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The growing demand for ultrafast information transmission in integrated sensing and communications
has fueled extensive research on spoof surface-plasmon polaritons (SSPPs). However, existing studies
have been limited by structural design constraints, resulting in single-frequency phase modulation and
hindered high-order modulation capabilities. Here, we propose a superthin programmable modulator uti-
lizing SSPP waveguides and validate its performance through experimental verification. Our modulator
enables phase control across a wider bandwidth by real-time manipulation of SSPP waveguides in a
programmable manner, facilitating quadrature-phase-shift-keying modulation. Moreover, this modula-
tor opens up possibilities for achieving higher-order modulation. Measurement results demonstrate the
effectiveness of programmable plasma metamaterials in modulating surface electromagnetic waves, with
significant implications for integrated sensing and communications applications.
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I. INTRODUCTION

Integrated sensing and communications (ISAC) is a
rapidly emerging development trend with data modula-
tion serving as a crucial component. Traditional modula-
tion techniques involve the modulation of data onto an
intermediate-frequency signal, followed by upconversion
to the desired frequency [1]. Although these methods are
well established, they require frequency conversion, which
adds complexity to the system. Alternatively, direct modu-
lation enables the loading of information onto the carrier
signal by directly modulating the amplitude and phase
of the rf signal in the transmission path. This approach
offers a system with low complexity, simple structure,
and reduced power consumption. Consequently, direct
modulation provides undeniable advantages in simplifying
communication systems for ISAC applications.

Surface-plasmon polaritons (SPPs) are highly localized
surface waves that propagate along the interface between
materials with positive and negative dielectric constants.
The electromagnetic energy of SPP waves is confined
within a deep subwavelength range and exponentially
decays in the direction perpendicular to the interface [2].
However, at microwave frequencies, metals behave as per-
fect conductors rather than exhibiting negative dielectric
constants as plasmas. To address this challenge, the con-
cept of SSPPs has been introduced, which mimics the
behavior of natural SPPs by incorporating a periodic array
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of subwavelength grooves, holes, or lines on the sur-
face of metals [3,4]. The unique field confinement and
enhancement properties of SPP materials offer significant
applications in device miniaturization [5,6], low-cross-
talk waveguides [7-9], and other related areas [10—16].
Nonetheless, traditional SPPs face limitations in terms of
fixed structures and inherent analog properties, making
it challenging to achieve dynamic control and establish
connections with direct modulation techniques.

To address the challenges of dynamic control in tradi-
tional SPP systems, digital technology has been harnessed
to control spoof surface-plasmon polaritons (SSPPs) [17—
19]. Zhang, Luo, and Cui pioneered the concept of digital
SSPP, utilizing a p-i-n diode as a state-changing medium
to modify the effective tooth height of SSPP units, thereby
altering their dispersion state. This innovation opened
up possibilities for two-amplitude-shift-keying (2ASK)
and two-phase-shift-keying (2PSK) modulation with two
shift keys. Subsequently, Zhang et al. introduced through
holes in the outermost SSPP teeth, transforming the entire
waveguide into a bandpass state and enabling a range of
modulations, such as 2ASK, 2PSK, and two-frequency-
shift-keying [20]. Building upon these advancements, this
paper introduces an interdigital capacitance structure into
the SSPP waveguide, enabling independent control of
SSPP branches and achieving scalable 2-bit modulation
capabilities. Here, we present a comprehensive theoretical
analysis of the proposed switchable SSPP unit, leveraging
the modulation theory of SSPPs. Furthermore, we design
a digital phase shifter based on SSPP theory, capable of
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FIG. 1.

Proposed SSPP structure. (a) QPSK modulation SSPP waveguide. (b) Schematic diagram of a single switchable SSPP unit,

in which period is p =6 mm, radius of the metal hole is »=0.2 mm, widths of metallic bars are w; =1.75 mm and w, = 0.5 mm,
heights of metallic bars are #; = 2.5 mm and 4, = 5 mm, and substrate material is Rogers 4350B.

achieving a phase step of 30° and a total phase shift of
270°. Utilizing this digital phase shifter, we successfully
realize direct quadrature-phase-shift-keying (QPSK) mod-
ulation. Moreover, to demonstrate the scalability of this
QPSK direct modulator, we implement high-order modu-
lation using 16-quadrature-amplitude modulation (QAM).
Through theoretical analysis and experimental validation,
we establish the effectiveness and versatility of the pro-
posed switchable SSPP unit for enabling direct QPSK and
high-order modulation.

I1. SSPP MODULATION THEORY

To achieve direct QPSK modulation within a single
SSPP unit, a dedicated SSPP structure needs to be care-
fully designed. The SSPP unit, as depicted in Fig. 1(b),
consists of two branches composed of unconnected short
stubs, which are interconnected through a p-i-n diode at
the center. The top short stubs are connected to the bot-
tom metal ground through a via, and the two branches
are linked through an interdigital capacitance structure,
enabling independent control of the p-i-n diodes.

To realize direct QPSK modulation, it is necessary to
achieve two distinct transmission states by controlling the
on or off status of the diodes. To elucidate the working
principle, a circuit topology is employed, as illustrated in
Fig. 2. The two states of a single SSPP unit can be modeled
as two circuit structures: the “on” state, characterized by a
short circuit with an added inductance, and the “off ™ state,
characterized by an open circuit with an added capacitance.
The main transmission line is considered as a microstrip
line with transmission constant k,,; and impedance Z,,,
while the branching path is represented by conductance Y
for Bloch waves propagating in periodic structures [21].
The dispersion formula can be expressed as

ZmY .
cos(kp) = cos(kip) +Jj 21 sin(ku1p). (1)

When the SSPP unit is in the on state, it corresponds to
a short-circuit configuration, as depicted in Fig. 2(a). In

this state, the loaded characteristic impedance can be rep-
resented by inductance L, and the corresponding parallel
admittance Y can be derived as follows:
1 1 1
= — — + 7
joL ) JjoCy juiL (2)

+ij1 >

Y, short

= Zu tan(knh)

in which k,,; and Z,,, are the wave number and impedance
of the reduced shunt branch, respectively. When the SSPP
unit is in the off state, the designed unit structure is an
open circuit, as shown in Fig. 2(b), and the loading charac-
teristic impedance is capacitance C, which can be pushed
to its parallel admittance Y as

Yopen =jwC+jwC +jwC,
= A {j0C. )
m2 Cot(kmy h2)

By substituting Egs. (2) and (3) into Eq. (1), capacitance
value C1 of the interdigital capacitance can be calculated.
To obtain the required parameters, we utilize and advanced
design system (Keysight) to extract the § parameters.
With these extracted parameters, the dispersion curve is
calculated, as illustrated in Fig. 3.
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FIG. 2. Equivalent circuit models of the proposed SSPP unit
with (a) short-circuit stub and (b) open-circuit stub.
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FIG. 3. (a) Dispersion curves of the proposed SSPP unit in the
on and off states. (b),(c) Eigenmode field distributions of the
SSPP units in the on and off states at 5 GHz.

Although the working principle has been described
using the circuit model, a quantitative relationship between
the circuit parameters and structural parameters has not
been established. To determine the structural parameters,
the eigenmode analysis can be employed to simulate the
SSPP unit depicted in Fig. 1(b). Finite-element analysis is
employed to analyze the eigenmode, resulting in disper-
sion curves for the on and off" states, as depicted in Fig. 3.
In the simulation, the on state of the p-i-n diode is treated
as a metal state, while the off state is considered as a mate-
rial with a high relative dielectric constant. The blue and
red lines in Fig. 3 represent the dispersion curves for the
onand off states, respectively, which align with theoretical
calculations.

Given the flexibility of the proposed structure for
designing the SSPP performance by adjusting various
parameters, the operating frequency can be customized as
desired. For example, modifying the height of the branches
allows for frequency tuning. Through careful parame-
ter design, the two dispersion curves can achieve digital
phase shifts at specific frequencies, enabling direct QPSK
modulation. In Fig. 3(a), points I and II represent states
that support SSPP signal transmission with different phase
responses. Here, phase refers to the phase shift experienced
by the wave as it propagates through the medium at dif-
ferent frequencies. The designed unit structure exhibits a

phase difference (Ak) of 30° between different states. By
configuring three units to the same state and introducing
a phase difference of 90° between four groups of struc-
tures, an SSPP waveguide with nine unit structures can
achieve four phase shifts of 90°, ensuring stable amplitude
and enabling direct QPSK modulation.

From a physical perspective, the switchable state of a
p-i-n diode is fundamentally related to the control of cur-
rent flow between the upper and lower metal contacts.
In essence, the reconfigurable physical structure enables
an adjustable physical response. When the p-i-n diode is
in the on state, as depicted in Fig. 3(b), electromagnetic
energy is transmitted through the diode towards the upper
metal structure. Low-frequency electromagnetic waves
propagate through the metal via holes towards the metal
ground plane. This behavior gives rise to the appearance of
the dispersion curve with an on-state cutoff frequency. The
presence of the metal groove structure induces an induc-
tive effect, resulting in the blocking of higher-frequency
electromagnetic energy outside the metal ground region,
while still supporting the transmission mode of spoof
surface-plasmon polaritons.

Conversely, when the p-i-n diode is in the off state, as
shown in Fig. 3(c), electromagnetic energy is prohibited
from entering the upper metal contact. Consequently, the
dispersion curve exhibits a characteristic low-pass behav-
ior, where higher-frequency components are attenuated.

III. REALIZATION OF THE MODULATION
SCHEME

The proposed switchable SSPP unit presents an oppor-
tunity to achieve direct communication modulation of
QPSK using a single structure. However, discrete physical
responses necessitate not only internal structural modi-
fications but also external signal control. Motivated by
this concept, a multimode-modulating SSPP waveguide is
introduced, where SSPP units with a periodicity of P are
arranged along the X axis on a dielectric substrate made of
Rogers 4350B. The waveguide is grounded at the bottom
metal, as depicted in Fig. 4.

FIG. 4. Photographs of the fabricated prototype.
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To enable switching between the on and off states, the
p-i-n diode MADP-000907-14020w is selected, and dif-
ferent dc bias voltages are applied between the two ends
of the p-i-n diode. To prevent high-frequency leakage
into the bias network and metal ground, a choke structure
comprising meanders and lumped inductors is designed.

Furthermore, two momentum compensations are incor-
porated to mitigate the mismatch between quasitransverse
electromagnetic (EM) modes and SSPP modes. This is
achieved by employing a planar gradient refractive-index
structure, which helps reduce any discrepancies between
the two modes.

To validate the performance of the proposed SSPP
waveguide, the transmission spectrum is experimentally
measured using a vector network analyzer, and the results
are presented in Fig. 5. The measured S-parameter results
depicted in Fig. 5(a) indicate that, in region I, the ampli-
tudes of the four different states exhibit remarkable simi-
larity, suggesting that all states support the transmission of
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FIG. 5. Measured transmission amplitude (a) and phase spec-
tra (b) of the proposed SSPP waveguide in the “00,” “01,” “10,”
and “11” states.

EM signals. However, their phase responses differ signifi-
cantly. The inherent variation in wave number between the
two states of the p-i-n diode switch accumulates along the
propagation direction. As illustrated in Fig. 5(b), this accu-
mulation results in a phase difference of 90° between the
four states. This characteristic lays the foundation for the
implementation of QPSK modulation.

IV. EXPERIMENTAL VERIFICATION OF QPSK
MODULATION

Through an analysis of the transmission spectrum, we
evaluate the potential of the proposed SSPP waveguide
for manipulating EM signals in QPSK modulation. How-
ever, the ultimate goal of signal manipulation is to generate
modulated signals. Hence, we proceed to demonstrate and
verify the performance of the SSPP signal modulated by
control signals generated by a field-programmable gate
array (FPGA). The experimental system and measurement
setup are described in Fig. 6.

To intuitively assess the modulation capability of the
proposed SSPP waveguide, we implement direct QPSK
modulation. Figure 7(a) illustrates the QPSK modulation
signal, which carries 2 bits of phase information (00, 01,
10, and 11). The carrier and modulation frequencies are set
to S GHz and 1 Msym ™!, respectively. In the constellation
diagram, the symbols representing the phase information
of QPSK modulation should lie on a circle centered at
the origin of the coordinate system. The amplitude of
each symbol is roughly the same, and the phase difference
between any two states is 90°.

Observing the received constellation in Fig. 7, it can
be seen that each symbol is located at its corresponding
position on the constellation, aligning with the standard
constellation. The measured transmission parameters and
phase confirm that QPSK modulation can be achieved
across a broad range of carrier frequencies from 4.5 to
5.5 GHz, demonstrating the broadband characteristics of
the system.

As the transmission power gradually increases, the con-
stellation diagram becomes denser, indicating a higher
bit-error rate, as depicted in Figs. 8(a)-8(d). However, the
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FIG. 6. Schematic diagram of experiment and photograph of
experimental setup.
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FIG. 7. Measured constellation diagrams. (a) QPSK modula-

tion at a carrier frequency of 4.5 GHz. (b) QPSK modulation at
a carrier frequency of 5 GHz. (¢) QPSK modulation at a carrier
frequency of 5.5 GHz.

proposed SSPP system maintains reliable operation even
at a transmission power of —30 dBm.

Furthermore, by keeping the incident intensity constant
at —10 dBm and increasing the modulation rate from 1
to 10 Msyms~!, the information symbols can still be suc-
cessfully distinguished, as demonstrated in Figs. 9(a)-9(c).
The measured constellation diagram closely matches the
standard constellation diagram, highlighting the system’s
ability to effectively handle higher modulation rates.

These experimental results validate the robustness and
performance of the proposed SSPP system, indicating
its suitability for high-speed and reliable communication
applications.

1.00 1 —
(a) [ - 0dBm @5 GHZ] (b) 10 dBm @ 5 GHz]
. - 08
S th
a
064
0.50
04
g 0z 2 0
El E}
g g
5 0.00 5
s s
S ozs &2
04
0.5
0.6
0.75 é By
h . 0.8
-1 -1 T T
-1.00 075 050 025 0.00 025 0.50 0.75 1.00 -10 08 06 04 02 00 02 04 06 08 1.0
In phase In phase
c)"” ~ (d)
20 dBm @ 5 GHz] =30 dBm @5 GH[ s,
< P 3,
0754 0.75 ,: b
. me
050+ 0.50 0
o 025 © 025
2 ES
g g
_‘5 0.00 4 'E 0.00
E g
g ]
Q025+ 0254
050 00 S
bt e
075 ] 0754
1.00

100 075 050 025 000 025 050 075 100 100 075 050 025 000 025 050 075 100

In phase In phase

FIG. 8. Measured constellation diagrams. (a){d) QPSK
schemes with incident intensities of 0, —10, —20, and —30 dBm,
respectively, when the modulation rate is 1 MHz.

V. EXPERIMENTAL VERIFICATION OF 16QAM
MODULATION

In the context of direct modulation, the technique
employed for QPSK can be expanded to achieve 16QAM
by modulating the amplitude through two phase shifters.
To ensure consistent phase alignment for encoding and
transmission, our design incorporates two identical dig-
ital phase shifters and a fixed attenuator at the front
end. Figure 10 illustrates the specific signal-transmission
process.

Initially, the carrier signal is split into two paths using
a power splitter. These paths are then connected to the
two digital phase shifters, where encoding processing takes
place. To create a specific amplitude difference, the ampli-
tude of the signals is subsequently attenuated or ampli-
fied. Finally, the two signals are combined using a power
combiner, resulting in a 16QAM-modulated signal.

To ensure precise phase alignment, the parameters of
the two digital phase shifters are set identically in our
design. Additionally, the incorporation of a fixed attenuator
at the front end allows for the adjustment of signal ampli-
tude, which contributes to the transmission of 16QAM-
modulated signals. This design enhances the efficiency
and reliability of signal transmission, facilitating improved
performance in 16QAM communication systems.

At a carrier frequency of 5.25 GHz, an input power
of —10 dBm, and a modulation rate of 1 Msyms™',
Fig. 11 illustrates the constellation diagram, which demon-
strates a low bit-error rate, meeting the requirements of
communication.
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The modulator developed in this study demonstrates a
broad communication bandwidth and enables the imple-
mentation of QPSK modulation. Moreover, it possesses
the potential for further expansion to achieve higher-order
modulation schemes. This advancement opens up differ-
ent possibilities for integrating sensing and communication
systems, offering exciting prospects for future applications.
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FIG. 10. Transmission process of 16QAM modulation signal.

We anticipate that our study will greatly expand the
application of spoof surface-plasmon polariton metama-
terials, opening alternative avenues for their utilization
in communication engineering. By enabling reliable data-
transmission processes with enhanced signal integrity, our
work contributes to the advancement of communication
technologies.
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