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ABSTRACT: To address the significant gain degradation that conventional phased arrays suffer during wide-angle scanning, a linear
antenna array based on phase-mode antenna elements was proposed. The phase-mode antenna element has a three-layer structure with
two feeding ports. It can operate in odd, even, and hybrid modes by using different excitation strategies, and continuous beam scanning
is achieved using the hybrid mode, which results in a wide-angle beam scanning performance of the antenna array. The maximum
beam gain can be obtained using the method of maximum power transmission efficiency (MMPTE) compared with the traditional beam
scanning method. The optimal excitation distributions calculated by the MMPTE lead to a significant improvement in the wide-angle
beam scanning for the phase-mode antenna array.

1. INTRODUCTION

Phased arrays have been widely used in radar and commu-
nication systems for non-inertial beam scanning, high-gain

beams, convenient beam control, and robust interference re-
jection [1]. According to phased-array theory, the beam gain
decreases with the scanning angle as the effective aperture de-
creases with the scanning angle, as well as the mutual coupling
between the elements and the limitation of the beamwidth of
the element pattern [2]. This disadvantage limits its application
in radar and wireless communications. Hence, to broaden the
beam coverage, a wide-angle scanning phased-array antenna is
essential [3].
Many techniques have been proposed to realize the wide-

angle beam scanning of antenna arrays. These approaches are
mainly categorized into three categories. First, a common ap-
proach is to employ a tightly coupled array that can enlarge the
beam scanning range and realize an ultra-wide bandwidth by
imitating the continuous current [4–10]. However, there are
still some limitations for tightly coupled arrays, such as high
profile, complex integrated balun, high fabrication accuracy,
and high cost. Another way to increase the beam scanning
range of the phased arrays is to use pattern reconfigurable ele-
ments, whose characteristics can be changed by redistributing
the current flow in the radiating patch of the antenna.
One type of pattern-reconfigurable element is to load a para-

sitic structure onto the antenna element. To change the current
flow and redistribute it in a radiating patch, active switches are
usually required, such as radio frequency (RF) switches, pin
diodes, and varactor diodes. However, these active switches
require a biasing network, resulting in a complex structure that
affects the radiation performance of the antenna array [11–16].
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Another type of pattern-reconfigurable element is phase-
mode antenna element [17–20]. To reconfigure the radiation
pattern, the phase difference between the dual ports of the
phase-mode antenna element is introduced to change the trans-
mission direction of the surface currents, which leads to dif-
ferent operating modes, including the odd, even, and hybrid
modes. Consequently, the main beam direction can be flexi-
bly controlled using wide-angle scanning characteristics. How-
ever, conventional implementations of such schemes often treat
the phase difference between the dual ports of an element as a
fixed value rather than a parameter available for optimization.
Hence, the advantages of the phase mode array in maximizing
the beam scanning performance have not been extensively ex-
plored.
In this paper, a 1-D wide-angle scanning phased array is pro-

posed based on the phase-mode antenna element. The phase-
mode antenna element can operate in odd, even, and hybrid
modes by applying different excitation strategies. To obtain the
maximum gain of the beam scanning at an arbitrary angle, the
optimal excitation distribution (OED) was calculated using the
extended method of maximum power transmission efficiency
(EMMPTE) [21]. The novelty of this study lies in the maxi-
mum gain value of the scanning beam by optimizing the ex-
citation phase difference and power ratio for all phase-mode
antenna elements.

2. WIDE-ANGLE SCANNING ANTENNA DESIGN

2.1. Phase Mode Antenna Element Structure
The geometry of the phase-mode antenna element is shown in
Fig. 1. It consists of a continuous metal ground, a rectangu-
lar patch over the ground plane, and a metasurface integrated
on the topside. The 3D and top views of the rectangular patch
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FIGURE 1. Configuration of the proposed antenna element. (a) 3D view of the rectangular patch integrated over the ground plane. (b) Geometry of
the metasurface. (c) Top view of the rectangular patch integrated over the ground plane. (d) Side view of the phase-mode antenna element.

(a) (b)

FIGURE 2. Simulated |S11| of the proposed antenna element for different (a) metasurface height h3, (b) patch width L3.

designed on an FR-4 substrate and integrated over the ground
plane are shown in Figs. 1(a) and (c), respectively. Dual sym-
metrical ports were designed to feed the rectangular patch using
two coaxial probes that passed through the ground plane. The
metasurface is composed of 4×6 rectangular patches on another
FR-4 substrate, as shown in Fig. 1(b), which was designed to
achieve wide-angle impedance matching for the rectangular ra-
diation patch. A side view of the phase-mode antenna element
is shown in Fig. 1(d).
To understand the operating principle and optimize the an-

tenna performance, a parametric study was conducted on sev-
eral key geometric parameters. The effect of metasurface
height h3 on the reflection coefficient of the antenna is shown
in Fig. 2(a). It was found that the resonant frequency shifted to-

wards lower frequencies when themetasurface height increased
from 20 to 28mm. Next, the reflection coefficient of the an-
tenna element versus the patch width L3 is simulated, as shown
in Fig. 2(b). It can be observed that the resonant frequency
shifts to lower frequencies with an increase in patch width.
Based on the comprehensive parametric study, the final opti-
mized dimensions for the proposed antenna element were deter-
mined for working at 3.4GHz. The parameters used are listed
in Table 1.

2.2. Working Principle of the Element

The pattern reconfigurability of the proposed antenna element
was based on the principle of mode superposition. The ampli-
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FIGURE 3. Surface current distributions of diverse modes with phase difference at (a) ∆φ = 0◦ (even mode), (b) ∆φ = 90◦ (mixed mode), (c)
∆φ = 180◦ (odd mode), and (d)∆φ = 270◦ (mixed mode).

TABLE 1. Geometrical parameters of the antenna element.

Name Value(mm) Name Value(mm)
W1 90 L2 29
W2 38 L3 23
W3 32 L4 25
W4 10 h2 3
L1 40 h3 24
h1 1

tudes of the signals at oorts 1 and 2 are denoted by A1 and A2,
respectively. The phases of the signals at ports 1 and 2 are de-
noted by φ1 and φ2. Therefore, the phase difference is defined
as ∆φ = φ1 − φ2 which can be continuously controlled over
the range of [π−, π].
The antenna can operate in two fundamental radiation

modes: even and odd. An even mode is generated when the
two ports are excited with ∆φ = 0; an odd mode is produced
when the dual ports are excited with ∆φ = ±π; hybrid
mode is defined if the dual ports are excited with other phase
difference. The hybrid mode can be treated as a combination
of the fundamental even and odd modes. By continuously
changing ∆φ, the contributions of these two modes to the
hybrid mode can be adjusted. Consequently, radiation patterns
can be reconfigured.
The radiation pattern of each mode is determined by the sur-

face current distribution on the antenna element. Diverse sur-
face current distributions can be obtained by feeding the two
ports with different ∆φ, as shown in Figures 3(a)–(d). The re-
sultant radiation patterns are shown in Figures 4(a)–(d).

When the ∆φ was set to 0◦, a symmetrical surface current
distribution with respect to the center of the two ports is ob-
tained, as shown in Figure 3(a). Consequently, the radiation
pattern splits in the normal direction, as shown in Figure 4(a).
When the∆φ was set 180◦, a surface current distribution with
the same direction and balanced strength on the left and right
sides is obtained, as shown in Figure 3(c). Consequently, a
normal radiation pattern is generated, as shown in Figure 4(c).
When the ∆φ is set 90◦ (270◦), a surface current distribution
in the same direction but a stronger surface current on the right
(left) side is obtained, as shown in Figure 3(b) (Figure 3(d)). In
this case, a radiation pattern pointing to the right (left) side was
obtained, as shown in Figure 4(b) (Figure 4(d)).
In summary, the proposed dual-port antenna element

achieved continuous beam scanning by simply adjusting the
phase difference between the two ports. This capability is piv-
otal for enhancing the wide-angle beam scanning performance
of phased arrays.

3. WIDE-ANGLE SCANNING ARRAY

3.1. Structure of the Antenna Array
Based on the designed antenna element, a 1× 4 linear antenna
array was designed and fabricated, and the feeding ports were
denoted as Port-1 to Port-8, as shown in Figure 5. It consists of
three layers: the top layer is the metasurface; the middle layer
is fabricated with rectangular patches; and the bottom layer is
metal ground. The top and middle layers were supported by
nylon columns on the ground layer. The antenna array has
transverse dimensions of 360 × 40mm2 (4.41λ0 × 0.46λ0),
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FIGURE 4. Simulated radiation patterns of diverse modes with phase difference at (a) ∆φ = 0◦ (even mode), (b) ∆φ = 90◦ (mixed mode), (c)
∆φ = 180◦ (odd mode), and (d)∆φ = 270◦ (mixed mode).

FIGURE 5. Configuration of the multilayer antenna array.

but the top metasurface layer has dimensions of 360× 30mm2

(4.41λ0 × 0.34λ0).
The measured and simulated active |S11| and |S55| of the an-

tenna array are plotted in Figures 6(a) and (b), respectively.
It can be seen that good impedance matching is achieved at
3.4GHz for different beam scanning angles.

3.2. Beam Scanning Method

A scanning beam in the desired direction can be realized by
controlling the excitation distribution of the antenna array. Tra-
ditional beam scanning methods are usually based on the array
factor, and they fail when the array factor is not available, such
as in the case of different element patterns, complicated mount-
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FIGURE 6. (a) Simulated active |S11| and |S55|, and (b) measured active |S11| and |S55|.

ing platforms of the antenna array, and mutual coupling among
the elements. In this study, the EMMPTE is used to optimize
the excitation amplitudes and phases of the array elements, en-
suring the maximum possible gain value of the scanning beam
in the desired direction.
As illustrated in Figure 7, a generalized wireless power trans-

mission (GWPT) system is set up between the antenna array and
terminal spot P (rp, θ), which has a mapping position P ′(r0, θ)
on a far-field arc with respect to the phase center of the antenna
array.

FIGURE 7. Generalized wireless power transmission system.

Next, a new performance index is introduced, which is de-
fined as the ratio of the electric-field energy density at the map-
ping spot to the total input power of the deformed array:

η =
ε0
2 |E (P ′)|2

Pin
(1)

where the numerator is the total electric field energy density at
the mapping spot, and the dominator represents the total input
power of the antenna array. The beam can be directed towards
the terminal by maximizing the η, which guarantees the maxi-
mum possible gain value of the beam. Assuming that all trans-
mitting antenna elements are well matched, the total electric

field at the mapping position can be expressed as:

E (rp) =

N∑
j=1

ajEj (rp) (2)

whereN is the number of antenna elements;Ej(rp) is the elec-
trical field generated by the j-th transmitting antenna element at
the mapping position when it is excited by aj = 1, and the other
elements are terminated in their own characteristic impedances.
Hence, the total electric fields at the mapping position can be
written as

E (P ′) = [Ert][a] (3)
where

[Ert] = [E1 (P
′) , E2 (P

′) , . . . , E3 (P
′)] ,

[a] = [a1, a2, . . . , aN ]
T
,

Using (2) and (3), the performance index (1) can be written as

η =
ε0
2 |[Ert][a]|2

1
2 |[a]|

2 =
⟨[A][a], [a]⟩
⟨[a], [a]⟩

(4)

where [A] =ε0[Ērt]
T [Ert] and Pin = |[a]|2/2. The PTE was

determined using the excitation distribution [a]. By maximiz-
ing (4), the eigenvalue equation is obtained as

[A][a] = η · [a]. (5)

This equation can be solved using QR methods, which are
used to find the solution of the eigenvalues by factorizing the
matrix into an orthogonal matrix [Q] and an upper triangular
matrix [R]. The maximum eigenvalue represents the maximum
performance index η, and the corresponding eigenvector [a] is
the ODE.
It should be mentioned that the electric fields [Ert] can be

extracted in advance through simulation or measurement, and
the ODEs can be calculated in real-time by solving (5) once the
desired direction is confirmed.
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FIGURE 8. Digital-control feeding circuit: (a) Schematic; (b) Photo.

(a) (b)

FIGURE 9. Simulated scanning beam patterns using (a) MMPTE, and (b) OFEDS at 3.4GHz.

TABLE 2. OEDs of the antenna array for different beam directions.

Port 0◦ 20◦ 40◦ 60◦ 70◦

1 1∠◦ 0.42∠− 112◦ 0.19∠− 12◦ 0.19∠81◦ 0.3∠149◦

2 1∠180◦ 0.41∠23◦ 0.38∠104◦ 0.2∠170◦ 0.28∠130◦

3 1∠0◦ 0.44∠− 20◦ 0.35∠− 175◦ 0.16∠84◦ 0.25∠115◦

4 1∠180◦ 0.28∠132◦ 0.45∠− 61◦ 0.55∠145◦ 0.26∠89◦

5 1∠0◦ 0.25∠94◦ 0.19∠6◦ 0.25∠− 18◦ 0.3∠68◦

6 1∠180◦ 0.31∠− 74◦ 0.36∠180◦ 0.4∠87◦ 0.28∠40◦

7 1∠0◦ 0.29∠− 147◦ 0.23∠− 80◦ 0.16∠− 30◦ 0.27∠24◦

8 1∠180◦ 0.34∠0◦ 0.36∠0◦ 0.56∠0◦ 0.26∠0◦

FIGURE 10. Setup of the antenna system.

TABLE 3. The adopted fixed excitation distribution.

Scanning Angle 0◦ 2◦ 40◦ 6◦ 70◦

∆φ 180◦ 100◦ 70◦ 35◦ 20◦

A1/A2 1 0.3 0.4 0.6 1

3.3. Digital-Control Feeding Circuit
To excite the antenna array with the ODE calculated using (5),
a digital-control feeding circuit is designed, as shown in Fig-
ure 8. A schematic of the feeding circuit is illustrated in Fig-
ure 8(a), which consists of eight channels using an 8-way power
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TABLE 4. OFEDs of the array for beam directions.

Port 0◦ 20◦ 40◦ 60◦ 70◦

1 1∠0◦ 0.3∠− 20◦ 0.4∠130◦ 0.6∠− 115◦ 1∠14◦

2 1∠180◦ 1∠− 120◦ 1∠60◦ 1∠− 150◦ 1∠120◦

3 1∠0◦ 0.3∠140◦ 0.4∠10◦ 0.6∠175◦ 1∠100◦

4 1∠180◦ 1∠40◦ 1∠− 80◦ 1∠140◦ 1∠8◦

5 1∠0◦ 0.3∠− 60◦ 0.4∠− 150◦ 0.6∠105◦ 1∠6◦

6 1∠180◦ 1∠− 160◦ 1∠14◦ 1∠70◦ 1∠40◦

7 1∠0◦ 0.3∠100◦ 0.4∠7◦ 0.6∠35◦ 1∠20◦

8 1∠180◦ 1∠0◦ 1∠0◦ 1∠0◦ 1∠0◦

(a) (b)

FIGURE 11. Measured scanning beam patterns using (a) MMPTE, and (b) OFEDS at 3.4GHz.

divider. Each channel consists of a 6-bit phase shifter with a
phase shifting resolution of 5.625◦ (360◦/26) and a 6-bit at-
tenuator with a maximum attenuation of 31.5 dB and 0.5 dB
(31.5 dB/26) amplitude control resolution. A photograph of
the fabricated digital-control feeding network is shown in Fig-
ure 8(b).

3.4. Beam Scanning Performance

To validate the wide-angle beam scanning performance of the
proposed antenna array based on the phase-mode antenna ele-
ment, beam patterns with different scanning angles were simu-
lated using the EMMPTE, as shown in Figure 9(a). It was found
that the beam gain is reduced by 2.0 dB at 70◦ compared with
that at 0◦, and the gain difference between the grating lobe and
main beam is larger than 9 dB. The ODEs of the antenna array
used to form the beam patterns were calculated using Eq. (5)
and listed in Table 2. It was found that the excitation amplitude
ratio A1/A2 and phase difference∆φ of each antenna element
were not identical for a specific beam scanning angle.
For comparison, beam patterns with the same scanning an-

gles were simulated using the optimal fixed excitation distri-
bution (OFED) of the phase-mode antenna element reported
in [20], as shown in Figure 9(b). In this case, the ∆φ and
A1/A2 are identical for all phase-mode antenna elements, and
they have been optimized for different scanning angles, as listed
in Table 3. The OFEDs of the antenna element for differ-
ent array beam scanning angles are listed in Table 4. It is

found that the beam gain is reduced by 3.0 dB at 70◦, and
the gain difference between the grating lobe and main beam
is larger than 6.0 dB. It is obvious that the grating lobes are
well suppressed when the beams scan at large angles using the
EMMPTE. The beam gain also decreases slowly with the can-
ning angle compared with the results obtained using the method
reported in [20].
Finally, the antenna systemwas set up with the fabricated an-

tenna array, feeding circuit, and connecting cables, where the
OED was calculated on a laptop computer and transferred to
the feeding circuit via a USB cable, as shown in Figure 10.
Next, the beam patterns excited with the ODEs and OFEDs are
measured in an anechoic microwave chamber, as shown in Fig-
ures 11(a) and (b), respectively. It can be seen that the mea-
sured results agree well with the simulation ones. The mea-
sured realized gain is 12.5 dBi, 12.1 dBi, 11.4 dBi, 11 dBi, and
10.3 dBi, respectively, when the beam scans at 0◦, 20◦, 40◦,
60◦, and 70◦ by using MMPTE. The measured realized gain is
12.5 dBi, 12 dBi, 11.2 dBi, 10.7 dBi, and 9.7 dBi, respectively,
when the beam scans at 0◦, 20◦, 40◦, 60◦, and 70◦ excited with
OFEDs. In addition, the antenna efficiency was evaluated us-
ing the measured realized gain and simulated directivity, which
is given Grealized/D. As a result, the antenna efficiency varies
from 84% to 89% when the beam scans from 0◦ to 70◦ using
both excitation methods. In other words, the antenna efficiency
remains stable for different beam scanning angles and excita-
tion methods.
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4. CONCLUSIONS
In this paper, a linear wide-angle scanning phased array is pro-
posed based on a phase-mode antenna element. The phase-
mode antenna element can operate in odd, even, and hybrid
modes by using different excitation strategies, which makes
the proposed antenna element achieve continuous beam scan-
ning characteristics. Consequently, grating-lobe suppression
and wide-angle scanning ranges were achieved for the pro-
posed phased array. The maximum gain value of the scanning
beam was obtained using EMMPTE. Such an excitation strat-
egy improves the wide-angle beam scanning performance of
the phase-mode antenna array. Meanwhile, it has a positive
effect on the improvement of current wireless communication
systems and radar systems.
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