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Abstract—A wide bandwidth, low profile, double sided, 
wide angle impedance matching metasurface is reported. It 

alleviates the well-known problem of impedance mismatch 
caused by mutual coupling when an array is in its scan mode. 
Each unit cell of the metasurface contains two multi-resonant, 

tightly-coupled unequal arm Jerusalem cross elements on the 
top and bottom sides of a thin substrate. Each element consists 
of two orthogonal capacitively loaded strips. The wide 

bandwidth of the metasurface is achieved by tightly coupling 
these multi-resonant elements. The metasurface is capable of 
facilitating wide angle scanning over a 6:1 impedance 

bandwidth without the need for bulky dielectrics or multi-
layered structures.  

Index Terms— Bandwidth, metasurfaces, phased arrays, 

tightly coupled arrays, wide angle impedance matching, wide 

bandwidth arrays. 

I.  INTRODUCTION 

Recent developments in the fields of radar and satellite 

communications have highlighted the need for wideband 

multifunctional volumetrically scanned phased arrays [1]. 

This demand is brought about by the need for mobility while 

maintaining escalating data rate demands in both civilian and 

military applications. Phased arrays are capable of electronic 

beam scanning while remaining stationary. However, this 

attribute comes at the expense of increased loss at wider scan 

angles. The scan loss reduces the realized gain of the array. 

To minimize the reduction in the realized gain of a scanning 

array, wide angle impedance matching (WAIM) techniques 

have been used to address the mismatch at the aperture–air 

interface as well as that between the active impedance of the 

array and its feed lines.  

Several WAIM schemes have been reported over the 

years. The earliest techniques involved using thin high-

dielectric-constant superstrates in front of an array aperture 

[3], placing a dielectric slab adjacent to the array aperture [4-

5], and using tightly packed array elements [4]. The latter 

reduces to the Wheeler current sheet model [6] when the 

element separation approaches zero. These WAIM schemes 

have several drawbacks. They may increase the array height, 

improve scanning in one plane at the expense of the others, 

or increase the chances of introducing array blindness. 

Furthermore, they were limited to single frequency or narrow 

bandwidth operations. 

More recently, metamaterials (MTMs) [7]-[10], 

frequency selective surfaces (FSSs) [11], and optimisation 

algorithms [12] have been used to provide WAIM 

functionalities to phased arrays. The constituent parameters 

of a MTM can be tuned to obtain electromagnetic properties 

that are not readily available in nature. This unique 

characteristic of MTMs was exploited [7] to realize an 

anisotropic WAIM structure for an array of open-ended 

circular waveguides. The resulting MTM-WAIM 

arrangement provided an improved match of the array to free 

space over several angles in comparison to an isotropic 

dielectric slab. Unfortunately, only the scanning results for 

the H-plane were presented; the associated E-plane and D-

plane results were not reported. Moreover, wide angle 

scanning was the focus of the design, but it was achieved 

only over a 3.3% bandwidth. 

The efforts reported in [3] and [7] were extended in [8].  

The dielectric slab was replaced with an ultra-thin 

metasurface (MS) composed of subwavelength split-ring 

resonators (SRRs) for an improved scan in the H and D-

planes. The focus in [8] was also for wide angle scanning, 

but it again was achieved only at a single frequency.  

While there have been some WAIM advances, it is again 

emphasised that most of the past work on wide angle 

scanning was achieved only over narrow bandwidths. In this 

paper, we propose a new lightweight, low profile, double 

sided metasurface (DS-MS) WAIM. The DS-MS has a near 

zero index (NZI) of refraction that can facilitate wide angle 

impedance matching in antenna arrays over a 6:1 impedance 

bandwidth without the need for bulky dielectrics or multi-

layered structures. Because of the NZI property of the DS-

MS, it can also serve as a wideband waveform transformer 

which can lead to increased directivity when used as a 

superstrate [13]. 

 This paper is organized as follows. Section II introduces 

the structure and theory of operation of the DS-MS. Section 

III gives the design and analysis details of the DS-MS. The 

full wave simulation process for the DS-MS and the 

extraction of its effective parameters are detailed. Our 

conclusions and final remarks are presented in Section IV. 

II. METASURFACE STRUCTURE AND OPERATION 

 The unit cell configuration of the DS-MS is shown in 

Fig. 1. Each element on the top and bottom surfaces of the 

DS-MS represent a tightly-coupled unequal arm Jerusalem 

cross (TC-UAJC). It consists of two orthogonal, bent-arm, 

capacitively-loaded-strips whose lengths are tuned to the 

desired operating frequencies. The arm segments of the 

element provide inductance and the gaps between the 

extremities of its bent arms provide capacitance. 



 
 
Fig. 1. DS-MS unit cell geometry. (a) Top view. (b) 3D view. The DS-MS 

unit cell dimensions in millimeters are: w = 0.2, Hsub = 0.254, g1= 1.5, g2 = 

0.1, L1 = 4.8, L2 = 3.0, L3 = 0.35, L4 = 0.4, L5 = 0.15, L6 = 0.3, and r1 = 1.0. 

The substrate is Rogers RT/DuroidTM 5880 with r = 2.2 and tan = 0.0009. 

The direction of propagation of the exciting wave is along the z-axis. 
 

 

The TC-UAJC elements are etched on the 17 m thick 

copper sheets that clad the top and bottom surfaces of a 

sheet of Rogers RT/DuroidTM 5880 substrate with a relative 

dielectric constant r = 2.2, loss tangent  tan = 0.0009, and 

a height of 0.254 mm. The TC-UAJC elements on the 

bottom of the substrate are rotated 90o relative to those on 

the top. This rotated arrangement of the top and bottom 

elements ensures stronger inter-element coupling within the 

unit cell and increased overall symmetry. 

 This TC-UAJC element employs several features to 

obtain the desired transmission and reflection characteristics 

required to achieve a wide bandwidth WAIM superstrate. 

The elements are closely spaced to increase their coupling 

capacitance. The horizontal and vertical components of the 

TC-UAJC are tightly coupled to each other to also increase 

the capacitance while their thin traces are used to increase 

the inductance. These properties facilitate both compactness 

and the realization of an inherently wideband element [14]. 

III. METASURFACE SIMULATION AND ANALYSIS 

 The design of the DS-MS was performed with ANSYS-

HFSS [15] using master-slave periodic boundary conditions 

in both the x and y directions of the unit cell depicted in Fig. 

1. The zeroth-order Floquet modes, TM00 and TE00, were 

used for scanning in the y-z and x-z planes, respectively. 

 
 
Fig. 2. Magnitudes of the S-parameters for the TE00 and TM00 excitations of 

the DS-MS. The first resonance frequency for both the TE00 and TM00 
Floquet modes are at 13.04 GHz. There is also a second resonance 

frequency at 19.33 GHz.  

 

 

The y-z plane was taken to be the plane of incidence. The 

TM00 Floquet mode is parallel polarized, i.e., its electric 

field is along the y-direction and it propagates along the z-

direction, normal to the surface. The TE00 Floquet mode is 

perpendicularly polarized, i.e., it also propagates along the 

z-direction, but with its electric field oriented along the x-

direction, transverse to the plane of incidence.  

 The DS-MS was simulated and an initial optimization 

was carried out to obtain the best transmission and reflection 

parameters possible. For the DS-MS to be successfully 

implemented as a wideband WAIM, its inter-element, intra-

element, and radiator-MS coupling behaviours need to be 

re-adjusted to compensate for the impedance mismatch at 

the aperture–air interface.  

 The DS-MS possesses four-fold rotational symmetry and 

hence the TE and TM resonances coincide with each other. 

The identical TE and TM responses are displayed in Fig 2. 

We can see that the first reflection resonance frequency of 

the MS is above 13 GHz, which is much higher than the 

intended operational frequencies of the antenna array which 

are below 5.0 GHz. This outcome thus avoids operating in 

the highly dispersive and lossy resonance regions [7]. We 

can also see that the return loss for both the TE and TM 

polarizations is greater than 19 dB across the frequency 

band of interest and, hence, the insertion loss is virtually 

zero. 

 The transmission phase variation with frequency for the 

TM (parallel) polarized incident fields for various angles of 

incidence is shown in Fig. 3a. The phase varies by less than 

4 for a 0 - 70 change in the incident angle. This small 

change in phase implies that the MS will facilitate the same 

output response for all of these incidence angles; and, thus, 

it can maintain polarization purity for its frequencies of 

operation. The phase variation actually improves with 

increasing incidence angles. These results suggest that if a 

radiator’s E-plane is aligned with the specified TM plane of 

incidence, its scanning range will be improved because the 

maximum unit-cell-radiator coupling is along this plane. 

Consequently, when the DS- MS is used as a WAIM for a  

 



 

 
 

Fig. 3.  Transmission phase variation with frequency for the different 

angles of incidence and polarizations. (a) TM polarization. (b)  TE 
polarization. 

 

 

ground plane backed antenna array, it can minimize the 

variation of the array’s active reflection coefficient with 

scan angle. It does this by introducing a capacitive reactance 

and, hence, by acting as a wideband conjugate matching 

layer to counteract the effects of the ground plane’s 

inductive reactance at wider scan angles [3]. 

 For the TE (perpendicular) polarized incident fields, the 

phase varies by more than 10 for a 0 - 70 change in the 

incident angle as seen in Fig. 3b. The phase also deteriorates 

as the incident angle increases. Thus, aligning a radiator’s 

E-plane with the TE polarized incident field plane (which is 

orthogonal to the specified plane of incidence) will not give 

rise to any improvements in the scanning range. 

A. Parameter extraction 

To fully characterize the DS-MS, its effective medium 

parameters were extracted. The method described in [16] 

was used to determine the effective wave impedance eff, the 

effective refractive index neff, the effective dielectric constant 

eff, and the effective permeability eff from the normally 

incident scattering parameters. These medium parameters are 

shown in Fig. 4. In order to obtain more complete extraction 

results, the DS-MS was simulated to 30 GHz, well above its 

resonance frequencies. 

Referring to the frequency range of interest, 0.0 to 5.0 

GHz, the extracted parameters reveal the following. The 

effective wave impedance, Zeff, of the MS itself is not 

matched to free space. However, its parameters can be 

adjusted to enable it to act as a low loss impedance matching 

transformer between an array aperture and free space. 

Furthermore, the effective permeability, eff, and, hence, the 

effective refractive index, neff, are nearly zero across the 

frequency band of interest. This NZI layer can convert the 

fields radiated by an external antenna array into planar wave 

fronts as the wave emerges from the NZI medium. 

 
 

Fig. 4. Extracted parameters of the DS-MS for the TM excitation. (a) 

Effective impedance. (b) Effective refractive index. (c) Effective permittivity 

and effective permeability at the frequencies of interest and (d) across the 

whole band showing the two resonance frequencies at 13.04 GHz and 19.33 

GHz. 
 

 

These planar wave fronts are a result of the spatially constant 

near-zero phase variation established within the DS-MS. 

Thus, the MS creates a uniform phase variation across its 

output face and, consequently, yields the highest possible 

directivity from its effective aperture [13]. Moreover, the 

values of eff and eff are both essentially constant over the 

entire frequency band of interest which ensures a very 

desirable, dispersionless operation of the MS. 

IV. CONCLUSION 

A wideband DS-MS to be used as a WAIM layer for an 

antenna array and to facilitate an improvement of its 

maximum directivity was designed and simulated. The 

effective medium parameters of the DS-MS were extracted 

to help explain its working principles. It was shown that this 

DS-MS features a wide bandwidth and is dispersionless over 

the desired frequency range of operation. As will be 

demonstrated in our presentation, this DS-MS-based WAIM 

layer improves the scanning range of an antenna array over 

its wide bandwidth when it is employed as a superstrate.  
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