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A plasmonic route for the integrated wireless
communication of subdiffraction-limited signals
Hao Chi Zhang 1, Le Peng Zhang1, Pei Hang He1, Jie Xu1, Cheng Qian1, Francisco J. Garcia-Vidal2,3 and Tie Jun Cui1

Abstract
Perfect lenses, superlenses and time-reversal mirrors can support and spatially separate evanescent waves, which is the
basis for detecting subwavelength information in the far field. However, the inherent limitations of these methods
have prevented the development of systems to dynamically distinguish subdiffraction-limited signals. Utilizing the
physical merits of spoof surface plasmon polaritons (SPPs), we demonstrate that subdiffraction-limited signals can be
transmitted on planar integrated SPP channels with low loss, low channel interference, and high gain and can be
radiated with a very low environmental sensitivity. Furthermore, we show how deep subdiffraction-limited signals that
are spatially coupled can be distinguished after line-of-sight wireless transmission. For a visualized demonstration, we
realize the high-quality wireless communication of two movies on subwavelength channels over the line of sight in
real time using our plasmonic scheme, showing significant advantages over the conventional methods.

Introduction
Distinguishing two or more signals with subwavelength

separation has accelerated research in many fields,
including photonics, super-resolution imaging, and dense
communication, which are always hampered by the so-
called diffraction limit. Subdiffraction-limited information
from an object is carried by evanescent waves and decays
exponentially before reaching the far field. Although many
methods, including far-field time-reversal mirrors1–3 and
optical diffraction tomography setups4,5, have been pro-
posed to break the diffraction limit, these schemes work at
the price of slow transmission speed, which makes them
inefficient for real-time applications.
Moreover, several designs of metamaterials6–8 with

novel electromagnetic (EM) properties realized by artifi-
cial metallic structures have been used for both super-
resolution imaging and signal transmission to directly

distinguish two or more subdiffraction-limited signals.
Among them, metalenses such as hyperlenses and
superlenses9–12 have been widely studied to realize the
real-time far-field imaging of subwavelength objects. In
fact, those lens designs can be used in line-of-sight
communication systems, similar to time-reversal mirrors1.
However, evanescent subdiffraction-limited information
has to be captured in the near field of a lens, and thus
subdiffraction-limit technology based on this strategy can
be applied only on the surface of an object. As a con-
sequence, these bulky lenses hinder the realization of
conformal systems. More importantly, inherent loss and
strong sensitivity to the environment that leads to channel
interference limit the application of metalenses in inte-
grated wireless communication systems.
In contrast to the speed and size limitations of the

abovementioned methods, real application scenarios
always require robust, flexible, and dynamic far-field
transmissions of subdiffraction-limit information, for
instance, in the highly dense multiple input multiple
output system13–15. One of the possible approaches is to
use localized channels to guide subdiffraction-limited
signals to radiation antennas with orthogonal features, for
example, with orthogonal polaritons. However, for mature
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circuit technologies (such as integrated semiconductor
chips and wireless communication systems), the main
problem is that traditional microstrip-based circuits can-
not support the transmission of subdiffraction-limit
information, i.e., they cannot distinguish signals with
subwavelength separation. Spoof surface plasmon polar-
itons (SPPs) make it possible to break the barrier between
subdiffraction-limit signal communication and integrated
circuit technologies. As an alternative waveguide to
microstrips, low-frequency spoof SPPs that mimic the
properties of natural SPPs in the optical regime have
shown promising potential for many advanced applica-
tions owing to their very deep subwavelength confine-
ment but moderate propagation losses16–21. In particular,
one-dimensional ultrathin corrugated metallic strips have
been shown to be efficient metawaveguides for transmit-
ting spoof SPP modes on planar circuits22–44, which can
be utilized to solve the crosstalk problem in dense com-
munications where compactly arranged channels possess
features similar to those of the subwavelength channels.
As a result, it has been recently demonstrated that these
types of metawaveguides are efficient carriers of deep
subdiffraction-limited EM signals and are able to largely
overcome the diffraction limit for propagating EM waves.
In addition, thanks to their ultrathin and flexible char-
acteristics, these metawaveguides can adapt conformally
to the surface geometry of an underlying object.
Here we present a compact planar wireless commu-

nication system with integrated SPP channels to realize
the integrated wireless communication of subdiffraction-
limited signals. Two separate modulated digital signals,
which can also be called intermediate frequency (IF) sig-
nals, are independently transmitted on two subdiffraction-
limited EM channels with a separation smaller than one-
tenth of the wavelength (the center spacing of the channels
is approximately a quarter of the wavelength), which can
hardly be achieved by traditional shielded waveguides (e.g.,
the coaxial line and substrate integrated waveguide). We
demonstrate that a series of inherent channel interference
problems due to repeated coupling–gain–coupling pro-
cesses in adjacent subdiffraction-limit channels can be
solved by employing the unprecedented field confinement
associated with the spoof SPP modes. These two
subdiffraction-limited EM signals can travel along the
integrated SPP channels with low transmission loss, low
channel interference, and high gain and are then radiated
to the far field with orthogonal polarizations, which
empower the subdiffraction-limited signals with superior
environmental resistance for line-of-sight wireless trans-
mission. Meanwhile, the field enhancement of spoof SPP
modes promises high demodulation power sensitivity to
the receiver, designed as the inverse of the process con-
ducted by the transmitter. These merits contribute to the
realization of high-quality wireless communication of

subdiffraction-limited EM signals. As a proof of concept,
we demonstrate these capabilities visually by carrying out
experiments of the simultaneous line-of-sight wireless
communication of two high-definition movies by our
plasmonic system, showing a much better performance
than that achieved by using the conventional microstrip
system. To the best of our knowledge, this work is the first
systematic integration of spoof SPP technologies, demon-
strating the potential to realize novel dense communica-
tion systems with flexible and dynamic far-field
transmissions.

Results
In the experimental set-up, both IF and radio frequency

(RF) signals are transmitted in the spoof SPP modes
(Fig. 1a). The metawaveguides, i.e., the ultrathin corru-
gated metallic strips, support the spoof SPP modes
(Fig. 1a), the propagating characteristics (dispersion and
field pattern) of which can be tuned by changing the
geometrical parameters, for instance, the depth (d) and
width (a) of the grooves on the metallic strip (Fig. 1b). The
specific geometrical parameters of the metawaveguides
used in our prototype are given in the “Methods” section.
The two modulated digital (IF) signals in the SPP modes

are fed on two pure metawaveguides first and then input
into two subwavelength-integrated SPP channels com-
posed of metawaveguides and bare semiconductor chips.
Subdiffraction-limited IF signals on the integrated SPP
channel are mixed into RF signals by a shared wave
produced by a local oscillator (LO) using two harmonic
mixers first, which can be regarded as two effective
sources packaged in subwavelength space (see inset #1 in
Fig. 1a), and then are gained by a chain of amplifiers (see
inset #2 in Fig. 1a) to increase the signal-to-noise ratio
(SNR) in long-distance wireless communications (Fig. 1a).
At the end of the integrated SPP channel, the two EM
signals are radiated into free space for wireless commu-
nication by two antennas that have orthogonal polariza-
tions. In this way, the two free-space EM waves can be
retrieved by the other two antennas in the SPP receiver
(not shown in Fig. 1a), which is just the inverse of the
process carried out by the SPP transmitter.
To account for the fundamentals of the integrated SPP

channel, we first analyze the dispersion relation (fre-
quency versus wavenumber) associated with the spoof
SPP mode supported by the metawaveguide and compare
it with that of a traditional microstrip. The wavenumber
of the SPP mode increases nonlinearly with frequency and
is faster than that of the EM mode supported by the
microstrip (Fig. 1c). Importantly, it approaches an
asymptote at the cutoff frequency (20 GHz in this design),
which is mainly dictated by the groove depth. We choose
the operating frequency (18 GHz) to be near this cutoff
frequency, where the SPP dispersion curve deviates
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significantly from the light line, resulting in a very strong
field confinement. It is worth mentioning that this strong
confinement results in a slightly larger attenuation con-
stant than that of the microstrip (see inset of Fig. 1c), but
it is acceptable for engineering applications. The strong
field confinement associated with the propagating spoof
SPP modes makes the overlap between EM signals carried
by the two metawaveguides located at a deep sub-
wavelength separation (λ/10) negligible (Fig. 1d). In con-
trast, the field energy distributions of the EM waves
carried by two microstrips with the same width and
separation present very strong coupling, such that the two
EM signals cannot be distinguished (Fig. 1e).
Nevertheless, since the channels are composed of both

continuous waveguides and integrated bare chips, the

interference is much more complex and closer to practical
application than pure waveguide coupling45–47 due to the
repeated coupling–gain–coupling process. Signals cou-
pled to the adjacent waveguide will be gained by ampli-
fiers. The obtained coupling signal can be coupled back
on the following waveguide, which could occur repeatedly
on two subwavelength channels. Specifically, both leaky
waves from the discontinuity and waveguide coupling
contribute to the channel interference.
To integrate bare chips (e.g., the case sketched in the

inset of Fig. 1a) onto the metawaveguide (both the cor-
rugated metallic strips and the traditional microstrips),
bonding gold wires are used to realize an electrical
connection between them. The discontinuity of this
connection can lead to leaky EM waves that would impact
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Fig. 1 Schematic representation of the system, propagation characteristics, and subwavelength confinement of the SPP modes.
a Schematic of the operation principle of the SPP-based system, which is composed of two independent signal-processing channels with a very
deep subwavelength-scale separation and a shared continuous-wave oscillator. At the entrance of the device, two parallel IF signals are coupled into
the system through an SPP connector, modulated with carrier waves using an SPP-based harmonic mixer, and amplified by a chain of SPP-based
amplifiers, where the bonding wire connections bring significant discontinuities (inset). After being transported by the two metawaveguides, the
subwavelength signals are radiated to free space by two antennas with orthogonal polarizations. Alternatively, the receiver is designed as the inverse
of the transmitter. b Schematic of the SPP unit cell of the metawaveguides used in our design, which is fabricated in a single 18-µm-thick layer of
copper (yellow) deposited on a 787-µm-thick dielectric layer (gray). The detailed geometrical parameters can be found in the “Methods” section.
c The real (main panel) and imaginary (inset) components of the dispersion curves of the SPPs supported by the metawaveguides compared with
those of the propagating EM modes of a microstrip. d The E-field energy distribution of the signal carried by the plasmonic metawaveguides on a
test line that is 787 µm above the structured surface. e The E-field energy distribution of the signal carried by the microstrip system on the test line at
the same location as in d
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circuit technologies (such as integrated semiconductor
chips and wireless communication systems), the main
problem is that traditional microstrip-based circuits can-
not support the transmission of subdiffraction-limit
information, i.e., they cannot distinguish signals with
subwavelength separation. Spoof surface plasmon polar-
itons (SPPs) make it possible to break the barrier between
subdiffraction-limit signal communication and integrated
circuit technologies. As an alternative waveguide to
microstrips, low-frequency spoof SPPs that mimic the
properties of natural SPPs in the optical regime have
shown promising potential for many advanced applica-
tions owing to their very deep subwavelength confine-
ment but moderate propagation losses16–21. In particular,
one-dimensional ultrathin corrugated metallic strips have
been shown to be efficient metawaveguides for transmit-
ting spoof SPP modes on planar circuits22–44, which can
be utilized to solve the crosstalk problem in dense com-
munications where compactly arranged channels possess
features similar to those of the subwavelength channels.
As a result, it has been recently demonstrated that these
types of metawaveguides are efficient carriers of deep
subdiffraction-limited EM signals and are able to largely
overcome the diffraction limit for propagating EM waves.
In addition, thanks to their ultrathin and flexible char-
acteristics, these metawaveguides can adapt conformally
to the surface geometry of an underlying object.
Here we present a compact planar wireless commu-

nication system with integrated SPP channels to realize
the integrated wireless communication of subdiffraction-
limited signals. Two separate modulated digital signals,
which can also be called intermediate frequency (IF) sig-
nals, are independently transmitted on two subdiffraction-
limited EM channels with a separation smaller than one-
tenth of the wavelength (the center spacing of the channels
is approximately a quarter of the wavelength), which can
hardly be achieved by traditional shielded waveguides (e.g.,
the coaxial line and substrate integrated waveguide). We
demonstrate that a series of inherent channel interference
problems due to repeated coupling–gain–coupling pro-
cesses in adjacent subdiffraction-limit channels can be
solved by employing the unprecedented field confinement
associated with the spoof SPP modes. These two
subdiffraction-limited EM signals can travel along the
integrated SPP channels with low transmission loss, low
channel interference, and high gain and are then radiated
to the far field with orthogonal polarizations, which
empower the subdiffraction-limited signals with superior
environmental resistance for line-of-sight wireless trans-
mission. Meanwhile, the field enhancement of spoof SPP
modes promises high demodulation power sensitivity to
the receiver, designed as the inverse of the process con-
ducted by the transmitter. These merits contribute to the
realization of high-quality wireless communication of

subdiffraction-limited EM signals. As a proof of concept,
we demonstrate these capabilities visually by carrying out
experiments of the simultaneous line-of-sight wireless
communication of two high-definition movies by our
plasmonic system, showing a much better performance
than that achieved by using the conventional microstrip
system. To the best of our knowledge, this work is the first
systematic integration of spoof SPP technologies, demon-
strating the potential to realize novel dense communica-
tion systems with flexible and dynamic far-field
transmissions.

Results
In the experimental set-up, both IF and radio frequency

(RF) signals are transmitted in the spoof SPP modes
(Fig. 1a). The metawaveguides, i.e., the ultrathin corru-
gated metallic strips, support the spoof SPP modes
(Fig. 1a), the propagating characteristics (dispersion and
field pattern) of which can be tuned by changing the
geometrical parameters, for instance, the depth (d) and
width (a) of the grooves on the metallic strip (Fig. 1b). The
specific geometrical parameters of the metawaveguides
used in our prototype are given in the “Methods” section.
The two modulated digital (IF) signals in the SPP modes

are fed on two pure metawaveguides first and then input
into two subwavelength-integrated SPP channels com-
posed of metawaveguides and bare semiconductor chips.
Subdiffraction-limited IF signals on the integrated SPP
channel are mixed into RF signals by a shared wave
produced by a local oscillator (LO) using two harmonic
mixers first, which can be regarded as two effective
sources packaged in subwavelength space (see inset #1 in
Fig. 1a), and then are gained by a chain of amplifiers (see
inset #2 in Fig. 1a) to increase the signal-to-noise ratio
(SNR) in long-distance wireless communications (Fig. 1a).
At the end of the integrated SPP channel, the two EM
signals are radiated into free space for wireless commu-
nication by two antennas that have orthogonal polariza-
tions. In this way, the two free-space EM waves can be
retrieved by the other two antennas in the SPP receiver
(not shown in Fig. 1a), which is just the inverse of the
process carried out by the SPP transmitter.
To account for the fundamentals of the integrated SPP

channel, we first analyze the dispersion relation (fre-
quency versus wavenumber) associated with the spoof
SPP mode supported by the metawaveguide and compare
it with that of a traditional microstrip. The wavenumber
of the SPP mode increases nonlinearly with frequency and
is faster than that of the EM mode supported by the
microstrip (Fig. 1c). Importantly, it approaches an
asymptote at the cutoff frequency (20 GHz in this design),
which is mainly dictated by the groove depth. We choose
the operating frequency (18 GHz) to be near this cutoff
frequency, where the SPP dispersion curve deviates
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significantly from the light line, resulting in a very strong
field confinement. It is worth mentioning that this strong
confinement results in a slightly larger attenuation con-
stant than that of the microstrip (see inset of Fig. 1c), but
it is acceptable for engineering applications. The strong
field confinement associated with the propagating spoof
SPP modes makes the overlap between EM signals carried
by the two metawaveguides located at a deep sub-
wavelength separation (λ/10) negligible (Fig. 1d). In con-
trast, the field energy distributions of the EM waves
carried by two microstrips with the same width and
separation present very strong coupling, such that the two
EM signals cannot be distinguished (Fig. 1e).
Nevertheless, since the channels are composed of both

continuous waveguides and integrated bare chips, the

interference is much more complex and closer to practical
application than pure waveguide coupling45–47 due to the
repeated coupling–gain–coupling process. Signals cou-
pled to the adjacent waveguide will be gained by ampli-
fiers. The obtained coupling signal can be coupled back
on the following waveguide, which could occur repeatedly
on two subwavelength channels. Specifically, both leaky
waves from the discontinuity and waveguide coupling
contribute to the channel interference.
To integrate bare chips (e.g., the case sketched in the

inset of Fig. 1a) onto the metawaveguide (both the cor-
rugated metallic strips and the traditional microstrips),
bonding gold wires are used to realize an electrical
connection between them. The discontinuity of this
connection can lead to leaky EM waves that would impact

c d e
Second Harmonic

25 1.0

0.8

0.6

0.4

0.2

0.0

20

F
re

qu
en

cy
 (

G
H

z)

Wavenumber (m–1)

E
-f

ie
ld

 e
ne

rg
y 

(J
/m

3 )

0.125
Channel #1
Channel #2

Channel #1
Channel #2

CSPs
Lightline
Microstrip 0.100

0.075

0.050

0.025

0.000

E
-f

ie
ld

 e
ne

rg
y 

(J
/m

3 )
X axis (mm)

15

10

5

0
0 225 450 675 900 1125 26 34 42 50

X axis (mm)

26 32 4438 50

Signal channel

b

Radiation
patch

a

s < 1/10�0

Discontinuity

Modulated

signal #1

Modulated

signal #2

SPPs

a

d

h

p

SPPs

LO

#1 #2

CSPs
1.8

1.2

0.6

0.0
5 10 15 20

Microstrip

A
tte

nu
at

io
n 

co
ns

ta
nt

 (
m

–1
)

Frequency (GHz)

Fig. 1 Schematic representation of the system, propagation characteristics, and subwavelength confinement of the SPP modes.
a Schematic of the operation principle of the SPP-based system, which is composed of two independent signal-processing channels with a very
deep subwavelength-scale separation and a shared continuous-wave oscillator. At the entrance of the device, two parallel IF signals are coupled into
the system through an SPP connector, modulated with carrier waves using an SPP-based harmonic mixer, and amplified by a chain of SPP-based
amplifiers, where the bonding wire connections bring significant discontinuities (inset). After being transported by the two metawaveguides, the
subwavelength signals are radiated to free space by two antennas with orthogonal polarizations. Alternatively, the receiver is designed as the inverse
of the transmitter. b Schematic of the SPP unit cell of the metawaveguides used in our design, which is fabricated in a single 18-µm-thick layer of
copper (yellow) deposited on a 787-µm-thick dielectric layer (gray). The detailed geometrical parameters can be found in the “Methods” section.
c The real (main panel) and imaginary (inset) components of the dispersion curves of the SPPs supported by the metawaveguides compared with
those of the propagating EM modes of a microstrip. d The E-field energy distribution of the signal carried by the plasmonic metawaveguides on a
test line that is 787 µm above the structured surface. e The E-field energy distribution of the signal carried by the microstrip system on the test line at
the same location as in d
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adjacent channels and alias with the signal from the
antennas. However, the tightly confined SPP fields can
dramatically reduce this radiation into free space (Fig. 2a)
compared to the microstrip case (Fig. 2b), which can be
attributed to inherent wavevector mismatching between
the spoof SPP mode and leakage wave mode.
Although the waveguide coupling of the SPP mode is

smaller than that of the microstrips due to the sub-
wavelength confinement of the SPP fields, the waveguide
coupling has to be further suppressed to an ultralow level.
Note that the coupling between the metawaveguides is
mainly controlled by the groove width a (Fig. 2c); hence, we
can dramatically reduce the coupling by tuning this geo-
metrical parameter. In this design, we choose a= 0.4mm
so that the coupling is minimal (<−50 dB) at the operating
frequency. In contrast, the crosstalk of two microstrip
channels is approximately −3 dB at 18 GHz, which means
that approximately half of the signal power on Channel 1
will be coupled to Channel 2 and vice versa. Since signals

on the two microstrip channels are at the same power level,
the crosstalk behaves similar to serious noise.
In addition to suppressing the interference between

channels utilizing the inherent field confinement of the
SPP modes, metawaveguides promise high demodula-
tion power sensitivity to the receiver based on their field
enhancement property. Since the energy of the SPP
mode is mainly concentrated near the corrugated side of
the metawaveguide, the voltage difference between this
area and the ground is effectively enhanced even though
the transmission loss of the SPP metawaveguide is
slightly higher than that of the microstrip. For an input
power that is not large enough for a traditional micro-
strip (with the same width) to exceed the digital
threshold of modulation, our SPP metawaveguide can
instead provide a higher induced voltage to excite the
demodulation devices (Fig. 2d). This capability will help
significantly improve the power sensitivity of the
receiver.
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Both the low channel interference and high power
sensitivity will increase the transmission distance attain-
able by the SPP-based system, thus making SPP meta-
waveguides suitable for long-distance and line-of-sight
wireless communications of very deep subdiffraction-
limited EM signals, as shown below.
The SPP-based communication system was fabricated

in a single-layer dielectric substrate. A detailed account of
the different components of the wireless communication
system is rendered in Fig. 3a and “Methods” section. A
shared LO with an oscillation frequency of 10 GHz is used
to provide the carrier EM waves for the IF signals
(Fig. 3b). Two digital signals with spectral components of
1.9 GHz are modulated by the RF carrier waves through
an SPP harmonic mixer (H-mixer), which includes the
second harmonic and mixing generation. An ultra-
compact filter is designed and set before the amplification
to block the fundamental signal at approximately 10 GHz
(Fig. 3c). More importantly, the second harmonic of the
fundamental signal at approximately 20 GHz and the up-
conversion component at approximately 21.9 GHz are
both cut off by the natural filtering feature of the SPP
modes (Fig. 1c). After multistage amplifications of the SPP
waves, the two subdiffraction-limited signals are radiated

by two identically designed but orthogonally polarized
wide-angle patch antennas with the radiation band near
the operating frequency, 18 GHz, which possess weak
directivity but high efficiency (see Fig. 3d). Owing to the
isolation of cross polarizations, the two EM signals can be
extracted in the SPP receiver separately after long-
distance and line-of-sight wireless communications. A
more detailed discussion on the design and performance
of all the abovementioned passive and active SPP com-
ponents is given in the “Methods” section. For compar-
ison purposes, transmitter–receiver pairs based on the
SPP metawaveguide (Fig. 4a) and traditional microstrips
(Fig. 4b) with the same framework and the same size are
fabricated. As commented before, the receiver is designed
as the inverse version of the transmitter.
To test the feasibility of the SPP integrated wireless

communication system quantitatively, line-of-sight real-
time communication experiments of our prototype are
performed in a very demanding scenario, in which a
barrier is located between the transmitter and receiver to
block the line of sight (Fig. 5a). A detailed description of
the test scenario can be found in the “Methods” section.
To overcome the barrier blockage, both the transmitter
and receiver can be rotated; therefore, the free-space
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adjacent channels and alias with the signal from the
antennas. However, the tightly confined SPP fields can
dramatically reduce this radiation into free space (Fig. 2a)
compared to the microstrip case (Fig. 2b), which can be
attributed to inherent wavevector mismatching between
the spoof SPP mode and leakage wave mode.
Although the waveguide coupling of the SPP mode is

smaller than that of the microstrips due to the sub-
wavelength confinement of the SPP fields, the waveguide
coupling has to be further suppressed to an ultralow level.
Note that the coupling between the metawaveguides is
mainly controlled by the groove width a (Fig. 2c); hence, we
can dramatically reduce the coupling by tuning this geo-
metrical parameter. In this design, we choose a= 0.4mm
so that the coupling is minimal (<−50 dB) at the operating
frequency. In contrast, the crosstalk of two microstrip
channels is approximately −3 dB at 18 GHz, which means
that approximately half of the signal power on Channel 1
will be coupled to Channel 2 and vice versa. Since signals

on the two microstrip channels are at the same power level,
the crosstalk behaves similar to serious noise.
In addition to suppressing the interference between

channels utilizing the inherent field confinement of the
SPP modes, metawaveguides promise high demodula-
tion power sensitivity to the receiver based on their field
enhancement property. Since the energy of the SPP
mode is mainly concentrated near the corrugated side of
the metawaveguide, the voltage difference between this
area and the ground is effectively enhanced even though
the transmission loss of the SPP metawaveguide is
slightly higher than that of the microstrip. For an input
power that is not large enough for a traditional micro-
strip (with the same width) to exceed the digital
threshold of modulation, our SPP metawaveguide can
instead provide a higher induced voltage to excite the
demodulation devices (Fig. 2d). This capability will help
significantly improve the power sensitivity of the
receiver.
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Both the low channel interference and high power
sensitivity will increase the transmission distance attain-
able by the SPP-based system, thus making SPP meta-
waveguides suitable for long-distance and line-of-sight
wireless communications of very deep subdiffraction-
limited EM signals, as shown below.
The SPP-based communication system was fabricated

in a single-layer dielectric substrate. A detailed account of
the different components of the wireless communication
system is rendered in Fig. 3a and “Methods” section. A
shared LO with an oscillation frequency of 10 GHz is used
to provide the carrier EM waves for the IF signals
(Fig. 3b). Two digital signals with spectral components of
1.9 GHz are modulated by the RF carrier waves through
an SPP harmonic mixer (H-mixer), which includes the
second harmonic and mixing generation. An ultra-
compact filter is designed and set before the amplification
to block the fundamental signal at approximately 10 GHz
(Fig. 3c). More importantly, the second harmonic of the
fundamental signal at approximately 20 GHz and the up-
conversion component at approximately 21.9 GHz are
both cut off by the natural filtering feature of the SPP
modes (Fig. 1c). After multistage amplifications of the SPP
waves, the two subdiffraction-limited signals are radiated

by two identically designed but orthogonally polarized
wide-angle patch antennas with the radiation band near
the operating frequency, 18 GHz, which possess weak
directivity but high efficiency (see Fig. 3d). Owing to the
isolation of cross polarizations, the two EM signals can be
extracted in the SPP receiver separately after long-
distance and line-of-sight wireless communications. A
more detailed discussion on the design and performance
of all the abovementioned passive and active SPP com-
ponents is given in the “Methods” section. For compar-
ison purposes, transmitter–receiver pairs based on the
SPP metawaveguide (Fig. 4a) and traditional microstrips
(Fig. 4b) with the same framework and the same size are
fabricated. As commented before, the receiver is designed
as the inverse version of the transmitter.
To test the feasibility of the SPP integrated wireless

communication system quantitatively, line-of-sight real-
time communication experiments of our prototype are
performed in a very demanding scenario, in which a
barrier is located between the transmitter and receiver to
block the line of sight (Fig. 5a). A detailed description of
the test scenario can be found in the “Methods” section.
To overcome the barrier blockage, both the transmitter
and receiver can be rotated; therefore, the free-space
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problems in adjacent subdiffraction-limit channels, including leaky waves and continuous-part coupling, can be solved from the basic physical view
without any extra cost. b The measured frequency spectrum of the shared local oscillator, which can spontaneously generate a continuous carrier
wave at 10 GHz, and of the coded signal (inset). c The measured frequency spectrum and structure (inset) of a designed ultracompact filter, which
can block the fundamental signal at approximately 10 GHz. d The measured frequency spectrum and the 3-D gain of the antenna, which can transmit
signals in the designed frequency band with weak directivity and high efficiency
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wireless signals can bypass the carrier to achieve line-of-
sight communications. The real-time communication
speed of the SPP system is >500Mbps, and the bit error
rate is <10–5 (see “Methods” for details regarding the
method of measurement). The favorable constellation
pattern (Fig. 4d) and eye pattern (Fig. 4e) of the measured
signals in the plasmonic wireless communication system
under line-of-sight transmission conditions (@ 24 °C)
demonstrate the excellent communication quality.
To visualize the communication process of

subdiffraction-limited signals, we select two 4K movies
(Titanic and The Wandering Earth) as the simultaneous
input signals of the two subwavelength channels (Fig. 5b)
and test the real-time line-of-sight communications of the
two movies (Fig. 5c). Four screens are connected to the two
input ports and output ports to read the movie signals. The
frames of the original two movies (Fig. 5d) transmitted by
the transmitter are captured by the receiver and read by the
screens. As shown in these figures, the frames received in
the SPP-based system (Fig. 5d) are synchronized in both
image quality and time with the original frames. In other
words, the very high-quality and line-of-sight wireless
communication of two subwavelength-channel movies
between the transmitter and receiver is demonstrated in
real time. In contrast, the frames received by the microstrip
system are severely distorted (Fig. 5f), even though the test
scenario is completely identical. The distortion in the
microstrip system is due to the leakage of waves on the
discontinuity (Fig. 2b) and the coupling between adjacent
microstrips (Fig. 2c). To clearly illustrate the whole process,
two movies with almost real-time communications are
provided (see Supplementary Information).

Discussion
This work demonstrates that our design of an SPP-based

integrated wireless communication system can overcome
the bottleneck of traditional wireless communication. We
show that it is possible to achieve line-of-sight real-time
wireless communication of subdiffraction-limited EM sig-
nals due to the superior properties of the spoof surface
plasmon modes, such as the low signal interference
between subwavelength channels and the high power sen-
sitivity. On the other hand, the proposed SPP system with
planar subwavelength channels can be simply fabricated on
commercially available dielectric substrates using printed
circuit board (PCB) techniques. We believe that this inte-
grated SPP wireless communication system will open up an
avenue to build up future flexible and wearable devices able
to efficiently transmit subdiffraction-limited EM signals.

Materials and methods
Materials for the dielectric substrate and fabrication
In our design, the dielectric substrate selected is the

Rogers RT/duroid 5880, the real and imaginary parts of

the relative permittivity εr of which are 2.2 and 0.002,
respectively. This is the standard dielectric substrate used
for wireless communication applications, as it provides a
near-ideal loss-free environment. More detailed infor-
mation on this material can be found in the datasheet
provided by the Rogers Corporation. The system was
fabricated in a single layer of dielectric substrate (Rogers
RT 5880) with a thickness of 787 μm. A single 18-μm-
thick copper layer is printed on the substrate using PCB
techniques, which is also used to design passive SPP
components of the whole system. Meanwhile, some
commercial bare semiconductor chips are used to con-
struct the active SPP components. Specifically, bare
semiconductor chips are used to realize the integrated
plasmonic active devices as arranged in Fig. 1 and con-
nected to the metawaveguides through bonding wires,
which should be regarded as electrical discontinuities.

The specific geometrical parameters of the
metawaveguides
Our metawaveguide inherits the advantages of metama-

terials, allowing us to tune the properties of the structure
by just changing the geometric parameters. To achieve
support wave propagation at 18 GHz (i.e., modulated sig-
nal) and suppress wave propagation at 20 GHz (i.e., second
harmonic of the LO), the geometric parameters of the
metawaveguide are optimized by the commercial software
CST Microwave Studio, and the resulting geometrical
parameters are listed in Part #1 of Table S1.

The design of the integrated ultracompact filter
To avoid disturbance caused by the unmodulated LO, a

reject band at approximately 10 GHz must be devised.
This component should also maintain the linewidth to
retain the main advantage of the metawaveguide. Hence,
we use for this filtering purpose a metamaterial object, i.e.,
a split ring resonator (SRR), which is etched on one of the
metawaveguide units, as shown in Fig. S3. To optimize its
performance, the geometric parameters of the SRR are
carefully designed and listed in Part #2 of Table S1.

The design of the antenna
To provide poor directional radiation, a common patch

antenna operating at 18 GHz is also incorporated into our
system; the geometric parameters can be obtained
according to the method of microwave engineering and
the numerical optimization algorithm. The gain and
directional diagram associated with its performance can
be found in Fig. 2d, and its geometric parameters are
listed in Part #3 of Table S1.

The design of the shared LO
The LO is implemented by the wideband microwave

VCO chip ADF5355, which permits a frequency operation
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wireless signals can bypass the carrier to achieve line-of-
sight communications. The real-time communication
speed of the SPP system is >500Mbps, and the bit error
rate is <10–5 (see “Methods” for details regarding the
method of measurement). The favorable constellation
pattern (Fig. 4d) and eye pattern (Fig. 4e) of the measured
signals in the plasmonic wireless communication system
under line-of-sight transmission conditions (@ 24 °C)
demonstrate the excellent communication quality.
To visualize the communication process of

subdiffraction-limited signals, we select two 4K movies
(Titanic and The Wandering Earth) as the simultaneous
input signals of the two subwavelength channels (Fig. 5b)
and test the real-time line-of-sight communications of the
two movies (Fig. 5c). Four screens are connected to the two
input ports and output ports to read the movie signals. The
frames of the original two movies (Fig. 5d) transmitted by
the transmitter are captured by the receiver and read by the
screens. As shown in these figures, the frames received in
the SPP-based system (Fig. 5d) are synchronized in both
image quality and time with the original frames. In other
words, the very high-quality and line-of-sight wireless
communication of two subwavelength-channel movies
between the transmitter and receiver is demonstrated in
real time. In contrast, the frames received by the microstrip
system are severely distorted (Fig. 5f), even though the test
scenario is completely identical. The distortion in the
microstrip system is due to the leakage of waves on the
discontinuity (Fig. 2b) and the coupling between adjacent
microstrips (Fig. 2c). To clearly illustrate the whole process,
two movies with almost real-time communications are
provided (see Supplementary Information).

Discussion
This work demonstrates that our design of an SPP-based

integrated wireless communication system can overcome
the bottleneck of traditional wireless communication. We
show that it is possible to achieve line-of-sight real-time
wireless communication of subdiffraction-limited EM sig-
nals due to the superior properties of the spoof surface
plasmon modes, such as the low signal interference
between subwavelength channels and the high power sen-
sitivity. On the other hand, the proposed SPP system with
planar subwavelength channels can be simply fabricated on
commercially available dielectric substrates using printed
circuit board (PCB) techniques. We believe that this inte-
grated SPP wireless communication system will open up an
avenue to build up future flexible and wearable devices able
to efficiently transmit subdiffraction-limited EM signals.

Materials and methods
Materials for the dielectric substrate and fabrication
In our design, the dielectric substrate selected is the

Rogers RT/duroid 5880, the real and imaginary parts of

the relative permittivity εr of which are 2.2 and 0.002,
respectively. This is the standard dielectric substrate used
for wireless communication applications, as it provides a
near-ideal loss-free environment. More detailed infor-
mation on this material can be found in the datasheet
provided by the Rogers Corporation. The system was
fabricated in a single layer of dielectric substrate (Rogers
RT 5880) with a thickness of 787 μm. A single 18-μm-
thick copper layer is printed on the substrate using PCB
techniques, which is also used to design passive SPP
components of the whole system. Meanwhile, some
commercial bare semiconductor chips are used to con-
struct the active SPP components. Specifically, bare
semiconductor chips are used to realize the integrated
plasmonic active devices as arranged in Fig. 1 and con-
nected to the metawaveguides through bonding wires,
which should be regarded as electrical discontinuities.

The specific geometrical parameters of the
metawaveguides
Our metawaveguide inherits the advantages of metama-

terials, allowing us to tune the properties of the structure
by just changing the geometric parameters. To achieve
support wave propagation at 18 GHz (i.e., modulated sig-
nal) and suppress wave propagation at 20 GHz (i.e., second
harmonic of the LO), the geometric parameters of the
metawaveguide are optimized by the commercial software
CST Microwave Studio, and the resulting geometrical
parameters are listed in Part #1 of Table S1.

The design of the integrated ultracompact filter
To avoid disturbance caused by the unmodulated LO, a

reject band at approximately 10 GHz must be devised.
This component should also maintain the linewidth to
retain the main advantage of the metawaveguide. Hence,
we use for this filtering purpose a metamaterial object, i.e.,
a split ring resonator (SRR), which is etched on one of the
metawaveguide units, as shown in Fig. S3. To optimize its
performance, the geometric parameters of the SRR are
carefully designed and listed in Part #2 of Table S1.

The design of the antenna
To provide poor directional radiation, a common patch

antenna operating at 18 GHz is also incorporated into our
system; the geometric parameters can be obtained
according to the method of microwave engineering and
the numerical optimization algorithm. The gain and
directional diagram associated with its performance can
be found in Fig. 2d, and its geometric parameters are
listed in Part #3 of Table S1.

The design of the shared LO
The LO is implemented by the wideband microwave

VCO chip ADF5355, which permits a frequency operation
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bandwidth from 6.8 to 13.6 GHz at one RF output. In this
work, the local oscillation is fixed at 10 GHz. Then the
local oscillation is amplified by an IF amplifier loaded with
the amplifier chip Gali19 and divided into two sub-
wavelength metawaveguides using the power splitter chip
EP2C-D+. Details regarding the features and design
methods of these chips can be found in the datasheet
provided by the company’s website.

The design of the H-mixer
The H-mixers in our plasmonic device possess two

functionalities: the harmonic generating and mixing of
frequencies. By integrating the subharmonically pumped
MMIC mixer bare chip HMC337 into the metawaveguide,
a second-harmonic wave of local oscillation (10 GHz) can
be generated and then mixed with the modulated movie
signals (1.9 GHz). Hence, RF signals of 18.1 GHz are
produced by the H-mixers. Details regarding the features
and design method of this chip can be found in the
datasheet provided by the company’s website.

The design of the amplifier chain
The amplifier chains in our SPP-based device are

composed of series plasmonic amplifiers designed by
integrating amplifier bare chips produced by semi-
conductor technology into the metawaveguides. The
purpose of amplification is not only to compensate for the
loss of SPP waves but also to increase the SNR so that the
maximum wireless communication distance of this sys-
tem can be enhanced. In the transmitter, two low-noise
amplifiers (LNAs) and one medium-power amplifier
(MPA) are employed. In the receiver, two LNAs are
employed. The LNA is loaded by the LNA bare chip
HMC517 at microwave frequencies (from 17 to 22 GHz)
with high gain (approximately 19 dB). The MPA is inte-
grated by the MPA bare chip HMC442 at microwave
frequencies (from 17.5 to 21 GHz) with high gain
(approximately 14.5 dB). Details regarding the features
and design methods of these chips can be found in the
datasheet provided by the company’s website.

High power sensitivity associated with the metawaveguide
Demodulation systems possess a threshold-induced

voltage used to recognize the digital signal. Only demo-
dulated signals higher than this threshold will be judged
as in the “1” state, which may cause the wrong judgment if
signals with the “1” state decay after wireless commu-
nication. Hence, by concentrating the field and enhancing
the voltage on the metawaveguide, the power sensitivity
will be improved compared to conventional microstrips.

Leaky waves associated with the discontinuity on channels
Connection between the microwave waveguides and

chips is realized by bonding wires. In this work, the

discontinuity of wave forms may cause serious radiation
loss. The radiation can be quantitatively observed by the
radiation efficiency. We have found that the radiation
efficiency of a microstrip discontinuity is −5.86 dB,
while that of a metawaveguide discontinuity is <−10 dB.
A narrow gap results in little phase disturbance to the
transmission but has obvious near-field distribution
discontinuity. Under the same scale, most transmission
fields of the microstrip are distributed in the range of
approximately 3 h, while most transmission fields of the
SPP metawaveguide are distributed in the range of
approximately 1.5 h. For the thin bonding gold wire, a
tighter field distribution is preferred, which is the rea-
son why the metawaveguide performs much better than
the microstrip in addressing the bonding gold wire
discontinuity.

The data rate and bit error rate experiment
In this experiment, first, a pseudorandom digital base-

band signal S1 with a set data rate, generated by a bit error
rate tester (BERT), is input into the video coding board
(detailed information can be found in Supplementary
Information) as the extended digital baseband signal
source. Then signal S1 is further modulated by the
quadrature phase shift keying (QPSK) modulation board
(detailed information can be found in Supplementary
Information) and enters our plasmonic wireless commu-
nication system. The received signal S2 that is obtained by
the receiver, QPSK demodulation, and decoding boards
will return to the BERT. Through the comparison calcu-
lation in the BERT, we obtain the measured bit error rate.
Finally, we measure the bit error rates with different data
rates to obtain the limited communication speed with an
acceptable bit error rate.
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bandwidth from 6.8 to 13.6 GHz at one RF output. In this
work, the local oscillation is fixed at 10 GHz. Then the
local oscillation is amplified by an IF amplifier loaded with
the amplifier chip Gali19 and divided into two sub-
wavelength metawaveguides using the power splitter chip
EP2C-D+. Details regarding the features and design
methods of these chips can be found in the datasheet
provided by the company’s website.

The design of the H-mixer
The H-mixers in our plasmonic device possess two

functionalities: the harmonic generating and mixing of
frequencies. By integrating the subharmonically pumped
MMIC mixer bare chip HMC337 into the metawaveguide,
a second-harmonic wave of local oscillation (10 GHz) can
be generated and then mixed with the modulated movie
signals (1.9 GHz). Hence, RF signals of 18.1 GHz are
produced by the H-mixers. Details regarding the features
and design method of this chip can be found in the
datasheet provided by the company’s website.

The design of the amplifier chain
The amplifier chains in our SPP-based device are

composed of series plasmonic amplifiers designed by
integrating amplifier bare chips produced by semi-
conductor technology into the metawaveguides. The
purpose of amplification is not only to compensate for the
loss of SPP waves but also to increase the SNR so that the
maximum wireless communication distance of this sys-
tem can be enhanced. In the transmitter, two low-noise
amplifiers (LNAs) and one medium-power amplifier
(MPA) are employed. In the receiver, two LNAs are
employed. The LNA is loaded by the LNA bare chip
HMC517 at microwave frequencies (from 17 to 22 GHz)
with high gain (approximately 19 dB). The MPA is inte-
grated by the MPA bare chip HMC442 at microwave
frequencies (from 17.5 to 21 GHz) with high gain
(approximately 14.5 dB). Details regarding the features
and design methods of these chips can be found in the
datasheet provided by the company’s website.

High power sensitivity associated with the metawaveguide
Demodulation systems possess a threshold-induced

voltage used to recognize the digital signal. Only demo-
dulated signals higher than this threshold will be judged
as in the “1” state, which may cause the wrong judgment if
signals with the “1” state decay after wireless commu-
nication. Hence, by concentrating the field and enhancing
the voltage on the metawaveguide, the power sensitivity
will be improved compared to conventional microstrips.

Leaky waves associated with the discontinuity on channels
Connection between the microwave waveguides and

chips is realized by bonding wires. In this work, the

discontinuity of wave forms may cause serious radiation
loss. The radiation can be quantitatively observed by the
radiation efficiency. We have found that the radiation
efficiency of a microstrip discontinuity is −5.86 dB,
while that of a metawaveguide discontinuity is <−10 dB.
A narrow gap results in little phase disturbance to the
transmission but has obvious near-field distribution
discontinuity. Under the same scale, most transmission
fields of the microstrip are distributed in the range of
approximately 3 h, while most transmission fields of the
SPP metawaveguide are distributed in the range of
approximately 1.5 h. For the thin bonding gold wire, a
tighter field distribution is preferred, which is the rea-
son why the metawaveguide performs much better than
the microstrip in addressing the bonding gold wire
discontinuity.

The data rate and bit error rate experiment
In this experiment, first, a pseudorandom digital base-

band signal S1 with a set data rate, generated by a bit error
rate tester (BERT), is input into the video coding board
(detailed information can be found in Supplementary
Information) as the extended digital baseband signal
source. Then signal S1 is further modulated by the
quadrature phase shift keying (QPSK) modulation board
(detailed information can be found in Supplementary
Information) and enters our plasmonic wireless commu-
nication system. The received signal S2 that is obtained by
the receiver, QPSK demodulation, and decoding boards
will return to the BERT. Through the comparison calcu-
lation in the BERT, we obtain the measured bit error rate.
Finally, we measure the bit error rates with different data
rates to obtain the limited communication speed with an
acceptable bit error rate.
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