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Waveguide metatronics, known as an advanced platform of metamaterial-
inspired circuits, provides a promising paradigm for millimeter-wave and
terahertz integrated circuits in future fifth/sixth generation (5/6G) commu-
nication systems. By exploiting the structural dispersion properties of wave-
guides, a lumped type of waveguide integrated elements and circuits could be
developed in deep subwavelength scales with intrinsic low loss and low
crosstalk. In this study, we focus on constructing negative capacitors and
inductors for waveguide metatronics, effectively expanding the operating
frequency range of waveguide integrated circuits. The incorporation of
negative elements enables wideband impedance matching in waveguide,
which have been both theoretically explored and experimentally validated
within the waveguide metatronics paradigm. Furthermore, we have demon-
strated that the negative elements can also be realized in the optical domain
through the utilization of a silicon waveguide with photonic crystal cladding,
indicating the feasibility and universality of wideband waveguide metatronics.

The negative lumped elements could boost the progress of the waveguide
metatronic technique, achieving superior performance on the conventional
lumped circuits within waveguides that solely rely on positive elements.

In the field of electronics, modularization and integration of individual
functional circuits have effectively simplified the existing electronic
systems and played a pivotal role in the development of integrated
circuits’. Inspired by electronic circuits, the concept of metatronics has
been introduced to explore a metamaterial-inspired method for light
manipulating and tailoring with lumped elements in subwavelength
scales*”. This innovative mechanism has boosted various optical
lumped circuits including optical filters*”, nanoantennas®™, trans-
mission structures” ™, metasurfaces”®, Wheatstone bridges', and
photoelectric computation®, This concept of metatronics presents a
distinctive and feasible paradigm for optical integrated circuits, paving
the way for the realization of nanoscale devices for light.

In recent years, an advanced form of metatronics is proposed by
taking advantage of the dispersion of the waveguides and is known as
waveguide metatronics'®. Waveguides provide a practical platform for
optical metatronics by performing waveguide integrated circuits with
lumped elements, emancipating the implementation of the optical

metatronics from the limitations of adopting intrinsic plasmonic
materials at optical frequencies. Moreover, at terahertz frequencies,
the metallic waveguides possess the merits of low crosstalk between
multipath signals and significantly lower transmission loss compared
to coplanar transmission lines or low-profile microstrip lines***. In the
paradigm of waveguide metatronics, various practical applications and
devices have been proposed, including filters®®?, impedance
matching®*?, active circuits®, etc. The increasingly sophisticated
techniques in the waveguide platform have promised impressive
potential in future microwave and terahertz systems such as 5/6G
communications®-*,

Here, we have introduced the exotic negative lumped elements
inside waveguides to expand the operation frequency range of the
waveguide metatronic circuits. Figure 1a illustrates the general con-
cept of a waveguide metatronic circuit. Within the waveguide conduit,
we strategically design the dielectric slabs (depicted in red and blue)
with different permittivity from the host medium, creating a
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Fig. 1| Concept of wideband waveguide metatronics with proposed negative
elements. a Concept and element map including positive and negative lumped
elements for wideband waveguide metatronics (w,, is the cutoff frequency of the

waveguide). b A comprehensive map of the lumped elements for waveguide
metatronics.

discontinuity along the waveguide. The electromagnetic response of
the discontinuity could be modularized as a lumped element, such as
an inductor or a capacitor, with red indicating positive elements and
blue representing negative elements. Due to the waveguide structural
dispersion, the effective permittivity with a properly designed value is
acquired according to the theory of waveguide effective
plasmonics®*°. Therefore, in this work, we propose a method to
engineer a lumped element with negative inductance or capacitance
by engineering the effective permittivity. Based on the negative
lumped elements, we have realized the wideband waveguide meta-
tronics distinguished from the regular ones in ref. 19. Moreover, the
proposed negative elements are based on the structural dispersion of
the waveguide rather than on the plasmonic material dispersion only?,
thus promising a wide range of unprecedented wideband applications
in the waveguide integrated circuits. To demonstrate the potential of
the negative lumped elements, wideband impedance matching inside
waveguides has been theoretically explored and experimentally ver-
ified, exhibiting superior performance to the conventional waveguide
metatronic circuits comprising only positive elements. Moreover, we
validate the feasibility of these negative lumped elements and circuits
at optical frequencies using a silicon waveguide with photonic crystal
cladding, indicating the universality of this technique. The proposed
wideband waveguide metatronics incorporating negative lumped
inductors and capacitors exhibit exciting feasibility for future
millimeter-wave and terahertz integrated circuits and systems.

Results

Figure 1b exhibits a comprehensive map of the lumped elements for
waveguide metatronics, including the positive/negative capacitor/
inductor with series/parallel configuration, which could be properly

designed in the paradigm of waveguide metatronics. The response of
the discontinuity caused by the inserted dielectric slab in the wave-
guide could be modularized as a lumped element with the normalized
admittance value as follows:

y=1+ja)A££0t o _ 1+ JwAeegyt o
VetV €0 [ — :1122:)22 £ @

in which e.s=¢, — % represents the effective permittivity of the host
medium in the waveguide according to waveguide effective
plasmonics®?°. Ae=¢, — &, is the permittivity difference in the dis-
continuity, €. and ¢, are the relative permittivities of the inserted
dielectric slab and the host medium, respectively, ¢ is the thickness of
the slab, d is the width of the waveguide, c is the speed of light in a
vacuum, w is the operating frequency, &, and p are the permittivity
and permeability in vacuum, respectively. The inserted dielectric slab
with varying permittivity lead to different responses inside the wave-
guide, and as shown in Fig. 1b, a positive or negative inductor is
achieved with Ae=Const., while when Ag=Const. x (1 — w3/w?) we
could obtain a positive or negative capacitor, where @, is the cutoff
angular frequency. On the other hand, according to the dual theorem,
lumped series elements, serving as the counterpart of lumped parallel
elements, are realized by the inserted dielectric slabs with different
permeability from the host medium inside the waveguide. The detailed
theoretical derivations and analyses are demonstrated in Supplemen-
tary Note 1. The negative circuit elements possess unique properties,
and manifest remarkable wideband performance which has never been
realized with only positive elements. Here, we aim to utilize negative
elements to realize wideband impedance matching inside the
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Fig. 2 | The performance of the lumped elements for wideband impedance
matching. a Inductive metallic post in waveguide. b, ¢ Electromagnetic impedance
matching for metallic post with positive and negative elements, respectively.
d-fPerformance of the metallic post in waveguide and electromagnetic impedance
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matching by different elements. g-i Numerical field distributions at different fre-
quencies of the metallic post in waveguide and impedance matching by different
elements.

waveguide, consequently achieving better performance than conven-
tional waveguide metatronic circuits using only positive elements.

As shown in Fig. 2a, a metallic post connecting the top and the
bottom of the waveguide is positioned in the waveguide, which is
known to represent an inductive load in a waveguide®. The presence
of an inductive post would lead to obvious scattering and reflection in
waveguide transmission. To eliminate the scattering effects, it is
intuitive to introduce a capacitive load to match the impedance. At the
capacitor-inductor resonant frequency, the impedance of the metallic
post can be matched. Here, the negative inductors are involved as an
alternative choice to compensate for the discontinuous impedance of
this inductive post in a wide frequency range. In Fig. 2b, c, the metallic
post is matched by the negative inductor and the positive capacitor,
respectively. In Fig. 2b, two dielectric slabs are inserted on both sides
of the metallic post, with the permittivity of the dielectric slabs

properly chosen according to the elements map to realize negative
inductors. In Fig. 2c, two metallic diaphragms are positioned on both
sides of the metallic post and are only connected to the top of the
waveguide, acting as positive capacitive loads®. Figure 2d-f depict the
reflection and transmission coefficients (R & T) with the cutoff fre-
quency fo =2 GHz, illustrating the impact of the metallic post and the
impedance matching performance achieved by the negative inductor
and the positive capacitor. As shown in Fig. 2d, the metallic post leads
to significant reflection in the waveguide, with the reflection coeffi-
cient exceeding 0.5 across the observed frequency range. In Fig. 2e, the
negative inductors realize a wideband impedance matching with the
positive inductive post and achieve the total transmission over a wide
frequency range. Due to the loss of the host medium (tan é =0.002)
and the imperfect metal conductivity of copper, the transmission
coefficient does not reach unit. In a frequency range with a relative
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bandwidth of over 43.14% (relative bandwidth refers to the ratio of the
absolute bandwidth to the center frequency in the operating band),
the transmission coefficient is increased to higher than -3 dB (i.e.,
T >0.707, indicating that more than half of the energy is transmitted).
While in Fig. 2f, the positive capacitors also realize impedance
matching of the post at the resonant frequency of the inductor and
capacitor. However, the relative bandwidth with a transmission coef-
ficient higher than -3 dB is limited to 10.57%, which is far narrower than
the bandwidth achieved with negative elements, and it is exactly what
we have expected. To provide an intuitive understanding of the
wideband performance enabled by negative elements, Fig. 2g-i exhibit
the electric field distributions at three different frequencies. The
impedance matching achieved with negative inductors realizes total
transmission at all observed three frequencies. While the results
obtained with positive capacitors perform well only around f,, which
corresponds to the capacitor-inductor resonant frequency. The
involvement of the negative elements has improved the relative
transmission bandwidth from 10.57% to 43.14%.

To validate the concept of wideband waveguide metatronics and
verify the unique effect of negative elements, the corresponding cir-
cuit prototypes are fabricated and experimentally tested. Figure 3a-c
shows three circuits including the scattering of a single positive
inductor, electromagnetic impedance matching with the negative
inductor, and electromagnetic impedance matching with the positive
capacitor, respectively. As exhibited in Fig. 3d-f, the prototype fabri-
cation is conducted using standard printed circuit board (PCB)

technology. In Fig. 3d, the substrate-integrated waveguide (SIW)* is
adopted to construct an equivalent waveguide on a single layer of PCB.
A periodic metallic via-hole fence is employed as a metallic wall con-
necting the top and the bottom of the waveguide®’, behaving as the
lateral metallic boundary of the waveguide to realize SIW. Moreover,
metallic blind-hole fences only connecting to the top of the waveguide
were utilized in Fig. 3f to emulate equivalent metallic diaphragms.
Details of the prototypes and experimental setup are described in
Supplementary Note 2. Figure 3d-f display the experimental perfor-
mances of three groups of waveguide metatronic circuits. As pre-
viously concluding, the single positive inductor in the waveguide lead
to obvious reflection and signal transmission deterioration. The posi-
tive capacitive elements realize impedance matching of the inductive
post but only in a limited -3 dB relative bandwidth of 13.62%. In
comparison, the results obtained with negative inductors demonstrate
a broad relative bandwidth of over 41.36%. The experimental results
succeed in verifying the unique properties and the exciting wideband
performance of the negative elements in waveguide metatronics, dis-
tinguishing them from the conventional positive ones.

Impedance properties of lumped negative elements in wave-
guide metatronics

To further clarify the bandwidth enhancement achieved with the
proposed negative elements, their intrinsic impedance properties
have been investigated and demonstrated. The impedance of the
lumped element in waveguide metatronics is primarily determined by
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Fig. 3 | Experimental results of the impedance matching in waveguide meta-
tronics. a-c Inductive metallic post in waveguide with positive and negative ele-
ments. d-f Experiment prototypes for the post in waveguide with positive and

negative elements. g-i Experimental results of the reflection and transmission in
the corresponding prototypes.
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the thickness of the dielectric slab ¢ and the permittivity difference
between the slab and host medium A&". Different dispersions of Ae
could construct different types of elements, with the impedance pro-
portional to the thickness ¢. Here, we have exhibited the positive/
negative capacitor/inductor with different thicknesses of 0.0051,,
0.0204,, 0.0351,, where A, represents the free-space wavelength.
Figure 4a-d show results of the cases where 4¢, ¢ = +25(1 — w3 /w?),
Ag_c= —25(1 - w3 /w?), Ae, = — 5.15, Ae_ = +5.15. Here, the mate-
rial dispersion is determined from the theoretical analysis to construct
desired negative elements. Although some of the desired material
dispersions have hardly been discussed due to the lack of immediate
applications, we aim to provide the targets for the researchers on both
electromagnetism and material science to notice and find such mate-
rials or physical structures with desired material dispersion. The
numerical results in Fig. 4a-d show the consistency with the theore-
tical results. The positive and negative elements exhibit opposite

normalized susceptance, and the numerical difference between the
absolute values of positive and negative elements is less than 16.6% in
the observed frequency ranges.

Based on the opposite admittance values of the positive and
negative elements, there would be an intuitive prospect of the wide-
band impedance matching realization, as well as the nature of the
performance gap between the proposed negative elements and the
conventional positive elements. As shown in Fig. 4e, f, the positive
capacitor could realize the impedance matching in a limited frequency
range, for the dispersive properties of positive capacitor and positive
inductor are not complementary, making the impedance matching
only applicable around the capacitor-inductor resonant frequency. In
contrast, the negative inductor, with opposite dispersion to the posi-
tive inductor, could exactly compensate for the impedance of the
positive inductor. As a result, the electromagnetic impedance match-
ing is achieved over a rather broad frequency range. In practical
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applications, as the frequency gradually increasing, the discrepancy
between theoretical and experimental results also gradually increases,
therefore limiting the impedance matching performance at a higher
frequency, which has been also shown in Fig. 2e. Even though, the
proposed negative elements have succeeded in achieving wideband
impedance matching over 40% relative bandwidth.

Wideband waveguide metatronics in optical regimes

In the discussion above, the concept of negative circuit elements and
wideband waveguide metatronics are independent of frequency
scope. To exhibit the universality of the wideband waveguide meta-
tronics, the feasibility of the concept in optical regimes has been
explored. As shown in Fig. 5a, a dielectric waveguide is constructed in a
silicon substrate with the photonic crystal cladding as waveguide
boundaries®’. Electromagnetic waves propagating in the core of the
dielectric waveguide behave similarly to the TE;; mode, or behave as
the quasi-TE;o mode, and therefore analysis in former sections are still
applicable in the silicon dielectric waveguide. As shown in Fig. 5b, two
dielectric slabs with different permittivity from the host silicon are
inserted to build a circuit element pair at around 200 THz. Based on
the circuit element pair, narrowband transmission could be achieved
with a positive capacitor and a positive inductor, while wideband
transmission could be achieved using a positive inductor and a nega-
tive inductor. The detailed element dimensions are demonstrated in
Supplementary Note 3. As expected, the pair of positive capacitor and
positive inductor only supports a narrowband transmission, while the
pair of positive inductor and negative inductor achieves a total trans-
mission in a rather wide frequency range. Figure 5c exhibits the electric
field distributions of the two circuits in the waveguide core at a

frequency of 240 THz. At this operating frequency, the pair of positive
capacitor and positive inductor cannot support transmission, whereas
the pair of positive inductor and negative inductor facilitates signal
transmission with relatively low reflection. Figure 5d, e show their
corresponding reflection and transmission coefficients, which are both
consistent with our expectations. The relative bandwidth with a
reflection coefficient lower than -10 dB (i.e., R < 0.316, indicating less
than 10% energy reflection) for the wideband transmission with the
pair of positive inductor and negative inductor is 46.47%. In compar-
ison, the —10 dB relative bandwidth for the narrowband transmission
with a positive capacitor and a positive inductor is 27.76%. These
results have not only verified the wideband property achieved by
negative elements, but also exhibited the feasibility and universality of
wideband waveguide metatronics and negative elements in optical
regimes, promising a broad prospect of the wideband waveguide
metatronics in different types of waveguides and various operating
frequencies.

As we have exhibited in Figs. 2 and 3, the functions of the pro-
posed structure have been modularized to a lumped circuit element,
and have further constructed lumped circuits in the waveguide. This
analogy of lumped circuits has significantly simplified the functions of
the proposed structure and built a bridge to the existing circuit para-
digm. Here, we have theoretically and experimentally realized the
negative elements integrated in the waveguide, and the feasibility as
well as the performance of the lumped circuit elements have been
verified in both metallic waveguide and optical silicon-based wave-
guide, which promises much potential in constructing integrated cir-
cuits in various waveguide systems. Furthermore, the proposed
negative circuit element succeeds in realizing impedance matching in
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a rather wide frequency range, promising a large number of exciting
performances in various fields, such as ultra-wideband cloaking. Gen-
erally speaking, cloaking exhibits a similar concept with impedance
matching. In the circuit system, the reflection and transmission coef-
ficients are described as scattering parameters, in which the reflection
coefficient represents the total scattering waves in the waveguide. In
the waveguide, the scattering waves are successfully removed in an
unprecedented wide frequency band, which is indeed also a wideband
cloaking in the waveguide. To some extent, the electromagnetic
cloaking aims to a similar target with the wave impedance matching,
i.e., removing the scattering waves introduced by possible obstacles.
Therefore, the proposed concept of negative elements could bring
more potential success in relative fields, especially for the promising
applications of electromagnetic cloaking.

Discussion

In this work, we have investigated the negative circuit elements in
waveguide metatronics and further enhanced the operating frequency
range of the waveguide metatronics. We have theoretically clarified
and experimentally realized the negative circuit elements in waveguide
metatronics, verifying their unique property to realize wideband
impedance matching in the waveguide. Taking advantage of the
negative lumped elements, impedance matching is achieved in a
superior wide frequency range with a relative bandwidth over 40%.
This represents a substantial improvement over the existing results
with only positive elements. Moreover, the wideband waveguide
metatronics with negative elements are also verified in silicon wave-
guides in optical regimes. We have verified the technique at around
200 THz and realized a wideband transmission with a bandwidth of
46.47%, indicating the feasibility and universality of the proposed
concept in various frequency ranges and operating regimes. In con-
clusion, the proposed wideband waveguide metatronics hold great
potential for future millimeter-wave and terahertz circuit systems such
as 5/6G generation communications, and the intriguing negative cir-
cuit elements would promise superior performance in this advanced
type of the waveguide metatronics.

Methods

Numerical full-wave simulations

The numerically simulated results in Figs. 2 and 4 were performed by
full-wave simulations using the commercial software ANSYS HFSS® 18.
In the simulation setup of Fig. 2, the host substrate is with a permit-
tivity of 6.15 and a loss tangent angle of 0.0019. SIW is adopted to
replace the metallic waveguide. The SIW is excited through two 50-
Ohm microstrip lines at the two ends of the SIW. The 50-Ohm lumped
ports are adopted at the two ends of the microstrip line, which are the
position to connect the sub-miniaturized A (SMA) connectors, to
excite the waveguide and connect the network analyzer. Copper is
used in the model to mimic the perfect electric conductor (PEC)
boundary with a conductivity of 5.8x10’S-m™!. In the simulation
setup of Fig. 4, the waveguide is the normal rectangular waveguide
with the perfect electric conductor as boundary conditions. The host
medium is with a permittivity of 6.15 and a loss tangent angle of 0. The
waveguide is excited by two waveguide ports at two ends of the
waveguide, and the normalized element value is derived from the
S-parameters of the two waveguide ports. The numerically simulated
results in Fig. 5 were performed by full-wave simulations using the
commercial software CST STUDIO SUITE®. In the simulation setup of
Fig. 5, a frequency-domain solver with tetrahedral meshing was
adopted. The cells per max model box edge were set to 10. The
waveguide is excited by waveguide ports, and the boundary of the
simulated region is set to be open boundaries in all directions except
the excitations to mimic an open system in free space. The host
medium of the silicon waveguide is high-resistivity silicon with a per-
mittivity of 11.9 and an electric conductivity of 0.00025S-m™.

Experiment setup and fabrication methods

The prototypes are constructed using standard printed circuit board
(PCB) technology on substrates with relative a permittivity of 6.15 and
aloss tangent of 0.002. The rectangular waveguide is replaced by SIW,
which is equivalent to a rectangular waveguide but avoids bulky
volumes. For the circuit with a positive inductor, the metallic post is
realized by perforating a via-hole between top metal and bottom
metal, and behaves as a positive inductor. The metallic via-hole
representing a positive inductive load is also applied in other proto-
types. For the circuit with positive and negative inductors, besides the
metallic via-hole as positive inductor, two rectangular apertures beside
the metallic via-hole are cut off from the host substrate. Inside the
cutoff rectangular apertures, two dielectric blocks composed of
ceramic powder with a relative permittivity of 26.8 and a loss tangent
of 0.002 are assembled to realize the negative inductor. For the circuit
with a positive capacitor and inductor, besides the metallic via-hole as
positive inductor, two layers of diaphragms are introduced to realize
positive capacitors. For the convenience of the PCB technology, the
equivalent diaphragms are achieved with metallic blind-hole fences,
which are equivalent to the diaphragms. Two microstrip lines are
adopted to transmit the input and output transmission in the wave-
guide, and the microstrip lines are connected to the Keysight N9917A
vector network analyzer through the soldered SubMiniature Version A
(SMA) connectors and coaxial cables. The S-parameters are derived
from the analyzer.

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