
Microwave and Optical Technology Letters  

RESEARCH ARTICLE 

Stable Dual‐Beam Metasurface Antenna Array Based on 
Wideband Positive Phase Response Method 
Peidong Feng | Lihan Wang | Jiangtao Zhang | Jianbo Sun | Xianglu Tang | Xiangchuan Wang | Shilong Pan

National Key Laboratory of Microwave Photonics, Nanjing University of Aeronautics and Astronautics, Nanjing, Jiangsu, China

Correspondence: Lihan Wang (andwwlh@nuaa.edu.cn)

Received: 14 January 2026 | Revised: 18 March 2026 | Accepted: 14 April 2026

Funding: Fundamental Research Funds for the Central Universities, Grant/Award Number: NE2025004

Keywords: metasurface antenna array | positive phase response | stable beam angle | wideband

ABSTRACT
A wideband positive phase response method is proposed and applied to the design of a series‐fed dual‐beam metasurface 
antenna (MSA) array. By employing two types of metasurface cells, two closely spaced resonant modes can be excited, thereby 
enabling a positive phase response over a wide frequency range for the MSA element. Then a dual‐beam MSA array is realized 
by a two‐port feeding network and four elements. Both simulated and measured results demonstrate that the proposed MSA 
array maintains a stable beam angle over a relative bandwidth of 20.4%. Compared with other designs in published literature, 
the proposed MSA array exhibits the advantages of a wideband stable beam angle, compact design, and simple structure. This 
demonstrates that the proposed positive phase response method is effective in achieving a wideband stable beam angle. 
Consequently, the MSA array developed using this approach shows strong potential for use in compact wideband wireless 
communication systems.

1 | Introduction 

Given the limited availability of frequency spectrum resources, 
multi/dual‐beam antennas with different beam coverages have 
received much attention by expanding space diversity ability 
[1]. In parallel‐fed antenna arrays, fixed beam directions are 
typically achieved through the use of a beamforming network 
(BFN). In contrast, series‐fed arrays commonly produce beam 
steering by adjusting the periodic spacing of the radiating ele
ments. Compared with series‐fed arrays, the parallel‐fed array 
has the smaller frequency‐scanning problem, while the series‐ 
fed array has a simpler structure. In [2], two BFNs were em
ployed in a parallel‐fed patch array to generate two independent 
beams directed at ±30°. However, such BFNs suffer from large 
physical footprints and non‐negligible insertion losses, render
ing them unsuitable for compact implementations. Series‐fed 
antennas [3–6], on the other hand, can realize dual‐beam 
radiation using compact and low‐profile structures. For ex
ample, a dual‐polarized single‐layer series‐fed patch array with 

high polarization purity was reported in [7], demonstrating the 
capability of series‐fed structures for compact and efficient array 
implementations. In addition, millimeter‐wave series‐fed mi
crostrip antenna arrays have also been investigated for high‐ 
gain and compact antenna systems [8]. Nevertheless, the beam 
direction of series‐fed antennas typically varies with frequency 
due to the long‐line effect, which is undesirable in applications 
requiring stable beam pointing. To mitigate the long‐line effect, 
positive phase response methods have been introduced in 
series‐fed array designs [9, 10]. Abnormal group delay phase 
shifters [9] were used in the transmission lines between 
e‐lements to realize a positive phase response. As a conse
quence, the phase lag introduced by the long‐line effect can be 
effectively counteracted. It should be noted that the core com
ponent of the abnormal phase shifter is a parallel RLC circuit. 
The bandwidth of a stable beam angle can be over 40%, but the 
insertion loss (2.47 dB) is unacceptable. Leaky‐wave antenna 
arrays [4, 11] can provide wide‐angle beam steering, but they 
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generally suffer from severe frequency‐scanning effects. A dual‐ 
polarized series‐fed patch antenna array with two beams was 
reported in [12], yet its operating bandwidth is relatively nar
row. Metasurface‐based leaky‐wave antennas were also deve
loped in [13], offering compact structures but still experiencing 
beam variations across frequency. In [10], a narrow band of the 
stable beam was realized in a dual‐beam ±45° dual‐polarized 
series‐fed metasurface antenna (MSA) array. It used the 
equivalent circuit of MSA to replace the phase shifter so that the 
large insertion loss can be avoided. However, the relative band 
of positive phase response is only 10% due to the single reso
nance of the MSA.

In this work, a stable dual‐beam metasurface antenna array 
based on a wideband positive phase response is proposed. 
Inspired by [3, 10–17], a wider MSA element based on the dual 
parallel RLC equivalent circuit is designed. The MSA element 
employs two types of metasurface cells so that two nearby 
resonant modes are excited and a wideband positive phase 
response is realized. By using a two‐port symmetric feeding 
network, one dual‐beam MSA array with four elements is 
designed. Consequently, the beam angles of the proposed MSA 
array remain fixed and stable over a relative bandwidth of 
20.4%. Compared with previously reported designs, the pro
posed MSA array exhibits a simpler configuration, broader 
operating bandwidth, and improved beam‐angle stability.

2 | Analysis and Design of Stable‐Beam 
Metasurface Antenna Array 

This section presents a theoretical investigation of a wideband 
positive phase response mechanism tailored for series‐fed ar
rays. Leveraging a dual‐parallel RLC equivalent circuit model, 
this methodology is subsequently implemented in the design of 
the proposed MSA array to achieve enhanced performance.

2.1 | Theoretical Analysis of Stable‐Beam 
Wideband Series‐Fed Antenna Arrays 

Considering the schematic of the series‐fed antenna shown in 
Figure 1, multiple antenna elements are connected along a 
transmission line. The length and impedance of the transmis
sion line are l and Zi, respectively. To achieve the desired beam 
angle, the transmission‐line length l can be calculated according 
to (1) in [10, 11].

4 l/ = 2n + 2 p sin / n = 1, 2, 3……g d d 0 (1) 

where λg is the guided wavelength, pd is the period of antenna 
element, θd is the desired beam angle, λ0 is the free‐space wa
velength, and n is an integer. Moreover, the impedance Zi is 
optimized to achieve good matching and low side lobe level.

Take one period as an example, the phase response of the 
transmission line is negative and the phase response of the 
antenna zone is negative or ignored in the conventional series‐ 
fed design procedure. Consequently, the overall phase response 
of a single period is negative, which leads to frequency‐scanning 
behavior in the array. To avoid this frequency‐scanning prob
lem and ensure the beam pointing to a fixed direction, it is 
necessary to control the phase response of one period in the 
series‐fed array as desired over the working band.

Based on the above analysis, a method for implementing a 
positive phase response is proposed, as illustrated in Figure 2. 
The period can be divided into two transmission zones (phases 
1 and 3) and one antenna zone (phase 2). As is well known, a 
parallel RLC circuit can generate a positive phase response 
around the resonant frequency [9, 10]. Considering the 
equivalent circuit of many antennas [10–12], the equivalent 
circuit can be simplified and represented by a parallel RLC 
circuit, where the R represents the radiation resistance and LC 
determines the resonate frequency. Under these circumstances, 
the antenna equivalent circuit can be utilized to generate a 
positive phase response, as illustrated in Figure 2a.

To further enhance the bandwidth of the positive phase 
response, a dual parallel RLC configuration is proposed, as 
shown in Figure 2b. When the parameters (C1, L1) and (C2, L2) 

FIGURE 1 | Schematic of the series‐fed antenna. 
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FIGURE 2 | Narrowband and wideband methods to overcome the 
frequency‐scanning of the series‐fed array. (a) Parallel RLC equivalent 
circuit of antenna element [8]. (b) Proposed dual parallel RLC equiva
lent circuit of the antenna element. 
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are selected appropriately and corresponding resonant fre
quencies f1 and f2 approach nearly the center frequency f0, it is 
possible to generate a larger positive phase response band than 
the single parallel RLC circuit in [6]. This approach conse
quently enables a wideband stable beam angle. The next step is 
to realize the desired dual parallel RLC equivalent circuit 
through appropriate antenna element design.

2.2 | Realization of MSA Array With Wideband 
Stable Beam 

As is well recognized, metasurface antenna elements are well 
suited for wideband antenna design owing to their inherent 
multimode resonance characteristics [15–17]. In this study, a dual‐ 
beam series‐fed metasurface antenna array with a novel configu
ration is presented in Figure 3. The metasurface array consists of 
four metasurface antenna elements. Each MSA element consists of 
a 3 × 3 arrangement of metasurface cells excited by a two‐port 
feeding network. Metasurface cells have two types of patches, one 
is the square patch and another is etched with a H‐shaped slot. 
The H‐shaped slots are etched into the patches with a one‐row 
gap, and this configuration is used to excite two nearby resonant 
frequencies. Beneath the 3 × 3 metasurface cells, one coupling slot 
excited by a two‐port microstrip line is etched into the metal 
ground. At the sides of the MSA array, four symmetric slots are 
etched in the metal ground to improve beam performance fur
therly. The MSA elements are connected by the folded microstrip 
line to generate the radiated beam with the desired angle. The 
upper metasurface cells and lower feeding network are respec
tively constructed on substrate Rogers RO 4003 (εr = 3.55, tanδ = 
0.0027) and Rogers RT/duroid 5880 (εr = 2.2, tanδ = 0.0009).

As shown in Figure 4, taking one MSA element as an example, 
it can be divided into three functional zones like Figure 2, 
which has two transmission zones on both sides and an antenna 
zone in the middle. In the transmission zone, the phase 
response (Phase 1 and 3) is negative against the frequency and 
its gradient is determined by the microstrip line length. How
ever, the phase response (Phase 2) of the antenna zone would 
be positive, so that the negative Phase 1 and Phase 3 can be 
compensated. According to Figure 2b, the phase of MSA 

element can be adjusted if the equivalent circuit of the MSA 
element can be simplified by dual parallel RLC.

To create the dual‐resonance characteristic, two types of metasur
face cells are employed in the antenna design. As shown in Fig
ure 5, the reflection phases of metasurface cells are investigated by 
the Floquet‐port model. The in‐phase band (from −90° to 90°) of 
the metasurface cell with the H‐shaped slot is a little lower than the 
in‐phase band of the normal metasurface cell, indicating the reso
nant frequency of the metasurface cell with the slot is lower.

The positive phase responses of two cases are compared to 
illustrate the band improvement of the proposed MSA element. 
Case I uses square metasurface cells, while Case II employs 
mixed metasurface cells, as illustrated in Figure 6a. As shown in 

FIGURE 3 | Structure of the proposed MSA array. (gndl = 109 mm, 
gndw = 37.5 mm, p = 12 mm, pd = 23.5 mm, fl1 = 9.25 mm, fl2 = 16.9 
mm, fl3 = 4.75 mm, fl4 = 13.5 mm, fw1 = 1.46 mm, fw2 = 0.5 mm, fw3 =  
0.7 mm, sl1 = 13 mm, sl2 = 10.5 mm, sw1 = 0.25 mm, sw2 = 1 mm, 
h1 = 2 mm, h2 = 0.5 mm, d1 = 7 mm, d2 = 17.5 mm, sl2 = 10.5 mm, 
sw3 = 1 mm). 
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FIGURE 4 | Functional zones of MSA element. 

FIGURE 5 | Reflection phase of two types of metasurface cells. 
(cw = 0.4 mm, cl1 = 7.5 mm, cl2 = 1 mm, w = 11 mm, h1 = 2 mm). 

FIGURE 6 | (a) Case I: uniform metasurface cell, Case II: mixed 
metasurface cell. (b) S parameters of two Cases. (c) Phase response 
(SBA) of two Cases to simulate Phase 2 in Figure 2. 
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Figure 6a–c, the S21 of Case II has two resonant frequencies 
around 5.0 GHz, while the S21 of Case I only has one resonant 
frequency. Moreover, the Phase (SBA) of Case II has two stages 
of positive phase response from 4.3 to 5.5 GHz. However, the 
Phase (SBA) of Case I has only one stage of positive phase 
response from 4.7 GHz to 5.3 GHz. These S‐parameters per
formances verify the equivalent circuit of the proposed MSA 
element (Case II) can be simplified by dual parallel RLC in 
Figure 2b. Besides, the magnitude and phase of SBA can be 
controlled by adjusting the sizes of coupling slots, MSA cells, 
and feeding networks [10, 11].

Building upon the validated wideband positive phase response, 
a four‐element series‐fed MSA array was proposed, as illus
trated in the schematic of Figure 3. The elements are series‐fed 
and connected with a two‐port folded microstrip line. Figure 7
shows the slots etched in the ground can reduce the beamwidth 
of the lower band, resulting in smaller beamwidth variation 
over the band of interest.

As shown in Figure 8, for the MSA array using the Case II 
element, the −10‐dB impedance bandwidth is from 4.4 to 
5.4 GHz, where the isolation is kept below −10 dB. The corre
sponding beam angle over the band is illustrated in Figure 8b. 
From 4.4 to 5.4 GHz, the beam angle ranges from −24° to −37° 
with a fluctuation of 13°. The detailed normalized radiation 
patterns within the band are illustrated in Figure 9. The beam 
angles are stable and the beams feature good space diversity. 
These results confirm that the designed MSA array, when im

FIGURE 7 | MSA array with improved ground. (a) Metal ground 
with slots. (b) 3‐dB beamwidth in xoz plane. 

FIGURE 8 | (a) S parameters of MSA array. (b) Beam angle of MSA 
array. 

FIGURE 9 | Normalized radiation pattern. (a) 4.4 GHz. (b) 4.9 GHz. 
(c) 5.4 GHz. 

FIGURE 10 | (a) Front view of the fabricated prototype of the MSA 
array. (b) Measurement environment. (c) Measured and simulated 
S‐parameters. (d) Gain and beam angle. 

FIGURE 11 | Normalized radiation pattern of the dual‐beam MSA 
array. (a) 4.4 GHz. (b) 4.9 GHz. (c) 5.4 GHz. 

4 of 6 Microwave and Optical Technology Letters, 2026

 10982760, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

op.70619 by L
ihan W

ang - N
anjing U

niversity O
f A

eronautics A
nd A

stronautics , W
iley O

nline L
ibrary on [20/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



plemented with this approach, achieves stable beam‐angle 
performance over a wide operating bandwidth.

3 | Results and Discussions of MSA Array With 
Wideband Stable Beam 

To experimentally validate the proposed design strategy for 
wideband positive phase response, a prototype of the MSA array 
was fabricated, as shown in Figure 10a. The S parameters were 
measured by a vector network analyzer (VNA), and the corre
sponding results are illustrated in Figure 10c. Good agreement 
between simulation and measurement is observed. Considering 
the band from 4.4 and 5.4 GHz, the S11 and S21 are both below ‐ 
10dB. Radiation performances were measured by a Satimo 
Starlab near‐field measurement system, which is shown in 
Figure 10b,d. The measured gain matches the simulated gain 
well, ranging from 8.2 dBi to 9.1 dBi. The measured beam angle 
changes from −19° to −25° with a fluctuation of 6°, which is 
better and more stable than the simulation results. Figure 11
shows the normalized radiation patterns at 4.4, 4.9, and 5.4 GHz 
have similar beam angles and the cross‐polarization levels are 
kept below −20 dB. The measured main beams are slightly 
asymmetric and the beam angle fluctuation is smaller, which 
may be caused by the microwave chamber environment.

A performance comparison between the proposed array and 
previously reported works is summarized in Table 1. Series‐fed 
leaky‐wave antenna arrays [3, 4, 13, 14] can realize steerable 
beams, but they all suffer from the frequency‐scanning prob
lem. A narrow stable dual‐beam MSA was realized in [8], in 
which the bandwidth is only about 11.6%. Compared with these 
arrays, a simpler stable dual‐beam MSA array with wider 
bandwidth of 20.4% is observed in our work. Besides, the higher 

gain and narrower beamwidth can be achieved by further ex
panding the scale of MSA elements.

4 | Conclusion 

This work presents an effective approach for wideband positive 
phase response control, which has been successfully applied to 
the design of an MSA array. By using the mixed MSA elements 
based on the dual parallel RLC equivalent circuit, a wideband 
positive phase response of element can be realized, so that the 
series‐fed drawback of frequency scanning can be solved. As a 
result, a stable dual‐beam MSA array is developed by adopting 
this design approach. Within the relative bandwidth of 20.4%, 
the beam angles are fixed and stable. The simulation and 
measurement results agree well, verifying the validity of the 
proposed design method. Compared to existing literature, the 
designed prototype has the advantages of a simpler structure, 
wider bandwidth, and more stable beam angle. These ad
vantages indicate that the developed MSA array exhibits strong 
potential for use in compact dual‐beam wireless communica
tion systems.

Data Availability Statement 

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