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Abstract—We propose a novel method to extend the scanning range of 

planar phased arrays based on a phase gradient metasurface. The phase 

gradient metasurface is developed by the generalized Snell’s law, which can 

irregularly tailor the direction of propagation of the traversing 

electromagnetic waves. The proposed transmission gradient phase 

metasurface (TGPMS) realizes bidirectional expansion of the scanning range 

in a phased array application. The TGPMS consists of periodic and 

multilayer subwavelength elements that contribute to a wide range of 

transmission phase shift and multiple incident angular stability. The design 

is verified experimentally with a compact microstrip phased array that is 

integrated with the proposed TGPMS. Results demonstrate that the TGPMS 

extends the scanning range of the integrated array symmetrically, from [-36°, 

38°] to [-56°, 60°]. The proposed TGPMS has additional desirable 

characteristics, such as high transmission, polarization insensitivity, tunable 

transmission phases in a wide range, and transmission phase stability for 

waves incident at different angles. 

Index Terms—Phased array, wide-angle scanning, metasurface, 

wavefront phase regulation. 

 

I. INTRODUCTION 

ow to extend the scanning range and how to maintain high quality 
wide-angle scanning performance are vital challenges in the 

research field of phased arrays [1]-[2]. In [3], Toshev proposed a 
multipanel concept to realize wide-angle scanning. This method, 
which is similar to the combination of mechanical and phase scanning, 
can extend the scanning range at the cost of impedance mismatch and 
time. Later, phased arrays consisting of wide-beam or joint wide-beam 
elements have been reported to hold the potential to achieve wide-
angle scanning [4-9]. Typically, joint wide-beam requires the use of 
reconfigurability techniques.  

Recently, several novel approaches for wide-angle scanning have 
been proposed. Some methods improve the radiation source (electric 
current source, magnetic current source), while others use switched 
beams, mechanical adjustments and/or other reconfigurable methods. 
In addition, some researchers have replaced the metal ground of the 
current source with the artificial magnetic conductors (AMC), which 
causes an image source in the same direction to widen the radiation 
beam and extends the scanning range [10]. Examples that achieve 
surface wave and sidelobe level reduction include the mutual coupling 
matching network method [11], tightly coupled arrays [12], hybrid 
high-impedance surfaces [13], patch mode theory [14], and others. 
Other efficient methods to improve the scanning performance include  
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sparse phased arrays [15], the split aperture decoupling technique [16] 
and higher-order mode excitation for grating lobe reduction [17].  

In solving the electromagnetic problem of wide-angle scanning, the 
aforementioned methods revolve around boundary conditions, Eigen 

analysis and transmission line theory, which restrict design flexibility. 
Moreover, in many applications, the antenna platform (and its 
boundary conditions) and the radiation source (antenna element) are 
fixed and cannot be altered. New mechanisms to extend the phased 
array scanning range are desired. This work proposes an innovative 
method that uses the generalized Snell’s law and a transmissive 
metasurface.  

As a two-dimensional metamaterial form, metasurfaces possess 
unique electromagnetic properties [18-25] as well as ultra-thin 
structural advantages. Therefore, metasurfaces are widely researched 
and applied in propagation regulation [26], polarization manipulation 
[27], dispersion operation [28], impedance matching [29], and energy 
distribution [30]. Some novel metasurfaces have been designed as 
impedance matching layers or radomes to improve the performance of 
phased arrays [31-34]. Besides, the phase gradient technique is one of 
the most commonly utilized techniques for wave propagation control 
with metasurfaces [35-41]. Especially for transmissive applications, 
phase gradient metasurfaces [42-48] are designed with antennas to 
realize beam steering.  

According to the generalized Snell's law, the discontinuous 
boundary (such as one generated by a phase gradient metasurface) can 
deflect incident beams to the desired refraction angle. In this paper, a 
passive transmission gradient phase metasurface (TGPMS) has been 
developed. The metasurface regulates and manipulates the radiated 
field and extends the scanning angle range of a phased array. However, 
symmetrical expansion of the scanning range of the phased array 
requires the phase distribution of both positive and negative (dual) 
phase gradients. The proposed TGPMS has high transmission 
amplitude, a dual-gradient phase distribution, and consists of multi-

layer subwavelength elements. The metasurface element has a wide 
range of transmission phases that cover 360°. Moreover, the 
transmissive phase of metasurface elements is quite stable for waves 
incident at different angles. 

To demonstrate the performance of this novel method, a prototype 
of the TGPMS is fabricated and integrated with a microstrip phased 
array operating at 10.3GHz. The experimental realization of the 
proposed method is also performed on a TGPMS prototype and a 
microstrip phased array. The scanning range is extended 
symmetrically from [-36°, 38°] to [-56°, 60°], which validates that the 
fabricated TGPMS can effectively improve the scanning range. 

II. DESIGN AND ANALYSIS OF THE TGPMS 

A. Elements design and simulation 

To manipulate the phased array radiation by the phase gradient 
method, the designed TGPMS requires the elements with different 
transmission phases to construct a gradient distribution. Besides, the 
proposed TGPMS should have the ability to maintain high 
transmittance, and high polarization insensitivity. Hence, we chose 
two fundamental elements with circle patches and square rings, 
respectively, for estimating the optimal model of the TGPMS element. 
The structure diagrams and equivalent circuit models of the two 
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fundamental elements are shown in Figs. 1 (a) and 2 (a), respectively. 
The structural symmetry of both two types of elements leads to a 
natural polarization insensitivity. Furthermore, the top and bottom 
layers of elements have the same metal patterns for enhancing the 
magnetic coupling. 

By means of CST Microwave Studio, two kinds of elements are 
simulated with varying structural parameters for transmission phase 
and the magnitude, as shown in Figs. 1(b), 1(c), 2(b) and 2(c). Both 
two elements are placed in a periodic boundary in x- and y-directions 
and excited by a waveguide port in z-direction. In Fig. 1(b), square ring 
elements maintain a high transmittance under the change of the ring 
widths. Moreover, the operating bandwidth can reach T1 = 4.88 GHz 
and T2 = 8.24 GHz with transmittance of all curves above 0.8 and 0.9. 
On the other hand, as shown in Fig. 1(c), the transmission phase of the 
square ring elements is stable as the variation ranges are only φ1 = 48.2° 
and φ2 = 40.4° at 10 GHz and 15 GHz, respectively. These two narrow 
ranges of phase variation make it difficult to establish a suitable phase 
gradient boundary on the TGPMS. According to the equivalent circuit 
model in Fig. 1(a), double-layered metal square ring is inductive in the 
transmission matrix, while the coupled thin dielectric layer can be 
equivalent to a short transmission line, which is  

connected in series with a characteristic impedance 0 /a rZ Z ε= . 

0Z is the wave impedance in free space. From another point of view, 

the width variation of the double-layered square ring changes the 
equivalent inductance of the inductive network above, which produces 
a small range of transmissive phase shifts and a common wideband of 
high transmission magnitude.  

For elements with circular patches, the ranges of phase variation can 
reach to 3φ  = 113.2° and 4φ  = 324.1° at the same frequencies as 

before, as shown in Fig. 2(b). However, the bandwidth with 
transmittance higher than 0.7 only reaches T3 = 1.47GHz when the 
element has circular patches, as shown in Fig. 2(c). It is noted that the 
equivalent circuit model in Fig. 2(a) indicates the capacitive 
transmission matrix, which means that the radius variation of a circular 
patch manipulates the equivalent capacitance changes between two 
open parts in the free space. Therefore, the sensitive phase shift and a 
common narrow band with high transmission magnitude are both 
caused by the equivalent capacitance variation of a capacitive 
transmission matrix. Based on this analysis, the element with square 
rings has a high transmittance, while the circular patch elements 
possess a wide range of transmission phases. Hence, the TGPMS 
element can be evolved by the combination of these two elements, as 
shown in Fig. 3(a). In a two-port transmission line network, the 
combination of two fundamental elements can integrate capacitive and 
inductive equivalent circuit models into one transmission matrix, as 
shown in Fig. 3(b). Besides, the geometric parameters of TGPMS 
elements are fine-tuned for both wide range of transmission phase, and 
high transmittance over a broad range of frequencies. The above 
combined element structure is also applied to the metasurface with the 
phase compensation principle, which can improve the radiation 
characteristics of the antenna [36]. 

Finally, the proposed element is based on a classic sandwich 
structure, where the top and bottom layers are homocentric 
combinations of square ring and circular patches. The mid substrate 
has dielectric constant εr = 2.6 and thickness d = 1.4 mm. The square 
ring has outer diameter the same as the period p = 10 mm and width 
w = 0.2 mm. When the radius r of the circular patch is adjusted from 
2 to 4.6 mm, the transmission amplitude and the transmission phase 
are simulated, shown as in Figs. 3(c) and 3(d), respectively. 
According to Figs. 3(c) and 3(d), the elements can acquire 
transmissive phase ranges of 240.4° and 367° at the frequencies of 9.3 
 

 
(a) 

 
          (b)                                            (c) 

Fig. 1. (a) Schematics and equivalent circuit models of the square ring element. 
(b) Transmission magnitude with w = 0.2, 0.6, 1.0, 1.4 and 1.8mm. The 
bandwidth of all curves with magnitude greater than 0.9 and 0.8 are T1 and T2, 
respectively. (c) Transmission phase with w = 0.2, 0.6, 1.0, 1.4 and 1.8mm. 
The phase variation ranges at 10 GHz and 15 GHz are φ1 and φ2, respectively. 

 
(a) 

 
         (b)                                   (c) 

Fig. 2. (a) Schematics and equivalent circuit models of the circular patch 
elements. (b) Transmission magnitude with r = 3.1, 3.5, 3.9, 4.3 and 4.7mm. 
The bandwidth of all curves with magnitude greater than 0.7 is T3. (c) 
Transmission phase with r = 3.1, 3.5, 3.9, 4.3 and 4.7mm. The phase variation 

ranges at 10 GHz and 15 GHz are 3φ  and 4φ , respectively. 

GHz and 10.3 GHz, respectively, as well as a broad bandwidth of 1.13 
GHz with the transmittance higher than 0.8, which fully satisfies the 
requirements of TGPMS for broad phase range and high 
transmittance. 

As mentioned earlier, another challenge for the TGPMS element is 
to be stable to the incident angles of waves. The main lobe of the 
phased array is scanned within a symmetrical range as the progressive 
phase shift changes. Therefore, the proposed TGPMS element needs 
to have a stable transmission phase for multiple incident angles. In this 
paper, a method of increasing the number of layers is employed to 
stabilize the transmission phase of multi-angle incident waves. In Fig. 
4(a), we compare the simulated transmission phase curves of the 
elements with layers g = 1, 2, 3, 4 at incident wave angles 0º, 10º, 20º, 
30º, and 40º (20 cases in total). By comparing all the curves, the  
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(a)                                       (b)                                        

   
 (c)     (d) 

Fig. 3. (a) Evolution process, structural configuration and the (b) equivalent 
circuit model of the TGPMS element. (c) Simulated transmission magnitude 
and (d) transmission phase of the TGPMS element with r = 2, 2.5, 3, 3.5, 4, 
4.4 and 4.6mm. The high transmittance bandwidth of all curves with 
magnitude greater than 0.8 is 1.13 GHz. The phase variation ranges are 240.4° 
and 365.1° at 9 GHz and 10 GHz, respectively. 

   
      (a)                                            (b) 

Fig. 4. Transmission phase stability of TGPMS elements for multiple incident 
angles and the influences of multilayer structure on transmittance (a) The 
transmission phase of incident beams at different angles of 0º, 10º, 20º, 30º and 
40º for TGPMS elements with different layers g=1, 2, 3, 4 at 10.3 GHz. (b) The 
transmission magnitude of TGPMS elements with different layers g=1, 2, 3, 4. 

elements with g = 1, 2, 3, 4 layers have different transmission phases 
at multiple incident angles, therefore, four separate strip areas are 
indicated on the chart of Fig. 4(a). The width of the four strip areas is 
proportional to the stability of the transmission phase of the TGPMS 
with different layers under the incident angle changing from 0º to 40º. 
However, for the TGPMS elements, the increase in the number of 
layers also means increased electromagnetic losses and decreased 
transmittance. Fig. 4(b) presents the transmission magnitude curves of 
the elements, so that the simulation results can indicate the 
electromagnetic loss and the transmittance with different layers g = 1, 
2, 3, 4. The element with g = 3 has the narrowest strip region (Fig. 4(a)) 
and the highest transmittance (Fig. 4(b)) at 10.3 GHz.  

Consequently, the optimal TGPMS element is designed using g = 3 
layers that achieve high transmittance and efficient insensitivity of the 
transmissive phases to waves of different incident angles. 

B. Operation principle based on the generalized Snell's law 

In order to extend symmetrically the scanning range of the phased 
array, a high transmittance boundary with discontinuous phases of the 
dual-gradient distribution should be designed and set above the 
radiation aperture, which operates in accordance with the generalized 
Snell's law [35]. 

 
Fig. 5. Transmission phase of six different elements in a period of the proposed 
metasurface, which have circular patches with different radius. Moreover, the 
transmission phases of six different elements change from -60.0° to -355.3° 
with approximately 60° spacing at 10.3 GHz. 

     
 (a)                                    (b)        

     
 (c)                                       (d)     

Fig. 6 (a) Schematic of plane wave incident on the metasurface sequence at 
angle θi. The electric field distribution of the proposed metasurface when it is 
illuminated by the plane wave of incident angle θi = (b) 0°, (c) 20° (d) and 30° 

 
To verify the beam deflection performance of the TGPMS, a 

transmissive metasurface with a phase gradient distribution in the y- 
direction is simulated using the commercial software CST Microwave 
Studio. To simulate the beam deflection effect, an MS sequence is 
surrounded by a periodic boundary to be equivalent to an infinite phase 
gradient boundary. Two ports are set in the z direction for transmitting 
and receiving, respectively. A period of the metasurface sequence 
consists of six proposed units with different geometric parameters, 
which generate the transmission phase response of -360°, -300°, -240°, 
-180°, -120°, and -60° on Elements 1 ~ 6, respectively, as shown in 
Fig. 5. The above simulation results can also demonstrate that the 
structure-parameter variation of the proposed three-layer combined 
unit cell realizes a common band of high transmission amplitude, a 
wide range of transmission phase shift, and a periodic sequence of 
transmission phases with a step of 60°. For the expected objective of 
this paper, this appropriate result can also be strongly verified by the 
design method of transmission array cells [49-52]. When it comes to 
the operation principle, the design method of the TGPMS in this paper 
is different from that of the transmitarray antenna. For a transmitarray 
antenna, the required phase shift for each element depends on the phase 
delay between the incident wave and the expected transmission wave. 
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This design process is similar to achieve the focusing or spherical-
plane wave conversion by a transmissive metasurface, which is based 
on the phase compensation principle. However, the required 
transmission phase of each unit cell on the TGPMS in this paper is 
calculated from the required phase gradient and the period. This is an 
effective means to realize beam deflection based on the generalized 
Snell's law. In addition, the main differences between our design and 
a transmitarray are also on the unit cell size and the application of 
phase gradient to extend the scanning range. 

To verify the above analysis, a 1D MS sequence of four periods is 
simulated for electric field distribution under incident plane waves at 
the angle θi = 0°, 20° and 30° mentioned above. The designed 
metasurface is illuminated by X-polarized plane waves with incident 
angles θt = 0°, 20° and 30°. The ideal refraction angles θt_ide from the 
present metasurface can be calculated by the generalized Snell's law 
[34]: 

sin( ) sin( )
2

o

t t i i
n n

x

λ φ
θ θ

π
∆

− =
∆

                   (1) 

              (2) 

Eq. (1) is the general expression for generating an arbitrary refraction 
angle by the generalized Snell's law, where ni and nt are the refractive 
indices of the incident media and the refractive media, respectively. 
Moreover, the phase change �� and the periodicity of the proposed 
elements in Fig. 5 are 60° and p =10 mm, respectively. When the beam 
passes through a metasurface with negligible thickness in free space, 
there should be nt = ni = 1. Therefore, Eq. (2) for θt, which represents 
the refraction angle obtained by the plane wave entering the designed 
MS at an angle θi, can be simplified. When the incident angles are θi = 
0°, 20° and 30°, the ideal refraction angles θt_ide are about 29.69°, 
54.83° and 84.27°, respectively. 

According to the electric field distribution in Fig. 6, the observed 
simulation results of the refraction angles θt_sim are about 30°, 55° and 
86°, which are very close to the ideal results calculated by (2). The 
above simulations demonstrate that the proposed TGPMS consisting 
of six element phase status can realize precise beam manipulation for 
plane waves. This provides technical support for extending the phased 
array scan range based on TGPMS. 

C. Metasurface design 

To verify the proposed TGPMS, a multi-layer phase 
gradient MS consisting of the above transmissive elements was 
loaded onto a microstrip phased array operating at 10.3 GHz, 
which were processed together for experiments. Considering the 
element characteristics above and the symmetry of the radiation, the 
proposed TGPMS should be developed with both three-layer 
structure and dual gradient phase distribution. This would allow the 
phased array to symmetrically modulate the radiation beams and 
extend its scanning range. The TGPMS consists of the elements with 
different transmission phases, which are determined by the 
generalized Snell's law, and form a phase gradient boundary on the 
metasurface. Furthermore, a construction equation of the TGPMS can 
be obtained from the generalized Snell's law: 

2 (sin sin )iNα π θ θ= −                           (3a) 

N = ( p⋅f ) / c                                        (3b) 

2 (sin sin )+MS PAAN Kα π θ θ= −
                   (3c) 

0.5 [15 , 40 ] [ 40 , 15 ]

0.57 [3 ,15 ] [ 15 , 3 ]
PAA

PAA

K
θ

θ
= ∈ ° ° ∪ − ° − °


= ∈ ° ° ∪ − ° − °

           (3d) 

   
(a)                               (b)                                        

Fig. 7 Schematic layout of the fundamental microstrip antenna element of the 
phased array. (a) Top view. (b) Side view.  
 

 
(a)                                                        (b) 

Fig. 8 Simulation results of the fundamental microstrip antenna element of the 
phased array. (a) Reflection coefficient. (b) Radiation pattern. 
 

  
 

(a) 

 

(b) 

Fig. 9 (a) Structure diagram with the configuration of the TGPMS integrated 
with the phased array antenna (PAA), along with a 3D magnified schematic. (b) 
Patterns of the PAA with element spacing wd =6 and 14.6 mm (0.5λ) when the 
main lobe direction is 30º. 
 

where, α is the phase step between elements, p is the period of the 
element, and f is the operating frequency. Based on the original and 
the desired scanning range, the initial value of the phase gradient 
required by TGPMS is calculated by Eq. (3a). However, due to the 
limitations of beamwidth, gain fluctuations, port coupling, and 
electromagnetic losses in practical application scenarios, the required 
phase gradient needs a compensation, as shown in Eq. (3c). Among 
them, K is determined through multiple simulation results. 

Further to the design of the TGPMS, a compact microstrip phased 
array with 6 elements is developed for this experimental 
demonstration. The main element of the phased array is a microstrip 
antenna with width a = 2 mm and length b = 8.8 mm as shown in Figs. 
7(a) and (b). By means of the CST Microwave Studio, the radiation 
performance of the antenna has been analyzed and is shown in Figs. 
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8(a) and (b). The antenna element has efficient radiation at 10.3 GHz, 
as well as an operating band of T-10dB = 310 MHz (see Fig. 8(a)). 
Besides, the 3-dB beamwidth of the antenna can reach ±54º as seen 
in the radiation pattern of Fig. 8(b). 

Based on this microstrip element, the phased array prototype is 
developed and integrated with the TGPMS. In Fig. 9(a), a PAA 
composed of the above antenna element has been loaded with a 
TGPMS, which is designed as a bidirectional gradient phase 
distribution with 4×3 periodic sequence. Considering the pattern of 
the PAA, we require the PAA to have as few sidelobe as possible 
when the SLL is as low as possible to improve the accuracy of the 
design method. Therefore, we choose a narrower element spacing 
wd=6mm to design the PAA which can be calculated by a matrix-
factor equation containing the coupling. In Fig. 9(b), PAAs with 
different element spacing wd = 6 and 14.6 mm are simulated when the 
main lobe direction is 30º. Moreover, the effect of the tight 
arrangement of the array elements on the radiation patterns is 
discussed again in the subsequent experiments. Fig. 9(a) also shows 
that the proposed phased array is fixed at hs = 13.5mm below the 
TGPMS and is held in place by nylon pillars. We have given a 
detailed discussion about hs in the supplementary material. A narrow 
wd (wd = 6mm < 0.5λ) demonstrates that the phased array elements are 
closely arranged to suppress the gain of high order side lobes, which 
assists TGPMS to enhance the effect of extending the scanning range.  

III. EXPERIMENTAL RESULTS 

The prototype of TGPMS and microstrip phased array are 
fabricated and integrated together at a fine-tuned and optimized 
distance, as shown in Fig. 10(a). The TGPMS consists of 3 × 24 
elements, and the aperture of an entire phased array system occupies 
a size of 270mm × 60mm. Fig. 10(b) shows the phased array and the 
TGPMS during performance characterization measurements in the 
anechoic chamber. The phased array loaded with the TGPMS is 
connected to a port of a vector network analyzer (VNA) for excitation 
and fixed onto a rotating platform. The rotating platform has a rotation 
range from -90º to 90º. A standard horn (8 to 15 GHz) is connected 
on the other port of the VNA and is placed on a support platform with 
the same height as the phased array. The rotating platform and the 
support platform are on the same plane. The phased array without the 
TGPMS has also been measured for comparison. 

In Figs. 11(a)-(h) and in Table I , the far-field radiation patterns of 
the phased array and of the phased array with the integrated TGPMS 
are both measured at 10.3 GHz. According to the results, the original 
scanning range [-36º, 38º] of the phased array has now been extended 
to a wide range of [-56º, 60º] thanks to the TGPMS. In other words, 
the designed TGPMS can bi-directionally move the radiation beam of 
the traditional phased array to a wider angular region.  

It is noted that the phased array when it is integrated with the 
TGPMS has stable gain with very little fluctuation. As mentioned in 
Section II.C, the spacing between antenna elements of the proposed 
PAA is narrower than 0.5λ. However, the loading of TGPMS 
compresses the radiated energy to the desired direction without pattern 
distortion and gain fluctuation. By means of the TGPMS, the radiated 
energy is compressed to the desired direction, so the SLL has been 
greatly improved. Besides, for patterns at different progress phases in 
Table I, the PAA with TGPMS radiates narrower main beams than the 
PAA without TGPMS. However, the gain of the PAA with TGPMS 
becomes lower than that of the PAA without TGPMS. This is due to 
the electromagnetic loss caused by the three-layer MS. 

Subsequently, according to the experimental results, the main lobes 
of the phased array with and without the TGPMS can be corresponded 
to the θt and θi in Eq. (3a), so that an equivalent phase step between 
elements can be calculated from αe by the θt and θi , as shown on 
 

  

 (a)                                                      (b) 
Fig.10. (a) Photos of the front view and 3D view of a prototype of the TGPMS 
integrated with the phased array. (b) Photo of the measurement setup inside 
the anechoic chamber. 
 

         

 (a)         (b) 

         
 (c)                                                (d) 

        
 (e)                                                (f) 

        
 (g)     (h) 

Fig.11. Measured radiation patterns showing the beam scanning of the phased 
array with and without the TGPMS, when the progressive phase shift δ  is (a) 
-5º, (b) -20º, (c) -45º, (d) -80º, (e) 5º, (f) 20º, (g) 45º, and (h) 80º, respectively. 

 

Fig.12. The distribution curve of different αe values with the progressive phase 

from -80º to 80º. 
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TABLE I.  MEASURED RESULTS OF PHASED ARRAY  

Progressive 
phase shift 

Main lobe direction 
θ 

Gain (dBi) SLL(dB) 

w/out 
MS* 

with 
MS* 

w/out 
MS* 

with 
MS* 

with 
MS* 

w/out 
MS* 

-80º 38º 60º 9.53 8.93 -7.69 -2.72 
-45º 32º 52º 9.59 9.44 -12.87 -7.54 
-20º 14º 30º 10.34 9.62 -7.91 -2.68 
-5º 5º 18º 10.82 9.73 -9.92 -4.13 
0º 0º -1º 11.23 10.61 -10.18 -4.89 
5º -5º -17º 10.91 9.57 -13.95 -2.57 

20º -16º -32º 9.63 9.24 -8.23 -2.65 
45º -30º -48º 9.54 8.95 -10.73 -7.94 
80º -36º -56º 9.48 8.29 -8.89 -12.53 

* MS is an acronym for metasurface. 

 
TABLE II.  SINUSOIDAL VALUE OF THE MAIN LOBE DIRECTION  

OF PHASED ARRAY  

Progressive 
phase shift 

Sinusoidal value of the 
main lobe direction sin(θ ) αe α 

without 
MS* 

with  
MS* 

-80º 0.616 0.866 0.539 

0.547 
-45º 0.530 0.788 0.557 
-20º 0.242 0.500 0.556 
-5º 0.087 0.309 0.478 
0º 0 -0.017 0.037  
5º -0.087 -0.292 -0.447 

-0.547 
20º -0.275 -0.530 -0.548 
45º -0.500 -0.743 -0.524 
80º -0.588 -0.829 -0.520 

* MS is an acronym for metasurface. 
 
Table II. In Fig. 12, the solid lines in red and magenta color illustrate 
respectively the main lobe direction angle of the phased array with 
and without the TGPMS. Moreover, the dashed lines of blue and 
green color illustrate respectively the sinusoidal value of the main 
lobe of the phased array with and without the TGPMS. Besides, the 
solid black line represents the αe, which tends to two symmetrical 
horizontal lines for positive and negative progressive phase shifts, 
respectively. Regardless of the positive or negative progressive phase 
shifts, the phased array with the TGPMS (red solid line) has a wider 
scanning range. For all progressive phase shifts, the blue and green 
dash lines also show the same trend as the red and magenta solid lines, 
respectively. It is worth noting that the characteristics of each curve 
are consistent with our working principle of Eq. (3a):  

(a) when comparing red and magenta lines, the main lobe expansion 
(solid magenta) of the TGPMS is not uniform for different 
progressive phase shifts. 

(b) When comparing green and blue lines, the spacing between the 
green and blue dashed lines tends to be stable for all progressive 
phase shifts. 

(c) All curves in Fig. 12 demonstrate a broadside radiation when the 
progressive phase shift is 0. 

The characteristics in (a) and (b) above verify the principle of Eq. (3a). 
Besides, the characteristics in (c) are consistent with the discontinuity 
of the phase gradient at the center of the TGPMS. 

IV. CONCLUSION 

This work proposed and validated a new method for extending the 
scanning angle of planar phased arrays through the TGPMS in this 
paper, and breaks the bottleneck of their scanning angle limitation. The 
TGPMS consists of transmissive elements that combines both a high 
transmission amplitude and a wide range of transmission phases. The 

experimental implementation based on the presented TGPMS and 
microstrip phased arrays have also been performed, which eventually 
extended the scanning range from (-36º, 38º) to (-56º, 60º). Besides, 
the physical principles of the TGPMS were explained and verified by 
comparing Eq. (1) with the experimental radiation patterns. The 
proposed novel approach enables new applications for electromagnetic 
metamaterials, in the fields of seeker phased arrays, smart skins, and 
radiation shaping.  
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