2382

Frontiers of Information Technology & Electronic Engineering
www.jzus.zju.edu.cn; engineering.cae.cn; www.springerlink.com
ISSN 2095-9184 (print); ISSN 2095-9230 (online)

E-mail: jzus@zju.edu.cn

Cui et al. / Front Inform Technol Electron Eng 2025 26(11):2382-2392

FITEE

Bidirectional-pump-controlled reconfigurable

nonlinear spoof plasmonic waveguide™

Wenyi CUI', Xinxin GAO?, Jingjing ZHANG*'
!State Key Laboratory of Millimeter Waves, Southeast University, Nanjing 211189, China
?State Key Laboratory of Terahertz and Millimeter Waves, City University of Hong Kong, Hong Kong 999077, China
E-mail: 230228170@seu.edu.cn; xinxigao@cityu.edu.hk; zhangjingjing@seu.edu.cn
Received May 2, 2025; Revision accepted Sept. 22, 2025; Crosschecked Oct. 30, 2025; Published online Nov. 29, 2025

Abstract: We present a dynamically reconfigurable spoof surface plasmon polariton (SSPP) waveguide capable of bidirectional
switching between perfect absorption and perfect transmission through active control. Nonlinear varactor diodes are integrated
into the waveguide, enabling degenerate phase matching between pump and signal waves via voltage-tuned dispersion engineering.
Three-wave mixing processes are established, allowing bidirectional phase-controlled transitions from destructive to constructive
interference. The proposed SSPP waveguide overcomes traditional pumping constraints with its bidirectional configuration,
supporting both forward- and backward-propagating pump-signal configurations and permitting signal amplitude modulations at
both the transmitter and receiver ends. Experimental characterization demonstrates remarkable signal gain tunability: the forward
pumping configuration achieves a dynamic range spanning from —69.50 to +1.04 dB, while the backward configuration spans
from —70.49 to +1.45 dB. This work provides new design paradigms for microwave coherent systems and advances the development
of reconfigurable electromagnetic devices for adaptive energy harvesting and high-speed signal processing applications.
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1 Introduction

Absorbers belong to a category of functional de-
vices capable of selectively absorbing electromagnetic
energy at specific frequency bands, which can sup-
press the adjacent-channel or noise interference in
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communication systems, enhance signal quality and
system sensitivity, and convert electromagnetic energy
into thermal or electrical energy. These capabilities
endow absorbers with significant application value
(Chong et al., 2010; Kats and Capasso, 2016; Baranov
et al., 2017; Xomalis et al., 2019; Khurgin et al., 2024)
in all-optical switches and logic gates (Fang et al.,
2014, 2015; Kim et al., 2016; Papaioannou et al.,
2016), photodetectors (Goykhman et al., 2011, 2012,
2016), sensing (Xiao SY et al., 2016; Li CW et al.,
2019; Grimm et al., 2021; Zhang Y et al., 2023), im-
aging (Monticone et al., 2016; Zhao WL et al., 2023),
heat transfer control (Li Y et al., 2022), non-destructive
measurement (Zanotto et al., 2017), and other fields.
Absorption can be achieved through various methods,
such as electromagnetic resonance coupling (Liao
et al., 2015; Wang P et al., 2021; Li YP et al., 2025),
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hot electron excitation (Khurgin et al., 2024), and co-
herent wave interference. Compared to absorbers with
fixed parameters, those with dynamically adjustable
absorption characteristics (such as absorption rates or
operational frequency bands) can significantly enhance
the system adaptability and energy efficiency. For in-
stance, in solar thermal collection systems, adjusting
the absorption rates based on light intensity can im-
prove the energy conversion efficiency while prevent-
ing overheating. These devices have become critical
components in dynamic electromagnetic regulation
systems.

Traditional absorption devices with tunable ab-
sorption rates typically rely on modifying the physi-
cal parameters of absorptive materials (e.g., thickness
or loss) (Pu et al., 2012; Nie et al., 2014a; Zyablovsky
et al., 2014; Bai et al., 2016; Jin and Yu, 2020) or
adjusting the phase differences between the counter-
propagating coherent waves (Wan et al., 2011; Nie
et al., 2014a, 2014b; Yan et al., 2014; Wong et al.,
2016; Zhao H et al., 2016; Xiao D et al., 2017; Huang
et al., 2018; Guo and Argyropoulos, 2019, 2020; Alaee
et al., 2020; Jin and Yu, 2020; Wang C et al., 2022;
Chen JT et al., 2024; Zou et al., 2024). However,
post-fabrication modification of the physical parame-
ters of the materials is challenging, whereas coherent
control over multiple incident waves is simple and
can offer enhanced tunability. Notably, low absorp-
tion rates do not necessarily correspond to high trans-
mission but may instead indicate high reflection. Con-
ventional high-transmission schemes based on standard
interference often induce waveform distortion. To ad-
dress these limitations, a nonlinear method using de-
generate parametric amplification (PA) was proposed,
which enables distortion-free modulation between co-
herent perfect absorption (CPA) and PA (Cui WY et al.,
2024). However, existing tunable coherent absorption
schemes, including the nonlinear PA—CPA approach,
face significant constraints: they typically impose strict
limitations on the incident direction of the input waves
and exhibit constraints in their regulatory dimensions.
Although some studies on perfect absorption for multi-
angle incident waves were presented (Luo et al.,
2018; Slobodkin et al., 2022), the proposed devices
remain incapable of achieving substantial modulation
between perfect absorption and perfect transmission.
Furthermore, bidirectional perfect absorption-perfect
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transmission regulation at microwave frequencies us-
ing the same device has not yet been reported.

The nonclassical control of wave-field degrees
of freedom represents another active research fron-
tier. Techniques such as nonlocal dispersion spectro-
polarimetric sampling (Wang XJ et al., 2024), pro-
grammable polarization structuring (Wang SJ et al.,
2024), and dynamic vectorial holography (Wang ZY
et al., 2024) highlight the significant potential of dis-
persion and phase manipulation for achieving dynamic
spectral engineering. Furthermore, spoof surface plas-
mon polaritons (SSPPs) can effectively mimic the op-
tical SPPs to realize subwavelength field confinements
in the microwave regime (Shen et al., 2013) while en-
abling dispersion manipulation. Compared with con-
ventional transmission lines like microstrips, SSPP
waveguides exhibit superior electromagnetic field local-
ization ability and greater geometric flexibility for the
functional integration of active components (Zhang HC
et al., 2017; Chen ZP et al., 2020). By designing a sub-
wavelength metallic structure and optimizing the pa-
rameters of the integrated active elements, SSPP wave-
guides can achieve unique dispersive properties tailored
to meet the demands of different application scenarios.

In recent years, with the development of SSPP
manipulation technology, researchers have success-
fully achieved nonclassical dispersion behaviors such
as negative dispersion (Liu LL et al., 2018; Gao et al.,
2020; Liu XY et al., 2022; Zhu et al., 2023) and
phase matching for multi-wave interference (Liu LL
et al., 2018; Gao et al., 2020, 2021, 2022; Liu XY
et al., 2022; Cui and Zhang, 2024). Based on these
advancements, second-harmonic generation in forward
or backward modes (Liu LL et al., 2018; Gao et al.,
2020) has been facilitated, and novel functional de-
vices such as nonreciprocal isolators (Gao et al., 2022)
and parametric amplifiers (Gao et al., 2021) have been
developed. An important advantage of this system is
that after sample fabrication, the parameters of the
active elements can usually be adjusted by tuning the
applied external voltage. This allows for convenient
control of the dispersion characteristics without alter-
ing the physical structure of the active SSPP wave-
guides, thus offering reconfigurability.

In this study, we exploit the dispersion manipu-
lability of the active SSPP waveguide to satisfy the
degenerate phase-matching conditions between pump
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and signal waves, establishing an interference control
mechanism for idler—signal wave interactions dur-
ing three-wave mixing processes. This approach effec-
tively balances the transmission and reflection of the
SSPP waveguide at the pump frequency, innovative-
ly overcoming the traditional limitation requiring uni-
directional pump injection relative to the signal. This
enables the signal wave to be continuously tuned
from a state of perfect absorption to a state of perfect
transmission by adjusting the phase of the pump
wave, regardless of whether the pump wave is in-
jected- or counter-directionally with the signal
wave. The experimental results reveal that the reflec-
tion coefficient S;, of the signal wave reaches —30.48
dB (forward pump) and -18.90 dB (backward
pump), corresponding to reflected power rates of
0.09% and 1.29%, respectively. The output-to-input
power ratio exhibits dynamic modulation, ranging
from -69.50 to +1.04 dB (forward pump) and from
-70.49 to +1.45 dB (backward pump), achieving a
continuous transition between >98.7% absorption
efficiency and 100% transmission. Our scheme en-
ables bidirectional amplitude modulation of signals
at both the transmitter and receiver ends, significantly
expanding device functionality.

2 Principles to realize nonlinear CPA and
perfect transmission

When a high-power pump wave with frequency
/, and a low-power signal wave with frequency f; are
simultaneously input into a second-order nonlinear
material, three-wave mixing occurs, generating a dif-
ferential frequency wave (also called the idler wave)
with frequency f,=f,—f.. When the pump frequency is
exactly twice the signal frequency (f,=2f)), the gener-
ated idler frequency f; equals the signal frequency f,
making the idler and signal waves a pair of coherent
waves. The phase difference between the signal and
idler waves is adjusted, and when the coherent waves
undergo destructive interference, the signal wave is ab-
sorbed, achieving CPA. When the coherent waves un-
dergo constructive interference, the signal wave obtains
a gain, which can compensate for the loss during trans-
mission in the nonlinear material, achieving perfect
transmission. To ensure a constant phase difference
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between the generated idler wave and the signal wave
across different transmission positions, the phase-
matching condition must be satisfied. Specifically,
the pump wave’s phase constant &, should be twice
the signal wave’s phase constant &/, and &/ should
equal the idler wave’s phase constant k. Under these
conditions, the phase mismatch Ak'=k —k/-k/ be-
comes zero, enabling stable interference effects.

By adjusting the phase difference between the
input pump and signal waves, the phase difference
between the generated idler wave and the signal wave
can be controlled, thereby regulating the interference
behavior between the idler and signal waves. The re-
lationship between the phase difference of the pump—
signal pair and that of the signal—idler pair can be de-
rived from the three-wave mixing equations (Cui WY
et al., 2024). The full derivation of this relationship is
provided in the supplementary materials note 1. Let
9, ¢ and ¢, denote the initial phases of the pump,
signal, and idler waves, respectively. Based on the
three-wave mixing equation, we have

¢, =90°~arg (k) *¢,~¢. (D

By subtracting ¢, from both sides of Eq. (1), the
relationship between the phase difference of the sig-
nal and idler waves and the phase difference of the
input waves can be derived as ¢,—p =¢ —2¢ —arg (k )+
90°=Ap+90°. Hence, we define the phase difference
between the input waves as Ap=¢ —2¢ —arg (k,). When
»—p=180°, the signal and idler waves are out of
phase, and maximum absorption is achieved, correspon-
ding to Ap=90°. When ¢,—¢ =0°, the signal and idler
waves are in phase, and maximum gain is achieved,
corresponding to Ap=—90°.

3 Dispersion design of nonlinear SSPP
structures

We design a nonlinear SSPP waveguide (Fig. 1)
to achieve bidirectional dynamic control of the signal
wave, which enables switching between CPA and per-
fect transmission by forward or backward pump in-
jection. The nonlinearity of the waveguide is pro-
vided by varactor diodes (model: MAVR-011020-1411)
soldered on the structure. Fig. 1a shows that regardless
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Fig. 1 Nonlinear SSPP waveguide design: (a) schematic diagram of control based on a nonlinear SSPP waveguide; (b) SSPP
unit structure; (c) simulated dispersion characteristics of the SSPP with different varactor diode capacitances (C=0.187
and 0.140 pF); (d) simulated electric field distributions at four matching points (/=2.613, 5.227, 2.626, and 5.252 GHz).

References to color refer to the online version of this figure

of whether the pump wave is injected from the input
or output port according to the signal wave, the sig-
nal wave can be dynamically tuned from perfect ab-
sorption to perfect transmission. The waveguide has a
period of p=3.3 mm. The detailed unit structure
(Fig. 1b) has geometric parameters of w=1.15 mm, d=
2.8 mm, #=6.85 mm, s=0.3 mm, d,=1.5 mm, /#,=6 mm,
x,=1.9 mm, and x,=3.3 mm. The front-side metallic

tooth is connected to the back-side ground plane
through two metallic vias with a radius of 0.2 mm.
When designing the structural parameters of the SSPP
waveguide, it is important to consider whether its dis-
persion satisfies phase-matching conditions while bal-
ancing the transmission and reflection performance.
Taking parameters p and 4 as examples, in the supple-
mentary materials note 2, we show how dimensional
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changes affect the waveguide’s dispersion curves and
S-parameters.

Fig. 1c shows the lossless dispersion curves of the
SSPP unit obtained through eigenmode simulation in
the electromagnetic simulation software CST Studio
Suite. The results reveal that the designed dispersion
curves contain phase-matching points, the positions
of which are not sensitive to the varactor diode capaci-
tance C. When C=0.187 pF, the phase-matching condi-
tion is satisfied at the signal frequency /=2.613 GHz,
and when C=0.140 pF, the phase-matching condition
is satisfied at the signal frequency f,=2.626 GHz. The
signal frequency shift is only 0.013 GHz, so the de-
signed structure has robust immunity to capacitance
drift. Furthermore, the pump frequency satisfying the
phase-matching condition is intentionally designed at
the mode edge for two purposes: to allow the pump
wave to simultaneously achieve high reflection and
transmission coefficients and to ensure that the pump
and signal waves exhibit larger phase constants (k,,
k) and shorter wavelengths, thereby enabling a greater
number of wavelengths within the same waveguide
length. The signal and pump waves with frequencies
satisfying f,=2f, and k=2k/ are located in the funda-
mental mode and second-order mode, respectively.

Fig. 1d shows the electric field distributions at
the signal and pump frequencies satisfying the degen-
erate phase-matching condition for capacitances C=
0.187 and 0.140 pF. The SSPP structure has the ad-
vantage of strong field confinement. Fig. 1d shows
that the electric field is highly localized at the sur-
face of the bending metallic structure and the nonlin-
ear varactor diodes, which facilitates enhanced non-
linear interactions. Furthermore, both the fundamen-
tal and second-order modes of the waveguide are hy-
brid modes combining both even and odd symmetries,
exhibiting similar modal field patterns. Crucially,
varying the varactor capacitance does not fundamen-
tally alter the inherent modal field patterns; instead,
it mainly shifts the resonant frequency of the SSPP
unit, thereby modifying the electric field distribution.

4 Simulation and measurement validation

In a practical experiment, we adjust the applied
bias voltage to vary the capacitance of the varactor
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diode, thereby tuning the dispersion characteristics.
Since the dispersion of the designed structure near
the matching point is insensitive to the varactor capac-
itance, the signal wave frequency with optimal con-
trol performance (i.e., the highest phase-matching ef-
ficiency) consistently remained near 2.6 GHz, while
the pump wave frequency always maintained at twice
the signal frequency. Due to errors introduced by dif-
ferent wiring configurations, the optimal bias voltages
for co-directional (forward) and counter-directional
(backward) inputs of the pump and signal waves differ,
measuring 1.29 and 0.40 V, respectively. The measured
matching signal frequency deviated from the simulated
frequency by less than 0.03 GHz, corresponding to
an error of approximately 1.0% of f..

Figs. 2a and 2b present the simulated and mea-
sured S-parameters of a 30-unit SSPP waveguide. As
observed, applied bias voltages of 0.40 and 1.29 V
corresponded to varactor diode capacitances of 0.187
and 0.140 pF, respectively, and the simulation and mea-
surement results for the S-parameters show excellent
agreement. The signal wave exhibits good transmis-
sion performance: at bias voltages of 0.40 and 1.29 V,
the S,, values are —2.37 and -1.96 dB, respectively.
Meanwhile, the reflection is low: at bias voltages
of 0.40 and 1.29 V, the S}, values are —=18.90 and
-30.48 dB, corresponding to power reflection rates
of only 1.29% and 0.09%, respectively. The pump
wave maintains a transmission coefficient of approxi-
mately —12 dB but shows a reflection coefficient ex-
ceeding —5.3 dB, indicating that the pump wave oper-
ates in quasi-resonant mode with both forward-propa-
gating and backward-reflected components.

This ensures that the pump wave, whether co-
or counter-directionally input with the signal wave,
always contains components sharing the same wave
vector direction as the signal wave, satisfying the de-
generate phase-matching condition. Figs. 2c¢ and 2d
show the simulated near-field distributions at the
signal and pump wave frequencies for capacitances
(C=0.187 and 0.140 pF. Dynamic videos of the simu-
lated near-field with phase variation are provided in
the supplementary materials. The videos show that
at 2.6 GHz, the field exhibits a propagation mode,
while at 5.2 GHz, it shows a hybrid mode, in which
resonance could be clearly observed in addition to
transmission.
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Fig. 2 S-parameters and simulated electric field distributions of the nonlinear SSPP waveguide: (a) transmission coefficient
curves; (b) reflection coefficient curves; (c, d) simulated electric field distributions at the signal and pump frequencies un-
der C=0.187 pF (c) and C=0.140 pF (d). References to color refer to the online version of this figure

Based on Zhang LP et al. (2019), we calculate
the SSPP dispersion curves under lossy conditions
using simulated S-parameter curves that closely match
the measured results. As shown in Fig. 3, for the ex-
perimentally measured signal frequency f=2.6 GHz
and pump wave frequency f,=2/=5.2 GHz, the phase

—
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Fig. 3 Calculated dispersion curves of the SSPP waveguide
under C=0.187 and 0.140 pF

mismatches Ak at varactor diode capacitances C=
0.187 pF and C=0.140 pF are calculated as Ak=907.2—
443.8x2=19.6 m™" and Ak=911.6-438x2=35.6m’, ac-
counting for only 2.16% and 3.91% of k,, respectively.
Therefore, the degenerate phase-matching conditions
/,=2f, and k,;=2k/ are basically satisfied.

Fig. 4 shows a photograph of the nonlinear
SSPP waveguide and the experimental setup for dy-
namic forward/backward control of the signal wave
state from perfect transmission to CPA. We used two
Agilent E8257D signal generators to generate the sig-
nal and pump waves. The signal generator could di-
rectly adjust the output phase of the pump wave. An
additional power amplifier is connected to enhance
the input power of the pump wave due to the limited
maximum output power of the signal generator. The
circulator exhibits a unidirectional signal flow: port 1
—port 2—port 3—port 1. For forward pumping con-
figuration, both the signal and pump waves are cou-
pled through a coupler and input into port 1 of the
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Fig. 4 Photograph of the nonlinear SSPP waveguide and experimental setup for dynamic control of the signal wave from
perfect transmission to CPA: (a) photograph of the SSPP waveguide sample; (b) experimental setup with forward pump
wave incidence; (c) experimental setup with backward pump wave incidence

SSPP waveguide. For backward pumping configura-
tion, the signal wave is directly fed into port 1 of the
SSPP waveguide, while the pump wave is introduced
into port 2 through a circulator to achieve counter-
propagation relative to the signal wave. The pump
power coupled into the SSPP waveguide is approxi-
mately 26.9 dBm, whether in the forward- or back-
ward-injection configuration. When signal
pump waves satisfying the degenerate phase-match-
ing conditions propagate in the nonlinear SSPP wave-
guide, the idler wave generated via three-wave mix-
ing, which has the same frequency as the signal
wave, interferes with the signal wave, thereby mod-
ulating the output power of the signal wave. The out-

and

put signal and pump waves are then received and an-
alyzed by the Agilent N9040B spectrum analyzer.
The measured signal wave gain is defined as the ra-
tio of the output power of the signal wave transmit-
ted through the nonlinear SSPP waveguide and mod-
ulated by the pump wave to the power of the signal
wave directly transmitted to the spectrum analyzer
without passing through the nonlinear waveguide.

By changing the phase difference Ap=¢p -2¢—
arg (k,) between the input pump and signal waves,
the phase difference between the signal and coherent
idler waves can be adjusted, thereby regulating their

interference relationship. According to Eq. (1), when
Ap=-90°, the idler and signal waves are in phase,
achieving constructive interference and maximizing
the output signal power. Conversely, when Ap=90°, the
idler and signal waves have a 180° phase difference,
resulting in destructive interference and minimal sig-
nal output power. Notably, the idler and signal waves
form a coherent pair only when f,=2f, and only under
this condition can adjusting their phase difference alter
the signal power. When f,#2f,, f;#f.. Therefore, as
shown in Figs. 5a and 5c, the signal gains at Ap=-90°

and 90° completely overlap when ¢% /,=2.6 GHz,

while at the single frequency point f,=2.6 GHz, they
reach their respective maximum and minimum values.
For forward and backward pump wave inputs, the
maximum signal gains reach 1.04 and 1.45 dB, re-
spectively, both exceeding 0 dB to overcome SSPP
waveguide losses and achieve perfect transmission.
The corresponding minimum gains reach —69.50 and
-70.49 dB, respectively, indicating nearly 100% power
attenuation. After subtracting reflected components,
both configurations present absorption rates greater
than 98.7%, realizing CPA. Continuous signal gain
tuning between its maximum and minimum values
can be achieved by varying A¢ (Figs. 5b and 5d). As
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Fig. 5 Signal gain versus signal frequency and input wave phase difference Ap with pump frequency f,=5.2 GHz: (a) signal
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Ag increased from —90° to 90°, the signal gain initially
decreases slowly and then drops rapidly. Extending
Ap to 270°increases the idler —signal phase differ-
ence from 180° to 360°, causing the signal gain to
symmetrically recover from the minimum back to
the maximum.

Compared with signal amplification, signal atten-
uation imposes less stringent requirements on phase-
matching accuracy. Though loss-compensated perfect
transmission is frequency-limited, maintaining f,=2f;
through synchronized pump-frequency/voltage tuning
enabled over 35 dB attenuation for signals within a
0.5 GHz bandwidth via persistent idler—signal coher-
ence. Details are shown in the supplementary materi-

als note 3. In summary, this approach provides continu-
ous transition between an absorption rate of >98.7%
and perfect (lossless) transmission. More importantly,
as a coherent perfect-absorption device requires phase-
matching conditions, it uniquely supports bidirectional

pump-wave injection. A functional comparison is also
given in the supplementary materials note 4.

5 Conclusions

This paper presents the design of a reconfigu-
rable nonlinear SSPP waveguide capable of dynami-
cally tuning the signal wave from a perfect transmis-
sion state to a CPA state, whether the pump wave is
injected forward or backward. When the dispersion
characteristics of the nonlinear waveguide enable the
input signal and pump waves to satisfy the degenerate
phase-matching condition, controlling the phase dif-
ference between input waves can modify the phase
relationship between the coherent pair of idler and
signal waves, thereby continuously adjusting the signal
wave gain. The experimental results show that the
designed SSPP waveguide achieves power reflection
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rates below 1.29% at the signal frequency. Regard-
less of co- or counter-directional input of pump
and signal waves into the nonlinear waveguide, ad-
justing the phase difference between the input waves
enables the signal wave to attain over 100% transmit-
tance (perfect transmission) and a 98.7% absorption
rate (CPA). The demonstrated capability to switch
between extreme absorption and transmission states
in a single microwave device, regardless of the direc-
tion of pump propagation, overcomes conventional lim-
itations in unidirectional coherent control systems.
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