical length of the signal
transmission path. Fig. 5(c) validates this theoretical analysis:
the phase difference AP increases gradually with L;, whereas
the amplitude difference AA first rises then decreases. Notably,
at L; = 1.1 mm, AA approaches zero and AP approaches
180°. Using this optimized L; value in Decoupling Path I,
the resulting response is compared with the inherent coupling
S§,. The amplitude and phase of S, are obtained from the
two-element array without any decoupling path. As shown
in Fig. 5(d), the amplitude of Decoupling Path I matches
well with that of the inherent coupling S 2C] , but discrepancies
persist in the frequency-dependent phase slope characteristics.
Fig. 5(e) further demonstrates that the two-element array with
the Decoupling Path I has almost no effect on its impedance
matching, while achieve port isolation below —20 dB within
the operational band. These experimental results confirm the
effectiveness of Decoupling Path I in enhancing isolation, but
the regulation of its phase slope still needs to be further
optimized to achieve a more ideal decoupling effect.

To achieve enhanced phase control of the decoupling path
for equal amplitude and inverse phase cancellation against
inherent coupling, Decoupling Path II is realized by adding
a parasitic grounded via to Decoupling Path I. Its equivalent
circuit and HFSS simulation model are shown in Fig. 6(a)
and (b), where the weak radiation from the parasitic grounded
via is modeled as R,, the overlying strip corresponds to Z3
in the circuit, and capacitor C, maps to the distance (ds)
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Fig. 5. Performance of Decoupling Path I. (a) Equivalent circuit, (b) HFSS
simulation model, (c) amplitude difference AA and phase difference AP
between Sgl and Sf] under different L1, (d) magnitude and phase comparison
between Decoupling Path I and § 2C], and (e) S-parameters of 1 X 2 array
without decoupling path and with Decoupling Path I.

between the parasitic grounded via and Decoupling Path I to
represent the coupling energy between the parasitic via and
Decoupling Path I. It should be noted that in the equivalent
circuit of Decoupling Path II, the two parallel segments of
Z1, replace Z; in Decoupling Path I, while other lumped
parameters remain unchanged. Similar to the analysis method
of Decoupling Path I, Fig. 6(c) demonstrates that AA decreases
initially then increases with growing ds while AP exhibits a
linear increase, confirming that the amplitude and phase of
SP can be further controlled by parasitic grounded via. At
the optimal dy = 0.3 mm where AP = 174° and AA = 0.018
minimize the amplitude-phase discrepancy between S§, and
SP, Fig. 6(d) reveals effective amplitude and phase matching
across the operational band, along with independent tuning of
SP, through parameters L; and d.

Finally, through full-wave simulation analysis in HFSS, Fig.
6(e) compares the S-parameters of the two-element array under
three conditions: without decoupling path, with Decoupling
Path I, and with Decoupling Path II. It can be seen that the
two-element array with Decoupling Path II achieves superior
isolation performance, with isolation better than —25 dB and
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Fig. 7. Electrical field distribution of the antenna substrate. (a) Without
decoupling path and (b) with decoupling path.

a minimum value reaching —55 dB. It is noteworthy that
the introduction of both Decoupling Paths I and II induces
negligible degradation in impedance matching characteris-
tics, confirming that the proposed Decoupling Paths II can
significantly enhance isolation while maintaining excellent
impedance matching.

Subsequently, the parameters of the decoupling path are
further optimized using the full-wave simulation software
HFSS. The electric fields distribution of the two-elements
array without and with the decoupling path is shown in
Fig. 7. When port 1 is excited, the controllable decoupling
path operates and the electric field at port 2 is significantly
weakened. In summary, the control of amplitude and phase of
the energy in the decoupling path can be realized by adjusting
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dy and Ly, and the Decoupling Path II can improve the isolation
from 16.5 to 24 dB in the impedance matching bandwidth
range from 66 to 76 GHz (19.6%), showing a good decoupling
effect.

Then, 1 x 4 array is further designed to verify the per-
formance of the proposed controllable decoupling path for
large-scale array in Fig. 8(a). The decoupling paths are sym-
metrically positioned between the elements. Taking the middle
element’s port 2 as an example, the S-parameters of other
ports are shown in Fig. 8(c) and (d). The isolations of adjacent
ports are increased from 17 to 20 dB with minimal impact on
the impedance matching of the array through the decoupling
paths. As shown in Fig. 8(e) and (f), the array presents a
fully coincident pattern with cross polarization suppression of
more than 31 dB and gain increased by 0.7 dBi, as displayed
in Fig. 8(b). The results show that the proposed controllable
decoupling path exhibits good decoupling effect in 1 x 4 array
and is expected to be applied in large-scale array.
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C. 4 X 4 Phased Array With EBG for Wide-Angle Scanning

In order to further verify the feasibility of the proposed con-
trollable decoupling path in realizing a wide-angle scanning
phased array, a 4 x 4 phased array antenna was designed,
as depicted in Fig. 9. The phased array is comprised of the
radiation elements and feeding network. The four antenna
elements placed along the E-plane are treated as a subarray
with a spacing of 0.38 Aj, and controllable decoupling paths
are inserted between the adjacent elements. Subarrays are then
placed at a distance of 0.61 Ay along the H-plane. It should
be noted that the distance between the H-plane subarrays is
significant enough to neglect the coupling within the com-
ponents. The phased array is excited by the feed network
composed of bottom multilayer substrate integrated waveguide
(SIW) merged through the slots. The signal passed through
the T-shaped two-way power divider twice in the three-layer
structure and finally achieve four-way power divider.

Moreover, in order to reduce the surface wave propagation
and increase the scanning gain of the phased array, the periodic
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Fig. 11. Electric field of the phased array with and without EBG structures.
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Fig. 12. Comparison of scanning performance of different frequency points
after loading EBG structures. (a) 66, (b) 71, and (c) 76 GHz.

EBG structures are loaded on both sides of the antenna. The
bandgap characteristic of an EBG structure is that TM waves
are supported below the resonant frequency and TE waves
above it. Near the resonant frequency, no waves are allowed
to pass, which effectively suppress the surface waves, expand
the antenna radiation to both sides, and compensate for the
reduction of gain during scanning [12], [13].

In Fig. 10(a) and (b), the S-parameters with and without
decoupling path are compared. It is observed that the iso-
lation S;; between ports is increased be about 7 dB with
minimal influence on impedance matching S;;, and the gain
remains above 15 dBi in the whole operating band, with an
efficiency exceeding 71%. Moreover, as shown in Fig. 10(d),
the EBG was analyzed using Floquet-port analysis, which
has high impedance from 60 to 83 GHz, including the
working frequency band. As shown in Figs. 11 and 12,
the electric fields on both sides of the antenna array are
significantly enhanced after the EBG structures are integrated.
In the operating frequency band, the scanning angle is greater
than 62°, and the gains of scanning are compensated about
4 dBi in the mid-high-frequency band, with a gain drop of
2.9 dBi.

As we know, the active S, represents the energy received
by port m from all the ports when four ports are excited by the
input signals with different amplitudes and phases. It changes
simultaneously with variations in the amplitude and phase of
all the input signals. The relationship between the passive S-
parameter S, and the active S, given in [31] is depicted in
the following equation, where a, represents the voltage vector
of port m:

N .
active S,y = Y S, m=1,....N. (1)
am
n=1
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Here, the four ports of the proposed array are excited
with constant amplitude and different phases, and the phase
difference is determined by the desired beam angle. Equation
(1) highlights that high isolation S,, ensures that the active
S» remains as low as possible. As depicted in Fig. 13, within
the operational band, the active §,, remains below —10 dB
when no scanning, achieving a reduction of approximately
10 dB when comparing to the situation without decoupling
paths, during maximum angle scanning, the active Sm remains
below —8 dB, which is approximately 7 dB lower. The results
show that the active S, is reduced by the incorporation of the
decoupling paths, and the radiation efficiency and gain of the
wide-angle scanning array are correspondingly improved.

III. MEASUREMENTS AND RESULTS

To validate the effectiveness of the proposed wide-angle
scanning phased array, LTCC technology was used to fabricate
the prototype. For the higher frequency range of millimeter
wave, the S-parameters of the phased array were tested using
a probe station, and a broadband beam-forming network was
designed to verify the scanning capability of the phased
array. However, there is currently no supporting phase-shifting
equipment available to test the scanning performance of the
array. Therefore, this section presents the design of three test
antennas to evaluate the performance of the mm-Wave phased
array.

1) Test Antenna A is used to test the S-parameters of the
phased array, including the return loss and the isolation.

2) Test Antenna B is used to measure the gain and radiation
pattern of the array when it is no-scanning.

3) Test Antenna C is used to evaluate the scanning perfor-
mance of the array, when applying signals with a phase
difference of —150° and +150° between adjacent four
ports.
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Fig. 14. Configuration of Test Antenna A. (a) Three-dimensional view.
(b) Prototypes.

Display |

Fig. 15. Probe station S-parameter test. (a) Zoom-out view and (b) zoom-in
view.

A. S-Parameters and Isolation Measurement of the
Fabricated Array A Using Probe Table

According to the requirements of machining and testing of
the array’s S-parameters, the GSG test structure for mm-Wave
probe testing has been incorporated onto the upper surface of
the previously designed phased array. As depicted in Fig. 14,
the signal is transmitted from the feeding network layer to
the upper surface of the phased array through the SIW to
GCPW transition structure. Furthermore, the impact of the
GSG pad on array radiation is effectively reduced by the
EBG structures of the array layers. A complete isolation test
using a probe station necessitates the use of two antennas,
and both antennas can conduct return loss tests on four ports.
Specifically, Antenna 1 is utilized to test the isolation between
S12/S14/S32/S34, while Antenna 2 is employed to test the
isolation between ports S;3/S14/S23/S24.

The prototypes, as shown in Fig. 14(b), have the antenna
dimensions of 8.1 x 17.83 x 1.55 mm. The front side fea-
tures the stacked metasurface antenna elements, controllable
decoupling paths, EBG structures, and GSG test pads, while
the back side is a metal ground plane. Fig. 15 depicts the
controlled environment of the probe station test system. During
testing, the 4 x 4 phased array under test is securely fastened
onto the test fixture, while the two waveguide probes are
securely linked to the fixed 50-70-GHz frequency expander
on the probe station via curved waveguide transmission lines.
Subsequently, these probes are connected to the vector network
analyzer (VNA) using an RF transmission line, facilitating the
measurement of S-parameters. Furthermore, the two probes
can move independently along the x-, y-, and z-axes relative
to the base of the probe station module, ensuring precise and
dependable contact between the probe and the antenna being
measured. It is worth noting that the probe utilized in the probe
station test system for mm-Wave application is the ACP GSG
waveguide probe.
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Fig. 16. (a) Simulated and (b) measured of S-parameters.

TABLE I
SIMULATION AND MEASURED PERFORMANCE OF TEST ANTENNA A

T Sii (66-76 GHz) Isolation
est N
simulated -10dB 22 dB
Antenna A
measured -8 dB 20 dB
Positioning hole Radiation 0
=
S
=10
g
z
£
8 L2
5 Beamforming &«
network
Transition TR R R R R
waveguide Freq (GHz)

(@) (b)

Fig. 17. Configuration of Test Antenna B with beamforming network.
(a) Three-dimensional view. (b) S-parameters of transition from SIW to
waveguide.

Fig. 16 and Table I present a comparison of S-parameters
simulated and measured results. The results show that the
S-parameters of the antenna test can be matched in the
range of 6676 GHz, and the in-band impedance matching
is less than —8 dB. The difference of the results can be
attributed to the variance between the port setting mode in
the antenna simulation and the microwave probe in the actual
measurement. Second, as the frequency increases, the probe
has weak radiation characteristics, which will inevitably cause
interference to the test antenna.

B. Beam Scanning Measurement of the Fabricated Array B
With SIW Beam-Forming Network

Test Antenna B can be utilized to evaluate the radiation
gain and radiation pattern when the phased array is not being
scanned. As illustrated in Fig. 17, Test Antenna B is composed
of L1-L4 as the radiation layer, L5-L13 as a multilayer 1:4
feed network, and L14-L.16 as a planar 1:4 beamforming
network composed of SIW. The WR15 rectangular waveguide
is used to feed Test Antenna B, and the double-ridged rectan-
gular transition from SIW to waveguide is vertically located
under the SIW four-way power divider and used to improve
their impedance mismatching. Then, the transition is finally
connected with WRI1S5 rectangular waveguide with standard
flanges. In addition, to ensure precise positioning of the
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Fig. 18. Beamforming network and performance of three test antennas.

(a) Beamforming network, (b) reflection coefficients, and (c) realized gain
(parameters: twl = 0.2 mm, tll = 1.1 mm, tI2 = 2.8 mm, tI3 = 1.2 mm, tl4
= 0.6 mm, and tI5 = 0.4 mm).
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Fig. 19. Physical picture of Test Antennas B and C. (a) Physical samples.
(b) Test environment.

waveguide port during the welding process, two positioning
holes are incorporated on each side of the antenna. The S-
parameters with transition structure are shown in Fig. 17(b).
The average loss when S;; < —15 dB is about 0.85 dB within
working frequency band.

In order to evaluate the scanning performance of the phased
array, Test Antenna C was designed on the basis of Test
Antenna B, and a beamforming network composed of SIW
was loaded under the antenna feeding network. Beamforming
network includes four-way power divide with constant ampli-
tude and phase at no-scan and beamforming network at left and
right-scanning. It is composed by a 1:4 power division network
fed by a waveguide and a U-shaped slot with relative path
difference. As shown in Fig. 18(a), the required phase shift
is achieved by controlling the path difference of the four U-

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on July 06,2026 at 06:28:49 UTC from IEEE Xplore. Restrictions apply.



1352

SIMULATION AND MEASURED PERFORMANCE OF TEST ANTENNAS B AND C
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TABLE I

Test antenna Return Loss Gain Beam direction
B (No-scanning) Simulated -13.dB 13.7-14.3 dBi 0°
& measured -10 dB 12.5-14.5 dBi 0°
C (Left-scanning) Simulated -12dB 10.6-12.3 dBi -69° ~ 61°
g measured -11.3 dB 8.8-11 dBi -68° ~ 62°
C (Right-scanning) Simulated -11.7 dB 10.4-12.3 dBi 62° ~ 69°
¢ ¢ measured -10.7 dB 8.7-10.6 dBi 62° ~ 68
TABLE III
COMPARISON WITH OTHER MM-WAVE PHASE ARRAYS
Ref. Decoupling Scale Element Bandwidth Act.S/ Isolation Scanning Gain drop
method space angle
Pattern reconfigurable
Shorted 9.7% - o
stacked p[z;t%’x antenna rectangular loop 4x4 0.98X (24.5-27GHz) N.A./=17dB +55 <4.2dB
Patch array with Planar decoupling 16.7% -~ 5
decoupling structures[28] path b 0452 (25-29.5GHz) <-10dB/=22dB 30 < 4dB
L-shaped probe-fed 23.0%
phased array antenna N.A 4x4 0.6X0 ) N.A./=20dB +30° <3.5dB
. (51-64GHz)
(AiP) [29]
Wideband integrated 10.5%
array antenna [30] N.A 16x16 0.93% (71-76GHz) N.A./>20dB N.A <2.5dB
Controllable 19.7% > +62° <2.9dB
This Work planar 4x4 0.38)0 e <-10dB /=20dB | (in the whole | (at all scanning
. (66-76GHz)
decoupling path band) angles)

slot couplers to generate a phase difference between adjacent
channels. When no-scanning, the phase difference between
the ports is 0. When scanning, the different phase difference
between the adjacent ports can realize the left and right
scanning of the phased array. For left-scanning at 71 GHz,
the phase difference between P2 and P3 ports is —146°, the
P3 and P4 ports is —157°, and the P4 and P5 is —148°.
Right-scanning beamforming network is inherently symmetric
to left-scanning beamforming network, so I would not delve
into the details here.

Fig. 19(a) shows a physical sample of Test Antennas B and
C, with dimensions of 8.7 x 17.83 x 1.55 mm. The front
of the antenna is composed of stacked metasurface antenna
elements, controllable decoupling path, EBG structures, and
positioning holes, and the white H-shaped structure on the
back is the waveguide transition port of the phased array. The
radiation characteristics of the 4 x 4 phased array were tested
in a close-field darkroom, and the test environment was shown
in Fig. 19(b). As shown in Fig. 18(b), the simulation and mea-
sured results of the S-parameters of the no-scan, left-scan, and
right-scan antennas are, respectively, compared. It can be seen
that the resonant frequency points measured by antenna S-
parameters are basically consistent with the simulated resonant
frequency points, and the impedance matching is less than
—10 dB. Fig. 18(c) shows the array gain measured in the
near-field chamber. The results show that the measured gain
is over 12 dBi, and the frequency gain curve of the left and
right scanning maximum beam direction is consistent with the

simulation trend, with a drop of about 1.5 dBi. Finally, the
simulated and measured performance of antenna scanning at
three different frequencies are analyzed. The detailed results
are shown in Fig. 20. In the range of 6676 GHz, the scan
range is 62°-68°, and in the wide-angle scanning, the gain
drop remains below or around —2.9 dBi. Compared with
the simulated results, the scanning range of the measured
is slightly narrower, which may be due to the imperfect
measurement operation. The simulated and measured results
of Test Antennas B and C are summarized in Table II.

C. Performance Comparison

For demonstration, comparisons with other previously
reported mm-Wave beam-scanning phased array are also con-
cluded in Table IIl. The studies in [27] and [28], operating
in the Ka-band, employ decoupling structures to enhance
isolation but exhibit relatively limited operating bandwidth
and scanning range. Similarly, the devices in [29] and [30],
operating in the E-band, achieve a high isolation level of 20
dB, but with a relatively narrow scanning range. These works
highlight the challenges in achieving a balanced performance
in bandwidth, scanning range, and isolation at mm-Wave
frequencies. In contrast, the proposed design attains a high
isolation of 20 dB over a wide operating bandwidth of
19.7%, an active S-parameters remain below —10 dB, and
a scanning range exceeding 462°. The results demonstrate
that the antenna array using controllable decoupling paths
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Fig. 20. Simulated and measured results of antenna radiation pattern at three
different frequencies. (a) 66, (b) 71, and (c) 76 GHz. (d) Total efficiency and
realized gain when no-scanning. (e) Total efficiency and realized gain when
no-scanning.

effectively enhances the overall performance for wideband
and wide-angle scanning while maintaining a compact array
configuration.

IV. CONCLUSION

In this work, a new decoupling path is proposed, which
achieves constant amplitude and inverse phase decoupling
alongside the inherent coupling, effectively eliminating the
inherent coupling without altering the antenna radiation.
Through this method, a high isolation of 20 dB at a wideband
of 19.7% can be achieved by the mm-Wave phased array
prototype, while active S-parameters are maintained below
—10 dB. Consequently, the phased array antenna loaded with
the controllable decoupling paths offers the benefits of high
isolation and good active S-parameters, presenting promising
applications in mm-Wave communication systems.
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