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Abstract 15  Epsilon-near-mu metamaterials play a significant role in many fields such as radar, communication, and 16 

stealth technology, due to their ideal transmission responses. However, when electromagnetic (EM) waves 17 

illuminate such metamaterials at large angles, undesired reflectance occurs that greatly restricts the 18 

applications. Here, we propose a theoretical approach that can fundamentally eliminate the adverse effects 19 

of the incident angle on the transmission response of an anisotropic 𝜀-near-𝜇 material by adjusting the 20 

structural permittivity and permeability tensors. We take advantages of the nonresonance regions of electric 21 

and magnetic resonators so that the material parameters can attain the desired values in a wide frequency 22 
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band. This allows us to design a nonreflective material with broadband all-angle transmissions from 0° to 23 

almost 90°, which is further verified by experiments with good performance. This work opens up a new 24 

route for the design of ultrawide-angle transmission-type metamaterials with high-efficiency and wideband 25 

properties, reaching significant applications in antenna radomes. 26 

Introduction 27 

In the past decade, metamaterials have attracted tremendous attention at the frontier of physics, material, 28 

and information sciences and engineering due to their peculiar capability of manipulating electromagnetic 29 

(EM) waves1. As a macroscopic composite of periodic or aperiodic structures, a metamaterial can realize 30 

versatile fascinating phenomena, such as EM cloaking2-5, negative refraction6-13, perfect absorption14-16, and 31 

superresolution imaging17-20. The responses of metamaterials are commonly characterized by the effective 32 

electric permittivity and magnetic permeability21, which are generally defined as tensors that depend on the 33 

incident angle and operating frequency. 34 

In the 𝜀-𝜇 domain, the parameters on the 𝜀 𝜇 line in both the right-handed (𝜀>0, 𝜇>0) and left-35 

handed (𝜀<0, 𝜇<0) material regions represent impedance-matching materials, which can achieve perfect 36 

impedance matching with air. Based on this phenomenon, a variety of nonreflective structures have been 37 

proposed in the past few years. Among the approaches, the quarter-wavelength transformer22 with refractive 38 

index 𝑛 𝑛  perfectly matching that of air represents the simplest design. Despite its simple structure 39 

design, it can only operate at a single frequency and at normal incidence, and its reflection is significantly 40 

increased at a large incident angle. Moreover, inspired by the eyes of a moth, various graded-index (GRIN) 41 

structures with antireflection responses were developed23-25. Multiple stacked layers are applied in these 42 

GRIN structures, and the refractive index of each layer gradually decreases from the refractive index of the 43 

substrate to that of air to achieve impedance matching with air. As a result, these structures can achieve 44 

high transmission over a wide range of incident angles, although at the expense of excessive thickness and 45 

fabrication difficulties. However, these GRIN structures suffer from high reflection at grazing incidence 46 

angles. To achieve perfect impedance matching between the structure and air at grazing angles, a 47 
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nonreflective lens based on the Brewster effect was introduced26. Under the theoretical guidance of the 48 

Brewster effect, the proposed lens has achieved high-efficiency transmittance in the frequency band from 49 

1 GHz to 16 GHz at an incident angle of 76.4°. However, only transverse magnetic (TM)-polarized EM 50 

waves are allowed in such a Brewster-based structure. 51 

In this article, we demonstrate an all-angle wideband transmission response by utilizing anisotropic 52 

materials. Theoretical formulae are derived to reveal the relative permittivity and permeability tensors (𝜀 ̿53 

and �̿�) of the structure required for the angle-independent transparent response in the transverse electric 54 

(TE) mode. As a proof of concept, we propose an 𝜀-near-𝜇  structure, whose relative permittivity and 55 

permeability tensors are independently controlled by engineering an electric resonator and a magnetic 56 

resonator, respectively. Moreover, the material parameters feature a flat frequency response in the 57 

nonresonance region, and the electric and magnetic resonances are constructed on the two sides of the 58 

desired operating band. Thus, the necessary conditions for 𝜀 ̿and �̿� can be satisfied in the band of interest, 59 

thereby achieving an ultrawide-angle transmission response in a wide frequency band. 60 

Results 61 

Concept and theoretical analysis 62 

A material with all-angle transmission properties should be transparent to EM waves from all incident 63 

angles, as conceptually illustrated in Fig. 1a. To achieve this goal, we begin our analysis with instances of 64 

TM- and TE-polarized plane waves impinging on an isotropic material with an incident angle of 𝜃, as 65 

depicted in Fig. 1b. Here, the substrate is chosen as Rogers RO3003 with a relative permittivity (𝜀 ) of 3 66 

and a relative permeability (𝜇 ) of 1. The reflection and transmission of a material are determined by 67 

impedance matching between air and the material. The characteristic impedance of air at different incident 68 

angles 𝜃 can be expressed as 69  𝑍 𝜃 𝜂 cos 𝜃     (1) 70 

for TM incidence and 71 
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𝑍 𝜃 𝜂 cos 𝜃⁄      (2) 72 

for TE incidence, where 𝜂 is the free-space intrinsic impedance. The characteristic impedances of the 73 

substrate for TM and TE incidence are defined as 𝑍  and 𝑍 , respectively. 74 

Following the boundary condition, the total reflection coefficients 𝑅 /  can be calculated as 75 

𝑅 / / / ,     (3) 76 

where 𝑅 / 𝑍 / 𝑍 / 𝑍 / 𝑍 /  represents the Fresnel reflection coefficient 77 

on the interface between the substrate and air; 𝛽denotes the propagation constant in the substrate; and 𝑑 is 78 

the thickness of the substrate. By assuming Eq. (3) to be equal to zero, we can have two solutions: 𝑅 /79  0 and 𝛽𝑑 𝑘𝜋 𝑘 ∈ 𝑁 . However, as the propagation constant 𝛽 is a linear function of frequency, the 80 

zero-reflection response obtained at 𝛽𝑑 𝑘𝜋 is sensitive to frequency, which cannot be applied to achieve 81 

high-efficiency and wideband transmission performance. Thus, the wideband transmission response can 82 

only be realized when the characteristic impedance of air and the substrate matches, that is, 𝑍 /83  𝑍 / , over a wide range of frequencies. 84 

Fig. 1c gives the characteristic impedances of air and the substrate as a function of incident angle and 85 

frequency under TM-polarized plane wave illumination. The impedance of air intersects with that of the 86 

substrate for every frequency at the Brewster incident angle 𝜃 60°, which ensures perfect transmission 87 

for the TM-polarized wave, while there is no intersection between the characteristic impedances of air and 88 

the substrate for the TE-polarized incident wave. The impedance difference significantly increases with 89 

increasing incident angle, as shown in Fig. 1d, which does not support zero reflection with a wideband 90 

characteristic. However, we can achieve the quasi-Brewster effect for the TE-polarized mode by matching 91 

the characteristic impedances of air and the designed structure. Specifically, perfect transmission 92 

performance for incident angles ranging from 0° to 90° can be obtained by applying such a quasi-Brewster 93 

effect to all incident angles, that is, by reducing the area of the red region marked in Fig. 1d. This provides 94 

us with a new method to design a zero-reflection structure with negligible angle dependence, as illustrated 95 
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in Fig. 1a. 96 

Previous analysis has confirmed that achieving a high-efficiency transmission response in the entire 97 

angular domain with naturally occurring materials is impossible. Therefore, we consider uniaxial materials 98 

with anisotropic properties, whose relative permittivity and permeability tensors are functions of frequency 99 

and expressed as 100 

Fig. 1 Conceptual diagram of an all‐angle nonreflective material and cases of EM waves illuminating an 
isotropic substrate with different  incident angles. a Conceptual diagram of the designed nonreflective 
structure. b Propagation path of the  incident wave  from air  to the substrate  for TE and TM modes. c 
Impedances of air and the substrate versus incident angle and frequency for the TM mode and (d) TE
mode, and cross‐sections of their impedances at 10 GHz are given at the bottom of each figure. 
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𝜀̿ 𝜔 𝜀 𝜔 𝜀 0 00 𝜀 𝜔 𝜀 00 0 𝜀 𝜔 𝜀      (4) 101 

and 102 

�̿� 𝜔 𝜇 𝜔 𝜇 0 00 𝜇 𝜔 𝜇 00 0 𝜇 𝜔 𝜇 ,    (5) 103 

respectively. To simplify the analysis process, all the elements in the relative permittivity and permeability 104 

tensors are assumed to be real numbers. The subscript t represents the tangential components in the x- and 105 

y-directions, and n denotes the normal component in the z-direction. 106 

For simplicity, we assume a plane wave in the xz-plane and illuminates on the uniaxial material at an 107 

angle 𝜃. According to a previous work27, the characteristic impedance of the uniaxial material for TE-108 

polarized incidence can be expressed as 109  𝑍 𝜃, 𝜔 .     (6) 110 

For the characteristic impedance of the uniaxial material to be equal that of air at all incident angles, they 111 

must satisfy the following conditions: 1) the characteristic impedances of the uniaxial material and air are 112 

the same at normal incidence; 2) the slope of the characteristic impedance curve of the material equals that 113 

of air at all incident angles. These conditions lead to the following equations: 114  𝑍 0, 𝜔 𝑍 0, 𝜔, , ∈ , ⟹ 𝜀 𝜔 𝜇 𝜔𝜇 𝜔 𝜇 𝜔 1    (7) 115 

Furthermore, to more intuitively reveal the effect of the above parameters ( 𝜀 , 𝜇 , and 𝜇 ) on the 116 

performance of the uniaxial material, we substitute Eq. (1) and Eq. (6) into the Fresnel reflection coefficient 117  𝑅 , yielding a reflection coefficient equation of 118 

𝑅 𝜃, 𝜔 , ,, , .    (8) 119 
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The transmission coefficients of the uniaxial material for TE-polarized waves are presented in Fig. 2 120 

as a function of 𝜇 𝜇  and incident angle. According to these figures, unity transmission with zero angular 121 

dependence can only be achieved when 𝜀 𝜔 𝜇 𝜔  and 𝜇 𝜔 𝜇 𝜔 1 are simultaneously satisfied 122 

(see Fig. 2b), in accordance with Eq. (7). However, for the other cases with 𝜀 𝜔 𝜇 𝜔 , the 123 

transmission coefficient experiences large variations with the incident angle. 124 

Design of an angle-independent transmission material 125 

According to the Drude-Lorentzian model28, the permittivity of the structure experiences rapid changes 126 

with frequency at the resonance of an electric resonator but varies smoothly away from the resonance2. 127 

Notably, its permittivity is higher than that of the substrate in the high-frequency nonresonance region and 128 

is lower in the low-frequency nonresonance region. Similarly, a magnetic resonator has the same effect on 129 

the permeability of the structure. Therefore, the permittivity can be reduced at higher frequencies than the 130 

electric resonant mode, and the permeability can be increased at lower frequencies than the magnetic 131 

resonant mode, which leads to equality between the relative permittivity and permeability over a wide 132 

frequency band. This allows us to design an 𝜀-near-𝜇 (ENM) structure with a broadband characteristic. 133 

As a proof of concept, an electric resonator and a magnetic resonator are introduced into a substrate 134 

with a relative permittivity of 3 to independently manage its relative permittivity and permeability. The 135 

structure is simulated in ANSYS HFSS with periodic boundary conditions, and a TE-polarized incident 136 

 

Fig. 2 Simulated transmission coefficients versus the incident angle and the product 𝜇 𝜇  under cases of 
(a) 𝜀 𝜔 0.5 ∗ 𝜇 𝜔 , (b) 𝜀 𝜔 𝜇 𝜔 , and (c) 𝜀 𝜔 2 ∗ 𝜇 𝜔 . 
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wave is contained in the xz-plane, whose electric field is along the y-axis. The unit cell of the ENM structure 137 

 

Fig.  3  Unit  cell  of  ENM  structure  and  influence  of  electric  and  magnetic  resonators  on  material 
parameters. a Configuration of the final design (p = 6.4, h = 3.6, Lm = 5.4, Ls = 1.3, Lg = 0.3, Lw = 0.2, L1 = 
2.0, L2 = 0.7, L3 = 0.5, L4 = 1.2, L5 = 1.5, L6 = 0.8, and L7 = 2.0, all dimensions are  in mm). b Current 
distributions of the electric resonator and its impact on material parameters. c Current distributions 
of the magnetic resonator and its influence on material parameters. d Material parameters of the final 
design. Extracted structural parameters of the final design: (e) tangential permittivity 𝜀 , (f) tangential 
permeability 𝜇 , and  (g) normal permeability 𝜇 . Variables  (h) 𝜀 𝜇⁄ and (i) 𝜇 𝜇  are plotted against 
the frequency and incident angle; both are close to one in the desired frequency band, satisfying the 
required conditions in Eq. (7). 
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is constructed by combining the electric resonator and the magnetic resonator in a three-layer configuration, 138 

as displayed in Fig. 3a, in which the electric resonator is located in the middle layer and the magnetic 139 

resonator is located in the bottom and top layers. Detailed parameters of the material are given in the caption 140 

of Fig. 3. As shown in Fig. 3b, a cross-shaped metallic strip as an electric resonator is printed on the center 141 

layer of the substrate, and induced currents along the -y-axis stimulate a variation in the tangential relative 142 

permittivity. The metal strip is designed to resonate at approximately 8 GHz, and the tangential relative 143 

permittivity exhibits a flat frequency response with a value of 2 in the nonresonance region from 9 GHz to 144 

10 GHz. The tangential and normal components of the relative permeability are hardly affected. 145 

The magnetic resonator is realized by a loop resonator, which is printed on the top and bottom layers 146 

of the substrate and connected by metallic vias, as depicted in Fig. 3b. The induced currents flow 147 

counterclockwise along the magnetic resonator, generating a magnetic effect at 11 GHz, whose resonant 148 

frequency is determined by the circumference of the loop resonator. The tangential permeability is increased 149 

from unity to nearly 2.0 from 9 GHz to 10 GHz, while the structural permittivity remains almost unchanged. 150 

Fig. 3d depicts the extracted material parameters (𝜀 , 𝜇 , and 𝜇 ) of the final design under normal 151 

incidence. Furthermore, Fig. 3e-3i shows the extracted material parameters of the structure as a function of 152 

incident angle and frequency. The structural parameters exhibit a stable angular response from 9 GHz to 10 153 

GHz. In the band of interest, the tangential relative permittivity of approximately 2.2 is close to the 154 

tangential relative permeability, while the normal permeability is approximately 0.45. In addition, we plot 155 

the variables 𝜀 𝜇⁄  and 𝜇 𝜇  with respect to the frequency and incident angle in Fig. 3g and Fig. 3h, 156 

respectively. The tangential relative permittivity and permeability are almost the same, and the product of 157 

the tangential and normal relative permeabilities is close to unity over a wide frequency band, which is 158 

consistent with Eq. (7). 159 

To further clarify the ultrawide-angle broadband transmission characteristic of our proposed ENM 160 

structure, full-wave simulations of TE-mode EM waves with different incident angles are carried out in the 161 

HFSS simulator. Fig. 4 shows the E-field distributions at three representative frequencies of 9 GHz, 9.5 162 
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GHz, and 10 GHz in the operating band under different incident angles of 0°, 40°, and 75°. We observe 163 

that the existence of the proposed ENM structure does not change the propagation direction of the EM 164 

waves at ultrawide incident angles. In addition, the amplitudes of the transmitted waves for all three incident 165 

angles are almost the same as those of the incident waves, while their phase shifts can be negligible due to 166 

the low refractive index of the structure29. 167 

To experimentally demonstrate the proposed concept, we fabricate a prototype composed of 37×37 168 

elements with an overall size of 236.8 mm*236.8 mm*3.6 mm, as shown in Fig. 5a. The transmission 169 

performance of the fabricated sample is experimentally characterized in an anechoic chamber using a vector 170 

 

Fig.  4  Simulated  E‐field  distributions  when  TE‐polarized  EM waves  pass  through  the  proposed  ENM
structure under different incident angles 𝜃 at three representive frequencies of (a) 9 GHz, (b) 9.5 GHz, 
and (c) 10 GHz in the operating band. 
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network analyzer (see Methods for the detailed measurement setup). Note that due to experimental 171 

limitations, the transmission coefficients of the sample are tested at incident angles from 0°to 75° with a 172 

step of 5°. The simulated and measured transmission coefficients are shown in Fig. 5b and c, respectively, 173 

which are in good agreement. Both the simulated and measured results show that the designed ENM 174 

structure exhibits high-efficiency transmission over a broad frequency band (9.0-10.2 GHz) and wide 175 

incident angles (0-75°). This proves that the material parameters required by Eq. (7) in a broad operation 176 

band have the potential to achieve angle-independent broadband transmission performance. 177 

Discussion 178 

In this work, we propose a theory to enhance the transmittance of metamaterials under oblique incidence 179 

over a wide range from normal to extreme grazing angles. We achieve this goal by matching the 180 

characteristic impedances of the material and air at all incident angles. Based on theoretical analysis, we 181 

discover for the first time that anisotropic ENM metamaterials with equal tangential relative permittivity 182 

and permeability (𝜀 𝜇 ) and a product of the tangential and normal relative permeabilities of unity 183 

(𝜇 𝜇 1) can ideally eliminate the impact of the incident angle on their transmission. To implement such 184 

an anisotropic metamaterial, we engineer electric and magnetic resonances on the two sides of the operating 185 

band to endow the structural permittivity and permeability with the theoretically predicted values. Since 186 

 

Fig. 5 Measured results at microwave frequencies. a Fabricated sample with 37*37 elements. b Simulated 
and (c) measured transmission spectra of the designed ENM structure. The sample is measured from 0° 
to 75° with a step of 5° due to the limitations of the measurement setup. In the measured spectra, the 
results measured at each  sampling  incident angle are utilized  to  signify  the  results of  the  five nearby 
degrees. 
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the working band is located in the nonresonance region, the permittivity and permeability of the structure 187 

feature a flat frequency response, which helps achieve broadband transmission performance. Experimental 188 

results have verified that the proposed ENM material can maintain high transmission under large oblique 189 

incidence. The promising performance of the designed ENM structure also suggests that our proposed 190 

theory has potential applications in conformal radomes, which urgently require an ultrawide angular 191 

response. 192 

Methods 193 

Sample fabrication 194 

The designed ENM structure is fabricated by using PCB technology. The sample is composed of three 195 

metal layers and two substrate layers. The top and middle metal layers are printed on one substrate layer by 196 

using vacuum etching technology, while the bottom metal layer is printed on the backside surface of another 197 

substrate layer. Then, we use lamination technology to combine these two substrate layers together. Finally, 198 

vertical via holes covered with metal are fabricated throughout the entire structure to connect the upper and 199 

lower metal layers. 200 

Measurement setup 201 

The transmission spectra of the fabricated ENM structure are measured with the help of the free-space 202 

method in a microwave anechoic chamber. The sample is embedded in the window of an absorbing screen. 203 

The transmitting and receiving antennas are coaxially aligned on the two sides of the screen, and the surface 204 

of the screen is orthogonal to the propagation direction of the EM wave. The distances between the device 205 

under test and both antennas are set to be 3 meters to satisfy the far-field condition. The vector network 206 

analyzer is connected to both antennas through 50 Ω coaxial cables to measure the transmission response 207 

of the fabricated sample. Due to the limitations of the measurement setup, the angular response of the ENM 208 

structure is tested when the absorbing screen is rotated from 0° to 75° with a step of 5°. The measured 209 

results at each incident angle are first terminated in the time domain to eliminate environmental interference 210 
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by measuring the case with a bare perfect electric conductor (PEC) board of the same size and then 211 

normalized to the reference case of the air window. 212 

Data Availability 213 

The data that support the findings of this study are available on request from the corresponding authors. 214 
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