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Realization of asymmetric transmission (AT) effect in metamaterial has drawn great interest in 
the past decade years since it indicates broad applications such as isolators and chiral polarization 
transistors which are highly demanded in various areas. However, most realization of AT is through 
the manipulation of electric field in chiral metamaterial, which limits the applications in the regimes 
requiring magnetic responses. In this article, we propose a metamaterial with chiral structure 
composed of connected metal loops placed on orthogonal directions, where the response orthogonal 
to the magnetic field of incident electromagnetic wave can be generated. Such manipulation of 
magnetic field is quantified with the equivalent permeability tensor of the metamaterial. The 
presented material exhibits AT characteristics of linear polarized electromagnetic wave sensitive to 
both polarization directions and propagation directions. Our work provides a new approach for AT, 
which has potential application of polarization sensitive devices, such as polarization rotators and 
circular polarizers.

Keywords  Metamaterial, Chiral material, Bi-anisotropic material, Asymmetric transmission effect, 
Permeability tensor with off-diagonal terms

Metamaterials are artificially engineered periodic structures designed to achieve various of electromagnetic 
properties such as negative refractive index and anisotropy as well as enabling unprecedented control over 
electromagnetic waves1–6. Thus, metamaterials offer a broad array of potential applications from sensing and 
imaging to stealth technology7–12. Among various types of metamaterials, magnetic-response structures hold 
a distinctive advantage since they can employ 3D ring-like elements that concentrate magnetic flux within the 
vertical dimension of the normal directions of the metamaterials13–17. Such designs allow for achieving more 
compact devices and richer functionalities. Although this approach adds complexity to fabrication, it provides a 
versatile platform for integrating multiple layers or functionalities in a smaller space, thereby pushing the limits 
of miniaturization and device performance.

Among the phenomenon of particular interest in the study of metamaterials, asymmetric transmission 
(AT) is a unique one, known as the asymmetric effect sensitive to the propagation directions or polarization 
directions of electromagnetic waves18–21. This effect resembles the Faraday effect22–26 but can be realized 
in metamaterials without applying a static bias magnetic field. Since such asymmetric responses expand the 
range of wave control, enabling new device concepts like one-way waveguides, isolators, and novel polarization 
manipulators, a great number of researches have been conducted on the asymmetry in metamaterials in the past 
decade years27–31. Various of structures are designed to realize AT, including single layer and multi-layers, planar 
and 3D structures32–36. Due to the lack of proper structure design to obtain magnetic flux and generate magnetic 
response to the incident electromagnetic waves, most of the researches achieve AT by the manipulation of electric 
field without manipulation of magnetic field. Studies are urgently demanded for realizing AT effect on magnetic-
response based metamaterial, which will provide a new approach for the next-generation integrated systems.

In this article, we demonstrate a new magnetic-response metamaterial that contains interconnected 
orthogonal loops. In contrast to the conventional designs with simple loop arrangements, our structure features 
conductive pathways linking loops oriented along different axes to manipulate magnetic responses in orthogonal 
directions, a configuration that has not been previously explored. Here, we theoretically analyzed the presented 
structures and obtain each term of the equivalent permeability tensor to quantify the manipulation of magnetic 
responses. A prototype is designed and fabricated to experimentally verify the analysis and we systemically study 
the dimensional influence on the operating frequencies. Then, we demonstrate the realization of AT based on 
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our design. We comprehensively study AT effect with different incident conditions of waves possessing different 
propagation directions or polarization directions. This advancement not only fills a gap in our understanding 
of three-dimensional magnetically resonant architectures but also paves the way for integrating these novel 
features into compact, multifunctional electromagnetic devices. The ability to realize and systematically analyze 
these non-diagonal terms of the equivalent permeability underscores the importance of our approach, marking 
a significant step forward in pushing the frontier of magnetic metamaterial research.

Theoretical analysis
The presented metamaterial is composed of periodic structures extending along x and y directions. The periodic 
unit contains two pairs of connected metal loops, where each pair has two loops placing on the orthogonal 
directions. Such configuration could generate the orthogonal magnetic response to the excitation magnetic field 
through the conduction of the induced current. Here we use the equivalent permeability tensor to represent the 
relation between excitation and response magnetic field, and it can quantify the manipulation of the material to 
the magnetic field. Considering a structure composed of periodical unit with periodic length a, which contains 
a metal loop with radius of r, resistivity per unit length of δ . The normal direction of the loop is parallel to 
x-axis. When Hx = H0 with the ejω t time dependence is applied on the whole structure, every other unit 
will have effects on the single unit. According to Pendry’s definition, the equivalent permeability of the periodic 
structure on x direction can be found as37:

	
µ eff = Bave

µ 0Have
=

[
1 − π r2

a2

(
1 + j 2δ

µ 0ω r

)−1
]

� (1)

where Bave is the average magnetic induction intensity over the entire periodic unit, Have is the average 
magnetic intensity in the space out of the loop.

The equivalent permeability tensor of our presented material can be obtained similarly in the following way. 
Assuming two pairs of connected and orthogonally placed loops are named as loop1 and loop1’ as well as loop2 
and loop2’, as shown in Fig. 1. In order to simplify the calculation, we ignore the width and thickness of the loops 
since its influence is negligible. Thus, we assume two loops with x-normal direction, named as loop1 and loop2, 
have radius of r1 and r2, respectively. The correspondingly connected loop1’ and loop2’ have radius of r2 and 
r1. The corresponding areas of loops are S1 = π r1

2 and S2 = π r2
2, and the length of the cube periodic unit 

is a. Without loss of generality, we assume H0 is applied on x direction, and it generates induced current J1 
on loop1 and J2 on loop2. This leads to an average induced magnetic intensity Hin1 inside loop1, Hin2 inside 
loop2 and Hout outside two loops. Hin1, Hin2 and Hout are all along the x direction, as shown in Fig. 1c. 
Meanwhile, the induced current which flows to the connected loop1’ and loop2’ also generates Hin1′  on loop1’, 
Hin2′  on loop2’ and Hout′ , which are all along the y direction, as shown in Fig. 1(d).

Since the magnetic flux inside and outside each loop ( loopi) produced by induced current Ji are equal and 
the whole structure is composed of the same periodic units, the magnetic flux inside and outside the loop also 
equals in a single unit. Then we have the relations of

	 Hin1π r1
2 + Hin2π r2

2 = −Hout

(
a2 − π r1

2 − π r2
2)

� (2-1)

	 Hin1′ π r2
2 + Hin2′ π r1

2 = −Hout′
(
a2 − π r1

2 − π r2
2)

� (2-2)

Applying the boundary condition of magnetic field, the induced current on the loops can be derived as

	
−→
J 1 = −→n ×

(−→
H in1 − −→

H out

)
� (3-1)

	
−→
J 2 = −→n ×

(−→
H in2 − −→

H out

)
� (3-2)

	
−→
J 1 = −→n ′ ×

(−→
H in1′ − −→

H out′

)
� (3-3)

	
−→
J 2 = −→n ′ ×

(−→
H in2′ − −→

H out′

)
� (3-4)

The total magnetic intensities inside loop1 and loop2 are Hint1 = H0 + Hin1 and Hint2 = H0 + Hin2, 
respectively. The impedance of the orthogonal connected loops is Z. According to the Faraday’s Law of electromagnetic 
induction, we have

	 E1 = − ∂ ϕ 1
∂ t

� (4-1)

	 E2 = − ∂ ϕ 2
∂ t

� (4-2)

where ϕ 1 = µ 0Hint1π r2
1  and ϕ 2 = µ 0Hint2π r2

2  are the magnetic flux inside loop1 and loop2, respectively, 
E1 and E2 are the corresponding induced electromotive force. Substituting Eq. (2)(3) into Eq. (4) yields
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µ 0π r2

1jω
(

H0 + J1 − J1π r2
1+J2π r2

2
a2

)
= ZJ1 � (5-1)

	
µ 0π r2

2jω
(

H0 + J2 − J1π r2
1+J2π r2

2
a2

)
= ZJ2 � (5-2)

According to the reference37, it’s straightforward to obtain that the average of magnetic induction intensity over 
the entire periodic unit is Bavex = µ 0H0 on x direction and Bavey = 0 on y direction, while the average 
magnetic intensity is Havex = H0 + Hout and Havey = Hout′ . The response relation of the magnetic field 
can be shown as

	

[
Bavex

Bavey

Bavez

]
= µ 0

[
µ xx µ xy 0
µ yx µ yy 0

0 0 1

] [
Havex

Havey

Havez

]
� (6)

Considering the topology of the double orthogonal connected loops, we have µ xx = µ yy = µ 1, 
µ xy = µ yx = µ 2

18. Thus, we are able to calculate the diagonal and off-diagonal terms of the equivalent permeability 
tensor. In order to simplify the calculation and verification, we assume the orthogonal connected loops having 
same radius, r1 = r2 = r, and S1 = S2 = S. The average magnetic intensity outside the loops can be solved as

	 Hout = Hout′ = T SH0 � (7)

where 
T =

2
a2

Z
µ 0Sω

j+ a2−S

a2 . In considering the matrix relation, µ 1 and µ 2 can be finally solved as

	 µ 1 = µ xx = µ yy = 1+T S
1+2T S � (8-1)

Fig. 1.  Dimensions and magnetic field of the structure in different views. Loops with different normal 
directions are connected orthogonally at the split. (a) Dimensions of the structure in view Z; (b) Dimensions of 
the structure in view X; (c) Magnetic field on x direction in the periodic unit; (d) Magnetic field on y direction 
in the periodic unit.
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	 µ 2 = µ xy = µ yx = −T S
1+2T S � (8-2)

Based on the above theoretical analysis, a prototype with 32 × 32 periodic units is designed and fabricated, 
as shown in Fig. 2. For the fabrication convenience, the circular metal loops in the above analysis have been 
replaced with rectangular loops. It should be noted that changing circular loops to rectangular loops will not 
significantly affect the magnetic response characteristics of the material, since it only varies S due to the changes 
of geometry.

Results and discussion
Permeability tensor
The results of experiment and simulation of the prototype are shown in Fig.  3a–d. The general trend of the 
experiment curve agrees with the simulation one, with a frequency deviation as small as 0.1  GHz, which 
proves that the presented structure has realized the permeability tensor with off-diagonal terms as the analysis 
expected. The small deviation between the simulated curve and measured curve can be attributed to the 
geometric difference between the experiment and simulation situation. In the simulation, there is an infinite 
periodic structure between two wave ports, but there are only finite periodic units of the prototype between two 
waveguide ports in the experiment. Besides, the fabrication imperfection of the prototype can also contribute to 
the frequency deviation.

In order to enable the presented material to meet the application requirement of different operating 
frequencies, we conduct a comprehensive analysis of spatial parameters’ influences on the resonant frequencies 
of our prototype via simulation to demonstrate the robustness of our design. Based on the prototype above, two 
models with different dimensional parameters are simulated respectively to investigate the effect of structure 
dimensions on resonant frequency. Firstly, we double both t and t1 to obtain a model with loop heights twice 
that of the prototype. Then, we double d1 to obtain a model with loop widths twice that of the prototype. The 
simulation results of permeability of two models are shown in Fig. 3e–h. The materials exhibit different resonant 
frequencies of the equivalent permeability under different dimensional parameters. Increasing the widths or 
the heights of the loops can both increase the loop area to achieve the effect of increasing the magnetic flux. 
Therefore, two models with the increased dimensional parameters possessed the similar resonant frequencies. 
This means even if the thickness or the periodic length is under limitation, the presented material can still meet 
the requirements of different operating frequencies by changing the parameters in other dimensions, which 
proves its flexible designability. Additionally, we further investigate the influences of elements density and 
dielectric loss on resonant properties of the metamaterial. The effects of elements density on properties of the 
complete material are evaluated by increasing the periodic unit length to change the distance between adjacent 
elements. Figure 4(a) shows that there is a slight shift of the resonant frequency as the unit length increases. 

Fig. 2.  Prototype and dimensions of the structure in different views. (a) Prototype and periodic unit of the 
fabricated structure; (b) Dimensions of the structure in view Z; (c) Dimensions of the structure in view X.
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Contrarily, the amplitude of permeability, which is represented by the normalized peak value of Re (µ 1), 
experiences a significant decrease. Without changing of the excitation magnetic field and metal structure, the 
decrease of permeability can be attributed to the decrease of induced magnetic flux density in the material, 
which is caused by the decrease of elements density. Another factor we explore is the dielectric loss of the 
medium. In simulation, the dielectric loss tangent of the medium board is adjusted from 0.002 to 0.02 with step 
of 0.002 to validate its effect on properties of the metamaterial. As shown in Fig. 4(b), the resonant frequency 
is barely influenced while amplitude of the permeability decreases as the dielectric loss increases. Based on the 
above analysis, smaller length between periodic units and medium with lower loss are preferred in the design to 
achieve better resonance characteristics.

Asymmetric transmission
In this section, we will analyze and discuss the asymmetric transmissions of electromagnetic waves in the 
presented metamaterials. The asymmetry of wave transmissions with different incident conditions are discussed. 
Specifically, we focus on linear polarized waves with opposite propagating directions and same polarization 
directions, as well as the linear polarized waves with same propagating directions and orthogonal polarization 
directions. Besides, the structure is modified to possess bi-anisotropy for further discussion.

Fig. 3.  Simulation and experiment results of permeability of prototype under different dimensional 
parameters. (a) Experiment results of µ 1 of the prototype, black and red curves represent real and imaginary 
part of µ 1 respectively; (b) Experiment results of µ 2 of the prototype, blue and green curves represent real 
and imaginary part of µ 2 respectively; (c, d) Simulation results of µ 1 and µ 2 of prototype; (e, f) Simulation 
results of model with twice the loop height of the prototype; (g, h) Simulation results of model with twice the 
loop width of the prototype.
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We start with the discussion of the polarization variation of the incident waves during its propagation through 
the material. Since there are phase differences between the induced currents and the excitation magnetic fields 
according to the Faraday’s Law of electromagnetic induction, the magnetic fields generated by the induced 
current also have phase differences with the excitation magnetic fields. In the presented metamaterial, the 
induced currents generate magnetic responses orthogonal to the incident excitation magnetic fields, which make 
the magnetic fields of the outgoing waves through the material contain two orthogonal components with phase 
differences. Therefore, the linear polarized incident waves will turn into elliptical outgoing polarized waves after 
propagating through the presented material.

A model of the presented material is simulated of its transmission characteristics of linear polarized waves as 
shown in Fig. 5. We visualize the magnetic field at two chosen reference planes which are above and beneath the 
material respectively. Firstly, we plot the magnetic field in a complete period when an incident wave propagates 
through the material along -z direction. As shown in Fig.  5a, the black and red curves represent the x and 
y magnetic field components of the incident waves before reaching the material. The blue and green dotted 
curves are corresponding to the x and y magnetic field components of the outgoing waves after propagating 
through the material. The total magnetic field vector in a period from 0 ∼ 2π  is shown in Fig.  5b, where 
the “upper” columns indicate the incident waves and the “lower” columns indicate the outgoing waves. Four 
specific moments are selected starting from π /4 at a step of π /2 to visually demonstrate the changes of the 
magnetic fields. It can be observed that the magnetic field has only x-direction component before the incident 
waves reaching the material, while it exhibits both x and y components after propagating through the material. 
In addition, the magnetic field direction beneath the material continuously rotates within a complete period. 
These results prove the conversion of linear polarized incident waves to the elliptical polarized outgoing waves 
through the material. Since the quantification and visualization of the magnetic field in the continuous period 
is rather difficult and inaccessible to our current measurement system, the analysis in this section only contains 
the simulation results.

To examine the transmission characteristics of linear polarized waves with opposite incident directions, 
we simulate incident waves in -z and + z directions where -z is the forward direction and + z is the backward 
direction. Both incident waves have the magnetic fields in x-direction and the same phases, which ensure the 
consistency of their incident conditions except only the propagating directions. Then, we obtain the magnetic 
field of the outgoing waves at a symmetrical position relative to the material. Rotation angle of the magnetic 
field, which is represented by Hy/Hx, is measured correspondingly for these two waves in opposite directions, 
as shown in Fig. 5c. We can clearly identify that, for same incident conditions comparing, the rotation angles 
evolute in the exactly same way although these two waves have the opposite transmission directions. In other 
words, the polarization rotation of a wave propagating through the material will be reversed when the wave is in 
the opposite propagate direction. Therefore, the presented material is proved to exhibit AT effect with respect to 
the direction of wave propagation. Such effect can be mainly attributed to the interaction between the magnetic 
field of the incident waves and the chiral structure of the metamaterial. The manipulation of magnetic field in the 
material is mainly through the orthogonal metal loops with normal directions of x and y directions. Although 
the structure of the presented material is 3D, the chirality is mainly in x and y directions. For the observation 
from normal directions, the chiral structures possess senses of twist that are reversed when they are observed 

Fig. 4.  The effect of elements density and dielectric loss on properties of the complete material. (a) The red 
curve represents the variation of resonant frequency with unit length which is corresponding to the left vertical 
axis. The resonant frequency exhibits slight frequency shift near 11.6 ~ 11.7 GHz. The blue curve represents 
the variation of normalized peak value of permeability with unit length which is corresponding to the right 
vertical axis. The amplitude of permeability attenuates as unit length increases; (b) The red curve represents the 
resonant frequency, which is nearly constant with dielectric loss tangent increasing. The blue curve represents 
the normalized peak value of permeability, which decreases significantly with dielectric loss tangent increasing.
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from the opposite sides. Based on the above observations, the presented material is proved to possess reversed 
polarization rotation effects for opposite propagating waves in normal incidence.

The presented materials show the characteristics of turning linear polarized waves into elliptical polarized 
waves. The polarization rotations of waves with different propagation directions have been proved to exhibit 
asymmetry. The following contents will discuss the asymmetry of transmissions of linear polarized waves with 
the same propagation directions but orthogonal polarization directions.

In the above analysis, two connected loops in the structures are assumed to have the same dimensions. When 
the incident magnetic field is set up, the magnitude of the induced current in the material is mainly determined 
by the areas where the magnetic flux is generated. In addition, the magnitude of the induced magnetic field is 
proportional to the areas and the induced current. Therefore, the presented materials possess the symmetry and 
reciprocity of magnetic response relations in x and y directions when the loops in the structures all have the same 
dimensions. Quantitively, this can be expressed as the permeability tensor which has the form µ xx = µ yy  and 
µ xy = µ yx.

Fig. 5.  Variation of the magnetic field at different positions and conditions within a complete period. (a) 
Magnetic field components at positions above and beneath the material respectively. Black and red curves 
represent the x and y components of magnetic field above the material. Blue and green curves represent the 
x and y components of magnetic field beneath the material. (b) Magnetic field vector above and beneath the 
material at four moments within a period. (c) Comparison of the magnetic field rotation of two waves incident 
in opposite directions.
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In order to generate the asymmetric responses, we need to break the symmetry of the chiral structures, which 
is achieved by modifying the symmetric structures of the presented material. As shown in Fig. 6, the new loop1 
has the same dimensions as loop2, while the loop1’ has the same dimensions as loop2’. The area of new loop1 
and 2 is different to the area of loop1’ and loop2’ such that S1 ̸= S2. Considering the length of the periodic 
unit is a and the thickness of the material is t, this change results in the distinct magnetic flux in the orthogonal 
directions, and thus the magnetic response relations in x and y directions will exhibit the asymmetry. In this case, 
we achieve a bi-anisotropic metamaterial containing chiral properties. The equivalent permeability tensor of the 
modified asymmetric material is analyzed below.

Firstly, we assume H0 is applied on x direction, and it generates an induced current J , with same amplitude 
on the loop1 and loop2. The averaged induced magnetic intensity is Hin inside loop1 and loop2, and Hout 
outside two loops, which are all in x direction. The induced current generates Hin′  inside loop1’and loop2’ and 
Hout′  outside, which are all along y direction. Permeability tensor of the modified asymmetric metamaterial 
can be expressed as:

	
[µ A] =

[
µ xx µ xy 0
µ yx µ yy 0

0 0 1

]
� (9)

Similar to the analysis process of the original metamaterial, we eventually had

	 µ xx (1 + S1T1) + µ xyS2T1 = 1 � (10-1)

	 µ yx (1 + S1T1) + µ yyS2T1 = 0 � (10-2)

where 
T1 =

2
at

Z
µ 0S1ω

j+ at−S1
at , Z  is the impedance of the structure. Then, we assume H0 is applied on y 

direction. Similarly, we can obtain the equations as

	 µ xxS1T2 + µ xy(1 + S2T2) = 0 � (10-3)

	 µ yxS1T2 + µ yy (1 + S2T2) = 1 � (10-4)

where 
T2 =

2
at

Z
µ 0S2ω

j+ at−S2
at . Concluding the Eq. (10), each term of the permeability tensor can be derived as

	 µ xx = 1+T2S2
1+T1S1+T2S2

� (11-1)

	 µ yy = 1+T1S1
1+T1S1+T2S2

� (11-2)

	 µ xy = −T2S1
1+T1S1+T2S2

� (11-3)

Fig. 6.  Dimensions and magnetic field of the modified asymmetric metamaterial structure in different views. 
(a) Periodic unit of the asymmetric metamaterial. Loop1 and loop2 has the same area of S1, loop1’ and loop2’ 
has the same area of S2; (b) The structure in view Z. (c) Magnetic field on x direction in the periodic unit; (d) 
Magnetic field on y direction in the periodic unit.
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	 µ yx = −T1S2
1+T1S1+T2S2

� (11-4)

Apparently, the off-diagonal terms µ xy  and µ yx are distinct from each other. This inequality will lead to the 
asymmetric effects of the materials to the transmissions of linear polarized waves with magnetic field in x and 
y directions.

In order to verify the above analysis, the symmetric and asymmetric structures of the presented metamaterials 
are simulated under the conditions of linear polarized incident waves propagating in -z direction with magnetic 
field in x and y directions respectively. As shown in Fig. 7a and d, the incident magnetic field is represented by 
H0x and H0y , and the rotated magnetic field after propagating through the material is represented by Hrx 
and Hry , where θ x and θ y  are the rotation angles of Hrx and Hry  relative to their rotation directions. Two 
reference planes are chosen above and beneath the metamaterial to examine the rotation angles and directions 
of the magnetic field. The results are shown in Fig. 7b–f.

From Fig.  7a–c, it can be found that the rotation of Hrx and Hry  in symmetric metamaterial have the 
opposite rotation directions and the identical rotation angles. By comparison, as shown in Fig. 7d–f, Hrx and 
Hry  in asymmetric metamaterial exhibit same rotation directions but different variations of the rotation angles. 
The results indicate that for the linear polarized incident waves with propagation directions in the normal vector 
directions of the materials, the original symmetric materials have the symmetric effects on the transmissions of 
waves with orthogonal polarization directions, on which the modified asymmetric materials have the asymmetric 
effects. Due to the fact that modifying the structural dimensions will not disrupt the direction of chirality of the 
structures, the asymmetric materials have the similar effects on waves with opposite incident directions as the 
symmetric materials. In this case, wave transmissions in the asymmetric structures exhibit the characteristics 
that the rotation of polarization directions is only in a single specific direction regardless of the propagation 
directions or the polarization directions. This characteristic resembles the Faraday effect but can be realized in 
metamaterials without a static bias magnetic field.

Based on the above analysis, we further investigate the transmission coefficients of the presented metamaterial. 
The transmission matrix [T ] connecting the complex amplitudes of the incident and transmitted magnetic field 
is shown as

Fig. 7.  Comparison of magnetic field rotation of the original symmetric metamaterial and the modified 
asymmetric metamaterial. (a, d) Diagram of the magnetic field rotation of original symmetric metamaterial 
and modified asymmetric metamaterial. Directions of all arrows are in x-y plane; (b, e) Rotation angle of Hrx 
and Hry  relative to their rotation directions in a period; (c, f) Magnetic field vector of H0x, H0y , Hrx and 
Hry  at four moments within a period in view Z. The circular arrows represent the rotation direction of Hrx 
and Hry .
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[
Htx

Hty

]
=

[
txx txy

tyx tyy

] [
Hix

Hiy

]
= [T ]

[
Hix

Hiy

]
� (12)

where Htx and Hty  is the transmitted magnetic field in x and y direction and Hix and Hiy  is the incident 
magnetic field in x and y direction. Each term of the transmission matrix is shown in Fig. 8. The symmetric 
metamaterial possesses the transmission coefficients that txx = tyy  and txy = tyx, while the asymmetric 
metamaterial possesses the transmission coefficients that txx ̸= tyy  and txy ̸= tyx. The results further prove 
the asymmetric transmission effect on linear polarized waves of the presented metamaterial.

The asymmetric metamaterial also exhibits asymmetric transmission characteristics for circularly polarized 
waves. The transmission matrix for circularly polarized waves [Tcirc] is given by18,38

	
[Tcirc] =

[
T++ T+−
T−+ T−−

]
= 1

2

[
txx + tyy + i (txy − tyx) txx − tyy − i (txy + tyx)
txx − tyy + i (txy + tyx) txx + tyy − i (txy − tyx)

]
� (13)

and the transmission matrix of backward linear polarized waves is

	
[Tb] =

[
txx −txy

−tyx tyy

]
� (14)

then we can obtain the transmission coefficient of circularly polarized waves incident in the metamaterial in 
forward and backward directions, which is shown in Fig. 9. The results demonstrate that for circularly polarized 
waves incident on the asymmetric metamaterial, the left-handed and right-handed waves exhibit asymmetric 
characteristics, and this asymmetry varies with changes in the incident direction.

Conclusion
In conclusion, we have presented a novel magnetic-response metamaterial composed of orthogonally connected 
loops that exhibit non-diagonal terms of the equivalent permeability tensor, enabling an advanced magnetic 
response compared to conventional planar or non-connected 3D designs. Such structure offers key advantages 
such that it preserves strong magnetic flux concentration and delivers versatile functionalities while miniaturizing 
device spaces in compact integrated systems. Through theoretical modeling and simulation validation, we 
prove that our structure gives rise to asymmetric transmission (AT) for linear polarized waves in the absence 
of an external bias magnetic field. This observation underlines the distinctive capability of our metamaterial 
to manipulate wave propagation in direction-sensitive and polarization-sensitive manners, creating promising 
avenues for designing chiral components such as one-way waveguides and isolators. Furthermore, our detailed 
study of dimensional effects has established clear guidelines for tuning the operating frequencies, offering 
engineering flexibility in future device development. Our findings highlight the potential to unprecedentedly 
control electromagnetics, particularly for applications where compactness and multifunctionality are of 
paramount importance. By systematically analyzing and utilizing the non-diagonal permeability tensor, this 
work expands the frontier of magnetic metamaterial research, laying the groundwork for innovative designs in 
wave manipulation and polarization control.

Fig. 8.  (a) Amplitude of transmission coefficients of linear polarized waves in the symmetric metamaterial; (b) 
Amplitude of transmission coefficients of linear polarized waves in the asymmetric metamaterial.
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Methods
Prototype fabrication
The rectangular loop is composed of two copper strips on the upper and lower surfaces of the FR4 board and 
copper cylinders along the through-holes in Z direction. Different loops on orthogonal directions are connected 
by copper strips in the interlayer at depth of t1 from the surfaces of the material. The medium board of FR4 
material has the relative permittivity of 3.6 and relative permeability of 1. The prototype has the resonant 
frequency of nearly 11.7 GHz, and the detailed spatial dimensions are shown in Fig. 2.

Equivalent permeability calculation
In the simulation and the experiment, the permeability tensor cannot be measured directly. Instead, we measure 
the S-parameter and calculate the diagonal and off-diagonal terms of permeability respectively. The diagonal 
term µ 1 of the equivalent permeability can be derived from the S-parameter according to the relation of39,40

	
µ 1 = 1

kd

√
(1+S11)2−S2

21
(1−S11)2−S2

21
cos−1 [

1
2S21

(
1 − S2

11 + S2
21

)]
� (15)

where k is the wave number and d is the thickness of the material. Due to the fact that the off-diagonal term 
µ 2 represents the response relation between magnetic fields in the orthogonal directions, it cannot be derived 
directly from Eq. (15). In this case, an indirect method is used to obtain µ 2

41. By rotating H0 by 45 degrees to 
H045 and decomposing H045 to two orthogonal components H0x and H0y , we get

	
−→
H 045 = H0xx̂ + H0y ŷ =

√
2

2 H0x̂ +
√

2
2 H0ŷ � (16)

The magnetic induction in the 45° direction can be solved as

	

−→
B ave45 = (µ 1H0x + µ 2H0y) x̂ + (µ 2H0x + µ 1H0y) ŷ

= (µ 1 + µ 2)
( √

2
2 H0x̂ +

√
2

2 H0ŷ
)

= µ 45
−→
H 045

� (17)

From Eq.  (17), it can be found that µ 1 + µ 2 = µ 45. With µ 1 and µ 45 calculated directly from the 
S-parameters, the off-diagonal term µ 2 can be obtained from µ 2 = µ 45 − µ 1.

Experiment method
In the experiment, a pair of standard rectangular waveguides with dimensions of 24 mm × 6 mm are used 
to measure the prototype. The operating frequency range of the waveguide is 8 ~ 14 GHz. Two waveguides are 
connected to two ports of the vector network analyzer respectively through coaxial lines. First, we place the 
metamaterial prototype board vertically. Two waveguides are faced oppositely and closely attached on contrary 
sides of the prototype, which enables us to measure µ 1. Then, the metamaterial board is rotated 45 degrees 

Fig. 9.  (a) Amplitude of transmission coefficients of circularly polarized waves incident in forward direction in 
the asymmetric metamaterial; (b) Amplitude of transmission coefficients of circularly polarized waves incident 
in backward direction in the asymmetric metamaterial.
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around its normal direction, while the waveguides remain unmoved, to measure µ 45. We then can obtain µ 2 
as µ 2 = µ 45 − µ 1.

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