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Nonreciprocal Electromagnetically Induced
Unidirectional Absorption Based on the

Quasi-Periodic Metastructure and Its
Application for Permittivity Sensing
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Abstract— Nonreciprocal unidirectional absorption, as a crit-
ical feature in both applications of military and civilian, has
always been a challenging research topic. Here, we introduce
a linear incremental arrangement into the formation of the
electromagnetically induced absorption (EIA) in a single metas-
tructure unit, creating an asymmetry spatial modulation for
the nonreciprocal electromagnetic responses. A unidirectional
EIA peak with a high absorption reaching 87.87% is observed
for the forward case, and nearly all the incident energy is
reflected in the backward case. The maximum isolation ratio
(IR) between the forward and backward absorptions is 10.79 dB.
To obtain a higher forward absorption and enlarge the IR,
an improved nonreciprocal metastructure array is proposed and
experimentally demonstrated by applying a linear quasi-periodic
array configuration. The forward electromagnetically induced
unidirectional absorption is enhanced to 99.53% with an IR of
12.73 dB. The near-perfect absorption provides a promising plat-
form for permittivity sensing, and the measurement of common
microwave plates with different relative permittivity shows an
excellent linear regression. Such an implementation innovatively
combines the asymmetric spatial modulation with EIA to form
unidirectional absorption, offering a new guideline for novel
nonreciprocal devices, and possessing considerable practical
applications in the wireless communication system, ultrasensitive
sensing, one-way invisibility, and absorptive switching.

Index Terms— Electromagnetically induced absorption (EIA),
nonreciprocal unidirectional absorption, permittivity sensing,
quasi-periodic metastructure.

I. INTRODUCTION

NONRECIPROCITY refers to the different electromag-
netic loss, phase shift, and other characteristics that

occurred in the transmission of electromagnetic waves along
with two opposite propagation directions [1], [2], [3],
which have wide and significant applications in modern
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communication, radar, and electronic countermeasure technol-
ogy. Frequently used microwave nonreciprocal components
include isolators, circulators, gyrators, phase shifters, and
switches [4], [5], [6], but their dominant implementations rely
on the high-resistivity ferrimagnetic materials, such as the
yttrium–iron–garnet or the compounds of iron oxides [7], [8].
However, such methods using magnetic materials or applying
an external magnetic field bias to break the inverse sym-
metry in time or space often suffer from major drawbacks,
such as being bulky, high-loss, expensive, inconvenient to
integrate, and sensitive to temperature. With the increasing
demand for miniaturization and low power consumption in
the development of communication devices, the research of
simultaneous transceiver nonreciprocal devices on the non-
magnetization, integration, and high isolation has been a hot
priority topic for scholars in related fields at home and abroad.
In 2011, Kodera et al. [9] proposed a metamaterial structure
loaded by semiconductor-based isolators to produce Faraday
rotation. Due to the presence of the isolators, nonreciprocal
transmission responses were obtained for the different ports
without static magnetic field bias. In 2014, Shen et al. [10]
proposed a scheme to realize the unidirectional invisibility
phenomenon using a double-layer nonparity-time symmetric
flat plate structure. Their numerical calculations claimed that
the unidirectional invisibility phenomenon can be observed
in the conventional double-layer plate structure with differ-
ent real parts of the refractive index when the imaginary
part of the refractive index and the thickness of the plate
meets appropriate conditions. In 2017, Bai et al. [11] realized
the unidirectional nonreciprocal absorption at the exceptional
point by accumulating different phase shifts in both vertical
and horizontal directions of two gold nanorods. In addition,
nonreciprocal propagation can be achieved not only for elec-
tromagnetic waves but also for acoustic waves. Li et al. [12]
experimentally built the sound unidirectional transmission in a
sonic-crystal-based acoustic diode, and He et al. [13] adopted
the asymmetric grating to achieve a similar nonreciprocal
phenomenon, providing valuable applications for acoustic rec-
tifiers and acoustic diodes.

Electromagnetically induced absorption (EIA), as a kind of
constructive interference between the transition channels in the
four-level atomic system, has attracted many investigations due
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to its intriguing phenomena, such as anomalous dispersion and
accelerating the group delay time [14], [15], [16]. However,
in the conventional quantum interference and coherent sys-
tems, the occurrence conditions of EIA are extremely harsh,
often requiring an ultralow temperature close to absolute
zero and a high-intensity laser, whose costly implementation
and uncontrollable experimental environment greatly limit
the applications of EIA in practical engineering. Recently,
with the proposal of metastructures, such as the metamaterial
and metasurface, people have found a new way to manip-
ulate electromagnetic waves in the desired manner due to
the unusual and exotic electromagnetic properties of metas-
tructures [17], [18], [19]. The emergence of metastructures
breaks through the above limitations and provides a promising
platform for the analogy studies of the quantum-classical
system. Owing to the controllable parameters and relaxed
experimental environment, the theoretical prediction of EIA,
which is difficult to be observed in a quantum system, could be
verified relatively easily in the metastructure system. There is
no doubt that the ideas of quantum physics have brought deep
insights and potential applications to the metastructures, and
the development of metastructures can also contribute back
to inspire the research of quantum systems [20], [21]. The
currently reported implementations of the EIA effect mainly
include introducing an intermediate retardation-induced phase
shift in the two-coupled-resonator system [22], [23], using
the three-resonator coupling system [24], and stimulating by
oblique incidence [25]. Nevertheless, there are still several
challenges hindering the development of metastructure-based
EIA. First, almost all studies of the EIA exhibit the reciprocal
electromagnetic response, which also implies a large number
of significant nonreciprocal application fields are unexplored,
such as one-way stealth, electromagnetic shielding, switch-
able fast/slow wave devices, and absorption-based isolator
and photodiodes. Second, the reported absorption efficiency
of the EIA effect is too poor to be applied in complex
electromagnetic environments, and an effective method for
enhancing the absorption is still urgently desired at this stage.
Third, most realizations of the EIA metastructures need to
introduce phase delays in vertical space for the interference
of the coupled system, which leads to the drawbacks of bulky
dimensions and difficult integration. In addition, the majority
of research on EIA is focused on the terahertz and optical
bands [26], [27], [28], but explorations in the microwave band
are still relatively rare.

As a primary way of acquiring information during the
detecting, identifying, and testing processes of materials, per-
mittivity sensors have long been a hot research topic, and
diverse implementations have emerged for enriching various
applications in such an information era, such as waveg-
uide cavities [29], [30], coaxial probes [31], [32], planar
resonators [33], [34], [35], and sandwiched resonator struc-
tures [36], [37]. In 2007, De Vos et al. [38] demonstrated
a highly miniaturized optical label-free biosensor based on a
Silicon-on-Insulator microring cavity. Thanks to its extremely
small dimension, this device performs outstandingly in terms
of absolute molecular mass sensing. However, the performance

for bulk refractive index changes is moderate theoretically.
Despite being commercially available for laboratory use, the
technique suffers from high measurement error. In 2019,
a high-sensitive microwave microfluidic sensor based on
the planar split ring resonator is proposed by Govind and
Akhtar [39] for detecting glucose concentration in aqueous
glucose solutions. The sensitivity for glucose testing is found
to be 0.026 MHz/mgdl−1, a fair improvement compared
to conventional sensors with similar sensing methodologies.
In 2021, Aydinalp’s group [40] investigates the sensing depth
of a 2.2-mm-diameter open-ended coaxial probe for skin
cancer detection. The effect of tissue heterogeneity on mea-
surement accuracy can be decreased by quantifying the probe
sensing depth. Among the plausible advantages of microwave
planar sensors is that they have a compact size, a low cost,
and ease of fabrication and integration compared to prevailing
sensors.

The development of modern sensing equipment is gradually
tending to be integrated, digital, intelligent, and multifunc-
tional for adapting to the surging complex electromagnetic
environment. The coping ability of conventional permittivity
sensors with a single function is gradually being stretched
to the limit, and increasing the type and number of sensing
or other electromagnetic devices may suffer the problem
of electromagnetic compatibility between different systems.
Therefore, designing a new generation of composite sen-
sors with multitask ability has attracted burgeoning atten-
tion in wireless communication, cosmic exploration detection,
and medical diagnosis system. When reviewing the existing
reports, we could learn that the research on the multifunction-
alization of sensors still remains huge empty pages waiting for
new design inspirations to fill. Nonreciprocity, as an extraor-
dinary electromagnetic property both in the microwave and
optical frequency, has raised in myriad significant applications
in satellite communication [41], digital encoding [42], and
multifunctional integration [43], which provides a composite
platform that allows for compatible with sensing capability
and other features. This opens up new possibilities and design
concepts for developing multitasking, digital, and intelligent
devices.

In this article, by introducing a linear incremental arrange-
ment that acted like an asymmetric waveguide into the design
of bright-dark-mode theory, a nonreciprocal phenomenon of
the forward electromagnetically induced unidirectional absorp-
tion (EIUA) and backward electromagnetically induced reflec-
tion (EIR) has been successfully observed in a microwave
metastructure unit. To further obtain a higher forward
absorption efficiency, five proposed metastructure units are
adopted to constitute a 1-D array in a linear quasi-periodic
arrangement. The forward absorption is enhanced from
87.87% to 99.53%, and the system isolation ratio (IR) reaches
12.73 dB. Meanwhile, such a near-perfect EIUA provides a
feasible and excellent platform for permittivity sensing, which
is experimentally demonstrated by measuring four common
microwave plates with different relative permittivities in this
article. A good agreement between the simulated and measured
results is obtained. Therefore, three functions are integrated
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Fig. 1. Schematic configuration of the nonreciprocal metastructure unit with the concept schematic of (a) forward EIUA and (b) backward EIR. (c) Top
view and (d) Back view of the proposed nonreciprocal metastructure unit with the enlarged illustration of the NSR. The marked parameters: a = 5 mm, b =

8.9 mm, d1 = 3.55 mm, d2 = 0.4 mm, e = 1.2 mm, g1 = 9.2 mm, g2 = 11.04 mm, g3 = 12.88 mm, g4 = 14.72 mm, px = 80 mm, py = 28 mm, w1 =

0.5 mm, and w2 = 0.7 mm.

into one single device to deal with various electromagnetic
tasks from positive or negative information sources, in which
two are energy absorption and permittivity sensing under the
forward incidence, and one is reflective filtering under the
backward incidence.

II. STRUCTURAL DESIGN AND RESULTS OF
NONRECIPROCAL METASTRUCTURE UNIT

Here, first, we present the schematic configuration of the
nonreciprocal metastructure unit in Fig. 1, which realizes the
forward EIUA and the backward EIR, respectively, as shown
in Fig. 1(a) and (b). The unit is established on an FR4-epoxy
substrate (relative permittivity: 4.4 and loss tangent: 0.02) [44]
backed by a full copper ground, and the top layer is mainly
composed of a T-shaped copper resonator, an I-shaped copper
resonator, and a series of specially arranged copper nested split
rings (NSRs) between them. The thicknesses of the FR4-epoxy
substrate and copper layers are identified as 1.2 and 0.035 mm,
respectively. The left T-shaped resonator and the right I-shaped
resonator are directly connected to the transverse transmission
channel near the bottom, which allows direct excitation by
the transverse transmission channel. As the locations of the
NSRs are relatively distant from the transmission channel and
the splitting directions are perpendicular to the transmission
channel, the NSRs can only be indirectly excited by the
T-shaped resonator and the I-shaped resonator through near-
field coupling. Therefore, the T-shaped resonator, the I-shaped
resonator, and NSRs are defined as the bright resonator 1,
bright resonator 2, and dark resonators, respectively.

The individual responses of the S-parameters for the
T-shaped resonator, the I-shaped resonator, and a single
NSR are given in Fig. 2 under the forward case. From
Fig. 2(a) and (b), we can see that the directly connected
T-shaped resonator can excite an electric resonance at
2.24 GHz with a broad full-width at half-maximum (FWHM),
and the I-shaped resonator induces a similar electric resonance

Fig. 2. Individual responses of the S-parameters (S11 and S21) for
(a) T-shaped resonator, (b) I-shaped resonator, and (c) single NSR paralleled
to the transmission channel under the forward case. The marked parameters:
c = 2 mm, l1 = 17 mm, l2 = 16 mm, and w3 = 0.9 mm.

in the vicinity of 2.65 GHz. As for the NSR, the situation when
the splitting direction is paralleled to the transmission channel
is simulated for analogizing the coupling from the bright mode
in the near-field, and it can be seen that a magnetic resonance
with narrow FWHM is generated at 2.66 GHz.

To obtain the nonreciprocal response, a linear incremental
distance is purposely introduced into each neighboring NSR to
break the spatial structural symmetry. Fig. 1(c) schematically
displays the described arrangement. The separations of five
NRS along the x-axis are increased as a linear function
g(i) = g1 + k1 × g1 × (i-1) (i = 1, 2, 3, and 4), where
g1 = 9.2 mm is the first separation between the center of the
first NSR and second NSR, and k1 = 0.2 is the linear growth
coefficient for the subsequent separations of g2 = 11.04 mm,
g3 = 12.88 mm, and g4 = 14.72 mm. The design idea of
using exponential function has similar validity that has been
verified by the experiment of asymmetric light propagation
in the photonic crystal waveguides [45] to generate similar
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Fig. 3. (a) S-parameters (S11 and S21) of the combined metastructure unit for
the forward cases and (b) S-parameters (S22 and S12) for the backward case,
where the illustrations are the schematics of (c) forward and (d) backward
functions.

nonreciprocal phenomenon but suffering from several realistic
dilemmas, which is also one of the past design schemes. If a
smaller number of NSRs are selected, the separations between
NSRs would be small and close in values, which makes it
difficult to construct enough spatial asymmetry to generate
the nonreciprocity phenomenon. On the other hand, if the
number of NSRs exceeds a certain threshold, the separations
between NSRs would be enlarged dramatically, leading to
severely surging device size and fabricated cost. It would be
a tough and constrained decision to balance the nonreciprocal
performance and device size under the exponential function.
The linear increasing function provides a smoother growth
trend and more flexible compatibility for both performance
optimization and fabrication requirements. Considering the
above-mentioned advantages and disadvantages, we applied
the linear increasing function in this work for inducing the
nonreciprocal unidirectional absorption.

When the T-shaped resonator, the I-shaped resonator, and
five NSRs are integrated on the same substrate, the bright
electric resonances, and dark magnetic resonance interference
constructively with each other, a remarkable EIA effect will
be generated by purposely adjusting the interference posi-
tion between them. Fig. 3(a) provides the S-parameters (S11
and S21) for the forward incidence, and we can observe
that S21 forms a broad stopband, inside which an S11 dip
passes through its minimum of 0.345 at 2.59 GHz. Such a
phenomenon is quite different in the backward case, whose
S-parameters (S22 and S12) are plotted in Fig. 3(b). The S11
dip obtained in the forward case completely vanished, remain-
ing only the functionality of broadband electromagnetically
induced reflective filter from 2.02 to 3.14 GHz with S22
above 0.9.

The physical mechanism for such a nonreciprocal phe-
nomenon can be interpreted by the electric field distribu-
tions and phase distributions at 2.59 GHz under the forward
and backward incidence in Fig. 4. When the electric field
propagates along +x-direction, the T- and I-shaped bright
resonators in Fig. 4(a) are strongly excited in the reverse
phase, which is equivalent to the aggregations of the posi-
tive and negative charges and similar to the trapped mode
distribution [46], [47], [48], as marked in Fig. 4(b). The field
leaked from the bright resonators induces the inspiration of five
dark resonators, and we can notice that the field amplitude on

each NSR follows a gradual weakening phenomenon along the
forward transmission path. Such observations signify that the
asymmetrical arrangement of five NSRs acts as an asymmetric
waveguide, and the field energy can be coupled from the
bright resonator 1 to the bright resonator 2 through this
asymmetric waveguide in the forward case. Three types of
resonators are strongly interfering with each other, and as a
result, the antiphase aggregations of the electric field strongly
trap and cancel out the incident energy before the receiving
port on the right; thus, a high absorption peak is rising. In the
backward propagation case along the −x-direction, only the
right I-shaped bright resonator is excited, and we can see that
the field energy is blocked from entering this asymmetrical
waveguide on the right-hand side. The interference with the
dark resonators and the left T-shaped bright resonator is cut
off, so the incident energy is reflected in the source port, which
is also consistent with the electrical resonance properties of a
single dipole excitation.

Fig. 5(a) calculates the forward absorption Aforward and the
backward absorption Abackward by (2) and (3), and it is apparent
that an 87.87% absorption peak is generated at 2.59 GHz
for the forward case, where the absorption for the backward
case at the same frequency is 7.33%. Moreover, the forward
and backward phase responses are given in Fig. 5(b), and
two abrupt slope reversals can be observed around 2.59 GHz
under the forward case, indicating an effect termed anomalous
dispersion in classical physics, which is one of the signature
features of the EIA and has been widely exploited in the
applications of accurate sensing and superluminal group veloc-
ities [49], [50]. These phenomena of amplitude attenuation
and phase reversal well confirm the generation of EIA under
the forward case. To quantitatively describe the nonreciprocity,
the IR and contrast ratio (CR) calculated by (3) and (4) [3]
are introduced in Fig. 5(c), which implies the absorption
difference between the forward port and the backward port.
The maximum IR reaches 10.79 dB at the target frequency of
2.59 GHz, corresponding to a CR of 0.846

AForward(ω) = 1 − RForward(ω) − TForward(ω)

= 1 − S2
11 − S2

21 (1)
ABackward(ω) = 1 − RBackward(ω) − TBackward(ω)

= 1 − S2
22 − S2

12 (2)

IR = 10 log10

(
AForward

ABackward

)
(3)

CR =

(
AForward − ABackward

AForward + ABackward

)
. (4)

The coupled oscillator model is introduced to investigate the
generation mechanism of the EIA phenomenon at 2.59 GHz.
The theoretical system exhibited in Fig. 6(a) is described
by the classical coupled Lorentz second-order differential
equations of (5) and (6) [23]

x”1(t) = γ1x’1(t) + ω2
1x1(t) − κ ′x2(t) = f ′(t) (5)

x”2(t) = γ2x’2(t) + ω2
2x2(t) − κ ′x1(t) = 0 (6)

where oscillator 1 and oscillator 2 represent the radiation
path 1 from the bright resonator 1 to the dark resonators
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Fig. 4. Electric field distributions at 2.59 GHz for (a) forward incidence and (c) backward incidence and the phase distributions at 2.59 GHz for (c) forward
incidence and (d) backward incidence.

Fig. 5. (a) Forward absorption and backward absorption. (b) Forward phase and backward phase. (c) Calculated IR and CR.

Fig. 6. (a) Mechanical schematic of the theoretical coupled oscillator model
with a coupling connection of κ’=κeiωt , and (b) comparisons of the EIA
effect between the simulation and theoretical calculation. In the theoretical
calculation, ω0 = 2.59 GHz, δ = 1 GHz, γ1 = 0.108 GHz, γ1 = 0.02 GHz,
and κ = 0.1 GHz.

and the radiation path 2 from the dark resonators to the
bright resonator 2, respectively. x1 and x2 are defined as the
respective displacements of two oscillators with respect to their
equilibrium positions. γ1 and γ2 are the damping constants
for oscillator 1 and oscillator 2, and the interactive coupling
coefficient is adopted in the complex form of κ‘= κeiϕ ,
which is crucial to the phase retardation effect between two
contributing oscillators.

Only the left oscillator can be directly excited by the power
source of the forward transmitting energy f ′(t), and the right
oscillator needs an indirect coupling connection κ’ to drive the
generation of EIA. Using the harmonic assumptions of x j (t) =

a j e−iωt and f ′(t) = f ′e−iωt , we get the approximation in
(8), and furthermore, the supplementary equation for the EIA
system can be listed in (8)

ω2
j − ω2

− iωγ j ≈

− 2ω0

(
ω − ω j +

iωγ j

2

)
= −2ω0�j , j = 1, 2 (7)

[
−2ω0�1 −κ ′

−κ ′
−2ω0�2

][
a1
a2

]
=

[
f ′

0

]
. (8)

After the matrix inversion, the solution is deduced as follows:[
a1
a2

]
=

1
κ ′2 − 4ω2

0�1�2

[
2ω0�2 f ′

−κ ′ f ′

]
. (9)

The final absorption of this EIA system is calculated from
the imaginary of the solution of the coupled differential
equations, representing the dissipated power, as shown in the
following equation [51], [52]:

A(ω) = Im
(

2ω0�2 f ′

κ ′2 − 4ω2
0�1�2

)
(10)

where �1 = ω-ω0 + iγ1/2 and �2 = ω-ω0 + δ + iγ2/2.
The comparison of the theoretically calculated absorption

from the coupled oscillator model with the simulated results is
presented in Fig. 6(b), and we can observe that a sharp absorp-
tion peak is generated at 2.59 GHz under the interferential
coupling of two oscillators, which keeps high consistency with
the simulated result. It is worth pointing out that the proposed
coupled oscillator model is an ideal theoretical discussion
with no external losses, meaning that it is only applicable
to account for the EIA peak at 2.59 GHz arising from the
constructive interference between two radiation paths, which
is why some mild mismatches are observed for absorption
comparison outside 2.45–2.71 GHz, as shown in Fig. 6(b). The
electric field distributions of the forward absorption peaks at
1.79 and 3.74 GHz are given in Fig. 7; we can be informed
that the weak absorption peak at 1.79 GHz originates from the
weak in-phase coupling between the bright resonator 1 and the
bright resonator 2, as shown in Fig. 7(a), and the other peak
at 3.74 GHz is mainly affected by a weak individual dipole
response of the bright resonator 1, as shown in Fig. 7(b). Since
no constructive interference occurred at 1.79 and 3.74 GHz,
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Fig. 7. Electric field distributions at (a) 1.79 and (b) 3.74 GHz under the
forward incidence.

Fig. 8. (a) Forward and (b) backward absorptions varied with different k1’s
from 0.16 to 0.24 and (c) their corresponding isolation.

Fig. 9. (a) Forward and (b) backward absorptions varied with different g1’s
from 9.0 to 9.4 mm and (c) their corresponding isolation.

it is not hard to find that the overall strength of the electric field
at 1.79 and 3.74 GHz are substantially weakened compared
with the electric field distribution at 2.59 GHz in Fig. 4.
In addition, the high loss tangent in the dielectric substrate also
contributes to a certain extent to the out-of-target absorption.

The effects of the linear growth coefficient k1 and the first
based separation g1 on the forward and backward absorptions
are discussed in Figs. 8 and 9. When k1 increases from
0.16 to 0.24, the enlarging rate of four separations among
five NSRs becomes more sharper, and the total length is
further extended. We can see that the forward absorption peak
is gradually shifted toward the low-frequency region with a
weak fluctuation in peak values. The backward absorption
curve is slightly bulged when k1 grows or shrinks out of an

Fig. 10. Forward and backward absorptions when the number of NSRs is
3 and 5, respectively.

appropriate range, which results in a trend of first increasing
and then decreasing absorption isolation, reaching a maximum
of 10.79 dB at k1 = 0.2. On the other hand, with the
diminishing of g1, which means the approaching of the first
NSR and second NSR, the forward absorption and isolation
will get a slight improvement. When g1 = 9.0 mm, only a
gap of 0.1 mm is retained between the first NSR and the
second NSR. Such a narrow spacing requires a more stringent
fabrication process and accuracy, and limits its adaptability,
which will not be involved in our practical consideration.
Therefore, for a comprehensive consideration of the forward
absorption, IR, and fabrication, g1 and k1 are determined as
9.2 mm and 0.2 in this article.

Furthermore, the nonreciprocal performance concerning the
number of the NSRs is also discussed in Fig. 10, and we
can see that, when the number of NSRs is decreased to 3,
which means that only two separations exit, it is far from
enough for such an arrangement to construct the required
spatial asymmetry, and the limited interference path could not
provide a matching phase condition required for the coupled
oscillator model to induce effective interference and sufficient
absorption. These factors contribute to a first enhancing and
then weakening behavior of the forward absorption and a con-
trary behavior of the backward absorption when the number
of NSRs is only 3, resulting in lower absorption isolation of
4.3 dB. However, if the number of NSRs exceeds a certain
limit, this design would inevitably face the problem of oversiz-
ing. After comprehensive consideration of the nonreciprocity
performance and device size, five NSRs are adopted in this
article.

III. STRUCTURAL DESIGN AND RESULTS OF IMPROVED
NONRECIPROCAL METASTRUCTURE ARRAY

To further enhance the forward absorption and obtain
a larger IR, an improved nonreciprocal metastructure
array is experimentally demonstrated by applying a linear
quasi-periodic array configuration based on the five metas-
tructure units designed above. The conceptual and fabricated
schematic configuration of this nonreciprocal metastructure
array is exhibited in Fig. 11. The dielectric substrate is the
FR4-epoxy with a thickness of 1.2 mm. The coated metals
on the top and bottom layers are copper with a thickness
of 0.035 mm. The linear quasi-periodic array configuration
is similar to the linear incremental arrangement of the NSRs
in a single unit. The separations of five metastructure units are
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Fig. 11. (a) Schematic configuration of the nonreciprocal metastructure array with the photograph of (b) fabricated sample. The metastructure array is
composed of five metastructure units (marked by white rectangular frames) with a linear quasi-periodic array arrangement. The sensing performance of the
metastructure array is discussed by measuring the analytes with different permittivity, and the located regions of the analytes are marked by red rectangular
frames. The marked structural parameters: s1 = 80 mm, s2 = 94.4 mm, s3 = 108.8 mm, s4 = 123.2 mm, and pa = 70 mm.

Fig. 12. (a) Simulated and measured S-parameters (S11 and S21) of the
metastructure array for the forward cases and (b) simulated and measured
S-parameters (S22 and S12) for the backward case.

arranged with a linear function of s(i) = s1 + k2 × s1 × (i-1)
(i = 1, 2, 3, and 4), where s1 = 80 mm is the first separation
between the center of the first unit and the second unit, and
k2 = 0.18 is the linear growth coefficient for the subsequent
unit separations of s2 = 94.4 mm, s3 = 108.8 mm, and s4 =

123.2 mm. The locations of five metastructure units are marked
by the white rectangular frames, as illustrated in Fig. 11(a).
Such a configuration builds a nested waveguide array based
on an asymmetric waveguide unit to obtain a more enhanced
nonreciprocal response between the forward and backward
absorptions. The incident forward power and the backward
power are radiated and received through the SMA connectors,
and the S-parameters of the fabricated array are tested by
the vector network analyzer (Keysight e5071c), as shown in
Fig. 11(b).

The comparison of the simulated and measured
S-parameters of the proposed metastructure array is presented
in Fig. 12, where Fig. 12(a) corresponds to the forward

Fig. 13. (a) Simulated and measured forward absorptions of the metastructure
array, and (b) simulated and measured backward absorptions.

case and Fig. 12(b) denotes the backward case. Both
Fig. 12(a) and (b) visualize a message that whether S12 or
S21 is completely suppressed to nearly zero in broadband
from 1.9 to 3.4 GHz. Such a filtering phenomenon provides a
better rectangularity for the reflective stopband, which enables
a potential capability for enhancing the anti-interference and
detection accuracy of the equipment. For the forward case,
the simulated S11 resonates at 2.64 GHz with a minimum
value of 0.068, resulting in efficient absorption of 99.53%,
as calculated in Fig. 13(a). There is a slight frequency shift of
0.03 GHz between the measured S11 dip at 2.67 GHz and the
simulated one, and the corresponding measured absorption
is 97.98%, as shown in Fig. 13(a). Slight measurement
tolerance is mainly caused by the structure bending of the
relatively long array substrate during the testing process,
where the issues brought by the fabrication accuracy and
metal oxidation also need to be taken into account as the
common contributors to the slight frequency shift. However,
from the overall viewpoint, the measured results keep in
good agreement with the simulation results, effectively
demonstrating the high EIUA characteristics of the proposed
metastructure array in the forward case.

For the reverse propagation in Fig. 12(b), the reflection dip
has vanished, and a noticeable EIR stopband with excellent
rectangularity can be measured in 2.07–3.30 GHz (the relative
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Fig. 14. Electric field distributions at 2.64 GHz for (a) forward case and (b) backward case.

bandwidth is 45.81% for S22 >0.9). Similar to the forward
case, a slight frequency offset is observed for the measured
upper and lower cutoff frequencies of the reflective stopband,
but the overall coincidence remains good. The simulated and
measured backward absorptions for the target frequency at
2.64 and 2.67 GHz are, respectively, calculated as 5.3% and
10.7%, as shown in Fig. 13(b), where the unstable signal
reception (wavy curve) of the vector network analyzer caused
by the welding error of the SMA connectors is mostly respon-
sible for the relatively high measured backward absorption.
In conclusion, although there are some slight differences
between the simulated and measured results, their consis-
tency remains within the expected range, further verifying the
feasibility and correctness of this quasi-periodic arrangement
technique in the design of nonreciprocal phenomena.

Fig. 14(a) and (b) provides the electric field distributions of
the metastructure array for the forward and backward cases
at 2.64 GHz. For the forward propagation in Fig. 14(a), the
majority of the electric field is concentrated in the first two
units, in which the electric field distribution in a single unit
is similar to the physical mechanism of EIUA described in
Fig. 4(a), and this phenomenon lays the foundation for forward
high absorption. Then, observing from an array perspective,
with the continued traveling of the electromagnetic waves,
the electric field strength begins to decay rapidly and weakly
distributes around the output port, indicating the superposition
and enhancement of the energy dissipation of electromagnetic
waves. This is also proved in Fig. 13(a), where the forward
absorption rises by 11.66% from 87.87% to 99.53%. For
the backward propagation in Fig. 14(b), the electric field
distribution similar to Fig. 4(c) is found in the first unit located
near the input port, and when the backward electromagnetic
wave passes through this asymmetric quasi-periodic array,
the interference between the rightmost unit and the others is
further cut off, and the property of single dipole excitation
will also be superimposed and strengthened. As a result,
a more complete EIR stopband is generated with a better
rectangularity.

The simulated and measured IR and CR are calculated in
Fig. 15(a) and (b). The introduction of the quasi-periodic array
configuration dramatically reinforces the asymmetry of the
whole structure, which contributes to the intensification of the
IR and CR between the forward and backward electromagnetic
responses. The maximum simulated IR and CR are upgraded
to 12.73 dB and 0.899 at 2.64 GHz, respectively. The measured
IR and CR show certain differences and peak at 2.67 GHz with

Fig. 15. Simulated and measured (a) IR and (b) CR.

Fig. 16. Forward and backward absorptions varied with different k2’s of
(a) 0.08, (b) 0.13, (c) 0.18, (d) 0.23, and (e) 0.28, and (f) their correspond-
ing IR.

values of 11.18 dB and 0.854, whose reasons are consistent
with the differences in S-parameters. This high IR has signif-
icant potential in the fields of electromagnetic compatibility,
electromagnetic shielding, and improving the channel capacity
of wireless communication systems.

The influences brought by the linear growth coefficient k2
on the forward and backward absorptions are discussed in
Fig. 16. With the increase of k2 from 0.08 to 0.28, the total
length of the array is gradually extended, and the forward
absorption peak is shifted toward the low-frequency region.
The peak values are identified as 93.58%, 98.75%, 99.53%,
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Fig. 17. (a) Simulated and (b) measured FAs with different ε’s of 2.2, 2.65,
3.5, and 4.4. (c) Linear fitting curve of the measured FA peak frequencies
shifted with the relative permittivity ε and refractive index n. (d) Measured
Q-factor and FOM for ε = 2.2, ε = 2.65, ε = 3.5, and ε = 4.4.

98.39%, and 86.67% for k2 = 0.08, k2 = 0.13, k2 = 0.18,
k2 = 0.23, and k2 = 0.28, respectively. If the transmission path
is overly stretched with a large k2, it is hard for the energy
radiated from the units near the starting port to completely
reach and interact with the units near the ending port, where
part of the energy will leak outward from both sides of the
asymmetric waveguide [45]. On the other hand, if the array
is overly compressed with a small k2, the limited interference
path could not provide a matching phase condition required for
the coupled oscillator model to induce effective interference
and sufficient absorption. These factors contribute to a first
enhancing then weakening behavior of the forward absorption
and a contrary behavior of the backward absorption. Fur-
thermore, referring to transmission line theory [53], [54] and
simulation results, the transmission path determined by k2 =

0.18 could fulfill the condition of the impedance matching
between the transmission line and loaded resonator, avoiding
the occurrence of reflections and leading to a maximal forward
absorption and isolation of 99.53% and 12.73 dB. Therefore,
for a comprehensive consideration of the forward absorption
and IR, k2 is determined as 0.18 in this article.

IV. PERMITTIVITY SENSING PERFORMANCE OF IMPROVED
NONRECIPROCAL METASTRUCTURE ARRAY

The enhanced near-perfect absorption peak provides a
promising platform for the sensing and detecting applications,
and in this article, the permittivity sensing characteristics of
the proposed metastructure array are investigated in Fig. 17
by measuring the absorption responses to various relative
permittivity ε of the analytes placed in the specified areas
as marked by the red rectangular frame in Fig. 11. In this
article, common microwave plates are adopted as the analytes,
including three types of F4B plates with the relative permittiv-
ity and loss tangents of 2.2 and 0.005 [55], 2.65 and 0.0015
[56], and 3.5 and 0.002 [57], respectively, and one type of

FR4 plate with the relative permittivity and loss tangent of
4.4 and 0.02 [44]. The locations of the analytes are aligned
with the center of each metastructure unit, whose occupation
area is slightly smaller than the dimension of the unit. All the
thicknesses of the analytes are standardized to 2 mm for the
convenience of fabrication. From Fig. 17(a), we can visually
observe an obvious frequency redshift of the absorption peak
from 2.47 to 2.29 GHz with the increased relative permittivity
of the analytes. The corresponding measured results have a
certain frequency deviation toward to high-frequency region
compared with the simulated results. Attributed to the slight
bending of the metastructure array during the measurement,
it is hard to attach the analytes tightly to the array surface, and
precisely for this reason, some air gaps are created between
the analytes and the array surface, which is the primary trigger
for this deviation to higher frequency region. Nevertheless, the
phenomenon of the frequency redshift can be still detected
from 2.55 to 2.38 GHz when measuring different analytes with
different relative permittivities.

By extracting the measured peak data from Fig. 17(b),
the linear fitting function of the forward absorption peak
frequencies shifted with the refractive index n is calculated
as f = −0 .293 n + 2.985 with a high R-squared (goodness
of fit) of 0.99949, as shown in Fig. 17(c), and the sensitivity S
is obtained as 0.293 GHz/RIU by (11). The excellent linearity
regression degree provides firm feasibility and predictability
for the applications of high-precision sensing and detection.
To more comprehensively estimate the sensing performance of
the proposed metastructure array, the Q-factor and FOM for
the measurement of different microwave plates with various
relative permittivities of 2.2, 2.65, 3.5, and 4.4 are calculated
by (12) and (13) and presented in Fig. 17(d), where fT and
FWHM represent the peak frequency and full-width at half-
maximum. We can be informed that the Q-factor and FOM
maintain a similar volatility trend with maximum values of
28.05 and 3.37, respectively. Through (14) and (15) [58], the
minimum detection limit (DL) and the minimum resolution
(RS) are, respectively, calculated as 0.01485 and 0.04317.
Furthermore, in the process of measuring the microwave plates
with different permittivity, the forward absorption consis-
tently remains above 0.9 while maintaining superior sensitivity
and linear fitting degree, which implies excellent operating
performance and stabilization of the entire absorption-based
measurement system

S =
1 f
1n

=
1 f

1
√

ε
(11)

Q =
fT

FWHM
(12)

FOM =
S

FWHM
(13)

DL =
fT

20SQ
(14)

RS =
FWHM

1.5 ×
(

1f
FWHM

)0.25 . (15)

Finally, for a systematical and intuitive description of
the novelty impacts, some related studies focused on EIA
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TABLE I
COMPARISON OF RELATED STUDIES FOCUSED ON EIA AND NONRECIPROCITY PLUS THEIR EXPLORATION OF SENSING APPLICATIONS

and nonreciprocity plus their exploration of sensing appli-
cations are summarized in Table I for comparison. As we
can inform, the currently reported studies of the EIA effect
are mostly reciprocal based on the conventional implemen-
tations of bright-dark-bright mode [24] and two-resonators
coupling [59]. Few in-depth studies can be found on the
nonreciprocal property of EIA. In addition, the methods of
active control [9] and magnetic materials [60] still remain
dominant in the current implementation of nonreciprocity,
which inevitably results in high loss and complex operation.
The passive nonreciprocal attempts are mainly carried out
on the optical band [11], [61], which left many unexplored
applications in the microwave band, especially the sensing
application. We can see that the sensing studies of EIA and
nonreciprocity are basically separated, and there are pretty
scarce reports on the comprehensive integration of nonre-
ciprocity, EIA, and sensing properties. In this article, our
design provides a good solution to this problem. Compared
with the current studies, we innovatively achieve the nonrecip-
rocal absorption phenomenon by introducing the asymmetric
spatial modulation into the conventional EIA mechanism and
well enhance its commonly inadequate absorption to near-
perfect absorption. Furthermore, such a near-perfect absorption
peak provides a platform for the sensing property, and the
permittivity sensing measurement is conducted in this article,
performing greatly in the linear fitting degree and sensitivity.
Such an attempt not only enriches the theoretical framework
of EIA but also provides new design inspiration for realizing

TABLE II
COMPARISON WITH MORE OTHER MICROWAVE SENSORS

the nonreciprocal feature. In addition, more comparisons with
other microwave sensors have been provided in Table II
[62], [63], [64], [65], and we can see that the proposed design
has significant advantages whether in terms of the R-square
or sensitivity, and most importantly, an outstanding technical
advancement is the multifunctionalization compared to other
conventional microwave sensors.

V. CONCLUSION

In summary, to obtain nonreciprocal absorption properties,
a linear incremental arrangement of five NRSs is introduced
into the coupling mechanism of EIA. Such an approach is
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equivalent to constructing an asymmetric waveguide in the
forward and backward interference processes. As a result, the
phenomenon of EIUA is successfully realized in the forward
case, and the IR and contract ratio between the forward
absorption and the backward absorption reach 10.79 dB and
0.846, respectively. To achieve a higher forward absorption
for more demanding application environments, an improved
nonreciprocal 1-D metastructure array is proposed and exper-
imentally demonstrated by applying a linear quasi-periodic
array configuration. The forward EIUA is enhanced to 99.53%
with an IR of 12.73 dB. In addition, the permittivity sens-
ing performance of the metastructure array is investigated
by measuring four common microwave plates with different
permittivities of 2.2, 2.65, 3.5, and 4.4. The measurement
shows an excellent linearity regression, and the measured
sensitivity, maximum FOM, minimum DL, and minimum RS
are 0.293 GHz/RIU, 3.37, 0.01485, and 0.04317, respectively.
This implementation is a meaningful attempt that first and
systematically combines three concepts of nonreciprocity, EIA,
and sensing application, offering a new design guideline and
long-term implication for novel multifunctional nonreciprocal
and sensing devices, and possessing potential applications
in the wireless communication system, ultrasensitive sensing,
one-way invisibility, and absorption-based isolator, diodes, and
switch.
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