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Nonmagnetic Spoof Plasmonic Isolator Based on
Parametric Amplification

Xinxin Gao, Jingjing Zhang,* Qian Ma, Wen Yi Cui, Yi Ren, Yu Luo,* and Tie Jun Cui*

Driven by the miniaturization of integrated electronics, research on spoof
plasmonic circuits has recently aroused widespread interest. On the other
hand, nonreciprocal devices, such as isolators and circulators, are key
components of integrated electronic systems. However, bulky magnets
required to realize isolation and circulation prevent the application of
traditional nonreciprocal technologies to integrated systems. Here, parametric
amplification is explored to achieve magnetic-free plasmonic isolation, and an
ultrathin reconfigurable spoof plasmonic isolator is realized experimentally. In
this isolation system, the forward signal amplified by a spoof plasmonic
parametric amplifier is coupled to a second linear plasmonic waveguide via a
spoof localized surface plasmon resonator, whereas the transmission from the
inverse direction is prohibited, giving rise to a measured isolation ratio of up
to 20 dB. By tuning the nonlinear phase-matching condition through external
bias voltage, multifrequency isolation of spoof surface plasmon polariton
(SSPP) signals is also realized experimentally. This work demonstrates the
possibility of producing miniaturized and low-cost nonreciprocal SSPP
devices, holding great promise for applications in nonmagnetic information
processing and radar detection.

1. Introduction

High-speed and reliable information transfer with high signal in-
tegration is highly desired for future on-chip communication.[1]

Spoof surface plasmon polaritons (SSPPs) provide a possible
route to achieve this goal. SSPPs, first proposed by Pendry and
coworkers in 2004,[2] are surface electromagnetic waves propa-
gating along the metal surface with subwavelength corrugations
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at microwave and terahertz frequencies,
mimicking the characteristic of optical
surface plasmon polaritons.[3,4] To facili-
tate their practical applications, especially
to integrated circuits, spoof plasmonic
metamaterials have undergone a change
from three-dimensional bulk struc-
tures to conformal ultrathin corrugated
metallic strips.[5] Compared to the con-
ventional microstrip line widely used by
the microwave community, the ultrathin
SSPP waveguide has several distinct
advantages such as low loss and compact
size due to the tight field-confinement
feature.[6,7,42,43] More importantly, the
SSPP waveguides can be packed in a
highly dense manner in a circuit, where
the crosstalk between parallel waveg-
uides is effectively suppressed.[8–10,37]

Motivated by these merits, many cir-
cuit elements have been fabricated and
implemented experimentally in the
spoof plasmonic platform.[11–15] How-
ever, most SSPP devices realized thus
far are passive and reciprocal. In inte-
grated electronic circuits, nonreciprocity

is highly desired to reach asymmetric signal transmission and
modulation, and nonreciprocal microwave components, such as
isolators, circulators, and gyrators, play a critical role in modern
communication, radar, and sensing systems.[16]

Based on the Lorentz reciprocity theorem, any linear and time-
invariant media with symmetric permittivity and permeability
tensors are inherently reciprocal. To break the time-reversal sym-
metry, magnetic biasing from ferrite materials has been widely
deployed.[17–19] Various ferrite-magnetic nonreciprocal devices
were proposed and even commercialized. However, due to the
inevitable permanent magnet required to bias the ferrite, these
devices are bulky in size, expensive to fabricate, and incompat-
ible with the integrated circuit technologies.[16] Such drawbacks
associated with magneto-optics have motivated researchers to ex-
plore different schemes to achieve magnetic-free nonreciproc-
ity. One straightforward way readily available in the semicon-
ductor integrated circuits relies on the intrinsic nonreciprocal
nature of active transistors, where unidirectional gain can be
exhibited by applying a biased DC voltage or current on the
transistors.[20–23] Although these devices havemerits of high inte-
gration and low cost, the poor noise performance and low power
capacity have limited their applications.[24] Spatiotemporal mod-
ulations, which rely on time variations of permittivity or conduc-
tivity to break the reciprocity, are arguably a promising scheme
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to tackle these challenges.[25–28,38,39] However, the reductions of
device size and modulation-circuit complexity compromise the
performance (e.g., bandwidth and modulation depth), and the
enhancement of performance still demands further research.
Another alternative approach to achieve the nonreciprocal re-
sponse is breaking the linearity. For example, the nonreciprocal
transmissions can be realized via asymmetric structures loaded
with materials with the second-order or Kerr susceptibility.[29–33]

Such nonreciprocal transmissions have the advantages of low
power consumption and easy integration. However, theoretical
works show that the nonlinear-based isolators cannot suppress
unknown backward noise owing to the dynamic reciprocity of the
nonlinear susceptibility.[34] Whether the nonlinear devices can
provide good isolation performance or not remains a controver-
sial question.
Here, we propose and experimentally demonstrate the first

magnetic-free SSPP isolator, which is achieved by exploiting a
phase-matched spoof plasmonic parametric amplifier in three-
wave mixing. In this amplifier, the nonlinearity of a semiconduc-
tor diode is exploited to impart gain to the desired signal with a
pump signal, accompanied by an idler signal whose frequency
is equal to the difference between pump and input frequencies.
The amplified signals are then selected and coupled to a linear
SSPP waveguide through the near-field coupling with a spoof
localized surface plasmon resonator. Our proposed SSPP isola-
tor not only inherits the advantages of conformal SSPPs includ-
ing compactness, integration, and low cost but also has remark-
able isolating performance in suppressing the transmission of
backward-propagating noise. Furthermore, multifrequency iso-
lation is enabled by manipulating the dispersion behaviors of
the active SSPP structures. Our scheme opens a door toward the
plasmonic-based magnetic-free nonreciprocity for potential ap-
plications in communications, radar, and integrated circuits.

2. Design and Experimental Results

The proposed isolator consists of a spoof plasmonic parametric
amplifier (PA), two spoof localized surface plasmon (SLSP) res-
onators, and a spoof surface plasmon polariton (SSPP) waveg-
uide, as shown in Figure 1a. The SLSP structure is designed
to resonate at the same frequency as that of the signal wave so
that the forward signal wave from port 1 propagating along the
spoof plasmonic PA can be coupled to the SLSP resonator. When
the upper and lower SSPP waveguides have the same phase con-
stants at the signal frequency, this corresponding power flow at
the excitation resonance frequency of SLSPs will be transmitted
counter-clockwise to port 3 of the passive SSPPwaveguide.[35] For
forward input signal wave, the corresponding signal gain can be
obtained under the phase-matching condition, indicating themo-
mentum conservation (kp = ks + ki, where kp, ks, and ki are the
wavenumbers of the pump, signal, and idler, respectively) and the
energy conservation (fp = fs + fi, where fp, fs, and fi are the frequen-
cies of the pump, signal, and idler, respectively). In the case of the
same pump wave input, the backward signal wave cannot be am-
plified due to phase-mismatching. Thus, the Lorentz reciprocity
is broken in this nonlinear spoof plasmonic device. Additionally,
we can fabricate the upper and lower SSPP waveguides with dif-
ferent cutoff frequencies. Compared to the isolator with two iden-
tical waveguides, the proposed device does not need to introduce

an additional filter to suppress excessive pump waves.[36] More
importantly, due to the flexibility of dispersion behaviors of the
SSPP waveguide loaded with the varactor, a reconfigurable non-
reciprocal transmission can be realized via tuning the bias voltage
applied to spoof plasmonic PA.
The occurrence of efficient nonreciprocal transmission in the

presented device requires that two fundamental conditions are
satisfied simultaneously for the proposed isolator: 1) the signal
frequency overlaps the localized spoof plasmonic resonance fre-
quency; 2) the phase constants of the active and passive SSPP
waveguides at the signal frequency should be the same so that
the optical momentum is preserved. These requirements can be
realized by properly designing different unit structures. Note that
the signal frequency of spoof plasmonic PA needs to meet the
phase-matching condition. The corresponding unit structure is
designed as shown in Figure 1b, and the structural parameters
are s= 0.250mm, a= 1.250mm, a1 = 0.500mm, a2 = 0.400mm,
d = 1.000 mm, d0 = 1.500 mm, d1 = 1.000 mm, d2 = 3.250 mm,
and p= 2.500mm.Meanwhile, the varactor is loaded between the
upper and lower branches of the spoof plasmonic unit structure,
introducing nonlinearity and adjustability. Moreover, to obtain a
resonance frequency close to the signal frequency and further en-
hance the SSPP-SLSP coupling, two SLSP resonators with an in-
terval of s0 = 0.140 mm are fabricated, as illustrated in Figure 1c,
where R = 8.680 mm and r = 2.000 mm. Finally, to achieve the
identical phase constants of the active and passive SSPP waveg-
uides, the unit structure of the passive SSPP waveguide is shown
in Figure 1d, where a3 = 0.500mm, h= 5.300mm, p= 2.500mm,
and w = 0.500 mm. These unit structures are fabricated on a di-
electric substrate of Rogers 5880 with a thickness of 0.787 mm, a
relative dielectric constant of 2.2, and tangent loss of 0.0009.
We investigate the phase constant of signal wave and the res-

onance frequency of SLSP structure via the dispersion behaviors
of the SSPP waveguides and the extinction cross-section (ECS)
spectra of the SLSP resonator (see Section 4.1). The dispersion
curves of the SSPP structure in panel (b) are sketched in Fig-
ure 1e, where the wave vectors of pump, signal, and idler SSPP
waves satisfy kp = ks + ki and fp = fs + fi. When the capaci-
tance loaded on the spoof plasmonic unit structure is 0.18 pF,
the signal frequency and the corresponding phase constant are
6.034 GHz and 377.00 m–1, respectively. Furthermore, owing to
the loss of the SSPP structure, the attenuation constant of the sig-
nal wave is 5.32 m–1. The ECS spectra of SLSP structures versus
the frequency are illustrated in Figure 1f, where a peak at the res-
onance frequency of 6.036 GHz can be observed, corresponding
to a quadrupole resonance mode (see the near-field distribution
in the inset). This resonance frequency is close to the signal fre-
quency of spoof plasmonic PA. Additionally, the dispersion be-
haviors of the passive SSPP unit structure are studied as shown
in Figure 1g. We observe that the phase constant at 6.034 GHz in
the passive waveguide is about 321.00 m–1, which approximately
equals that of the parametric amplification signal. Therefore, the
two conditions mentioned above are satisfied.
More importantly, when the capacitance loaded on the spoof

plasmonic unit structure is switched to 0.17 and 0.19 pF, different
phase-matching points can be obtained, as shown in Figure S1a,b
(Supporting Information). When the pump frequency remains
constant, changing the capacitance of the loaded varactor gives
rise to the variation of dispersion behaviors, allowing different
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Figure 1. a) Schematic of forward and backward propagation configurations based on signal inputs at ports 1 and 3. b) Unit structure of spoof SPP
parametric amplifier loaded with the varactor diode, where s = 0.250 mm, a = 1.250 mm, a1 = 0.500 mm, a2 = 0.400 mm, d = 1.000 mm, d0 = 1.50 mm,
d1 = 1 mm, d2 = 3.250 mm, and p = 2.500 mm. c) LSP structure, where R = 8.680 mm, r = 2.000 mm, and s0 = 0.140 mm. d) Passive spoof SPP unit
structure, where a3 = 0.500 mm, h = 5.300 mm, p = 2.500 mm, and w = 0.500 mm. e) The simulated dispersion behaviors of spoof SPP parametric
amplification with the capacitance c = 0.18 pF. The condition for phase matching is kp = 719.00 m–1 at fp = 11.660 GHz, ks = 377.00 m–1 at fs =
6.034 GHz, and ki = 342.00 m–1 at fi = 5.626 GHz. Note that owing to the loss of varactor diode their attenuous constants are 13.40, 5.32, and 3.95 m–1.
f) The simulated ECS of SLSP resonators and the near-field distributions at the resonance frequency of 6.036 GHz. g) The dispersion relation of passive
SSPP, where the phase constant at 6.034 GHz is 321.00 m–1.

phase-matching conditions to be satisfied on the same device.
Therefore, based on parametric amplification of the SSPP signal
at multiple frequencies, a reconfigurable isolator can be realized.
Note that the working frequencies of the isolator are restricted by
the narrow resonance band of the SLSP structure.
For the proposed isolator based on parametric amplification,

the isolation ratio mainly depends on the amplified signal gain.
To achieve a large isolation ratio, high signal gain generated from
the designed PA is necessary. Based on the theoretical model
for spoof plasmonic parametric amplification,[11] we can predict
that the maximum signal gain can be realized at the nonlinear
length of about 5𝜆 (𝜆 is the signal wavelength of SSPP). Thus,
we fabricate the spoof plasmonic PA consisting of 35-unit cells
loadedwith the varactors (MAVR-011020-1141), corresponding to
the nonlinear length of 87.500mm. According to the comparison

between simulated and measured transmission parameters, we
can estimate the capacitance and the bias voltage of the varac-
tors, as shown in Figure S1c–e (Supporting Information). When
the bias voltages applied to the varactor are 1.25, 1.11, and 1.02 V,
the corresponding capacitances are 0.17, 0.18, and 0.19 pF, re-
spectively. Moreover, the simulated transmission parameters of
the passive SSPP waveguide are shown in Figure S1f (Support-
ing Information).
We start from the case with a bias voltage of 1.11 V (corre-

sponding to the capacitance of 0.18 pF) to observe the trans-
mission property of the proposed device without applying the
pump wave. Transmission dip around 6.034 GHz is observed
due to the coupling between SSPPs and SLSPs (Figure 2a). Most
of the signal energy at this narrow frequency band is then cou-
pled to the passive SSPPwaveguide, yielding a transmission peak
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Figure 2. Simulated and measured linear transmission parameters of the spoof plasmonic isolator based on parametric amplification, where the recip-
rocal transmission is obtained. a) The transmission parameters from port 1 to 2 (S21). b) The transmission parameters from port 1 to 3 (S31). c) The
transmission parameter from port 3 to 1 (S13). d) The reflection parameters S11 and S33. The simulated and measured linear transmission results are
obtained when the corresponding capacitance and the bias voltage are 0.18 pF and 1.11 V, respectively.

of S31, as shown in Figure 2b. As illustrated in Figure 2c, ow-
ing to the Lorentz reciprocity, transmission parameters between
ports 1 and 3 are consistent (S31 is equal to S13). It is worth not-
ing that this proposed device has almost no scattering at ports 1
and 3 (Figure 2d), maintaining the desired directionality of the
momentum conservation. We can also clearly observe that the
measured results agree remarkably well with the simulated re-
sults. As a result, the incident signal wave from spoof plasmonic
PA can be efficiently coupled into the passive SSPP waveguide
via the SLSP resonances, serving as a good basis to achieve high
isolation.
A comprehensive set of measurements has been carried out

to experimentally confirm the nonreciprocal transmission of the
proposed isolator with spoof plasmonic PA, as illustrated in
Figure 3a (see Section 4.2). Here, the transmission performance
of forward and backward signal waves can be represented by
transmission parameters from port 1 to port 3 (S31) and transmis-
sion parameters from port 3 to port 1 (S13), respectively. Theoreti-
cal analysis indicates that when the pump intensity reaches a cer-
tain constant, the signal wave will be amplified.[11] As expected,
the reciprocal transmissions of the forward and backward signal
waves are verified by turning the pumpoff, as shown in Figure 3b.
When the pump wave is switched to an on state, the amplifica-
tion of the forward signal can be observed, provided that the sig-
nal gain compensates for the losses of structure and varactors.
Note that the transmission peak occurs at the pump frequency of
11.680 GHz and the signal frequency of 6.034 GHz, indicating

that the phase-matching condition of parametric amplification is
satisfied when the applied bias voltage is set as 1.11 V. The power
of the forward signal output from the port 3 is much higher than
that of the backward signal, demonstrating the typical nonrecip-
rocal transmission property.
Additionally, due to the flexibility in tuning SSPP dispersion

behaviors, the isolation at multiple frequencies can also be real-
ized with different bias voltages. As sketched in Figure 3c, when
the applied bias voltage is switched to 1.02 V, the transmission
peak of the forward signal wave occurs at 6.000 GHz. In addi-
tion, when this bias voltage is 1.25 V, the transmission of the for-
ward signal wave reaches its maximum at 6.086 GHz, as shown
in Figure 3d. Here, the pump frequency and intensity remain un-
changed at 11.680 GHz and 24 dBm, respectively. Note that due
to the device loss, the transmission peaks under different forward
signal waves have different amplitudes. Thus, the isolation at
different phase-matching frequency points is different. Further-
more, in order to observe the nonreciprocity phenomenon more
intuitively, the near-field distribution under forward/backward
wave at 6.034 GHz is measured via the near-field measurement
setup (details in Section S2, Supporting Information), as shown
in Figure 3e,f. Nonreciprocal transmission can be intuitively ob-
served, where the forward signal fromport 1 returnsmore energy
into port 3 than the backward signal from port 3 to port 1 with
the pump wave turned on. In contrast, the near field distribution
with pump-off shown in Figure S3 demonstrates the reciprocal
characteristic.
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Figure 3. Isolation at different bias voltages. a) Schematic of the experimental setup for isolation measurements on the proposed nonlinear isolator.
(b)–(d) show transmission behaviors when the bias voltages applied to the varactor are 1.11, 1.02, and 1.25 V, respectively. The reciprocal transmission
is obtained when the pump intensity is off. The typical asymmetric transmission occurs when the parametric gain obtained by the spoof SPP parametric
amplifier compensates for the loss. The pump intensity and frequency are 24 dBm and 11.680 GHz, and the signal power is −5 dBm. (e) and (f) show
the measured near-field distributions of the backward and forward signal waves at 6.034 GHz, respectively, where the bias voltage is 1.11 V and the
incident pump intensity is 24 dBm.
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Figure 4. Isolation versus varied pump intensity and signal intensity. (a) and (b) depict the experimental setups employed to measure the isolation
ratio under the phase-matching and the phase-mismatching conditions, respectively. c) The isolation versus the pump intensity from −25 to 23 dBm at
the constant of signal intensity (−20 dBm) and signal frequency (6.034 GHz). d) The isolation versus the signal intensity from −25 to −15 dBm at the
constant of pump intensity (24 dBm) and pump frequency (11.680 GHz). The error bars in all figures indicate the system uncertainly in the respective
measurements and have been calculated by taking the standard deviations of the measured isolation ratio under the same pump intensity and signal
intensity.

Figure 4a,b present the measurement setups of the forward
and backward signal to collect the isolation ratio as a function
of the pump and signal intensities (see Section 4.2), respectively.
Here, the applied bias voltage and the pump frequency are 1.11 V
and 11.680 GHz, respectively. The dependence of the isolation
on the incident pump intensities varying from −20 to 24 dBm
is illustrated in Figure 4c. When the incident pump intensity
progressively enhances, the isolation ratio rises gradually from
0 to 20 dB. Note that the isolation begins to increase when the
pump intensity reaches a certain constant, indicating that the sig-
nal gain exceeds the structural loss. Moreover, due to the thermal
effect induced by the pump power, the isolation peak frequency
shows a blue shift as the pump intensity increases (see Figure S4,
Supporting Information). In the above process, the input intensi-

ties of forward and backward signal waves aremaintainedwith an
equal intensity of −20 dBm. When the pump intensity remains
at 24 dBm, the transmission changes with the input signal in-
tensity, as shown in Figure S5 (Supporting Information). For the
spoof plasmonic PA, when the forward signal is large enough,
the incident pump intensity will exist in the depletion problem.
Namely, there is not enough pump intensity to supply the signal
wave for amplification. Thus, the peak at 6.034 GHz gradually
drops as the signal intensity increases, as shown in Figure S5
(Supporting Information). Meanwhile, the collected isolation ra-
tio versus the signal intensity is shown in Figure 4d. The isolation
of the proposed device remains a constant of about 20 dB when
the incident signal intensity is from −25 to −15 dBm, indicating
that it can suppress backward noise transmission.
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3. Conclusion

We have demonstrated experimentally a reconfigurable nonmag-
netic isolator with parametric amplification realized on an ultra-
thin planar spoof plasmonic platform. The SSPP dispersion be-
haviors can be engineered so that the phase-matching condition
of parametric amplification for forward signals can be achieved
at multiple frequencies, enabling the multifrequency isolation.
Note that due to the high Q-factor of the SLSP resonator for
separating the signal wave from the pump and idler waves, the
tunability of the isolator is restricted in a very narrow frequency
range. As a future step, active elements will be implemented into
the SLSP resonators to improve the tunable range, and the op-
erating frequency may be extended to the Terahertz frequency
via introducing graphene with high nonlinearity and modula-
tion conductivity[39-41,44] into the SSPP structure.We envision this
work could establish a foundation for developing magnetic-free
nonreciprocal isolation SSPP devices suitable for on-chip integra-
tion with microwave circuits, with the potentials to revolutionize
applications in communication and radar systems.

4. Simulation and Experimental Methods

4.1. Simulation Method

Here, the dispersion behaviors of SSPP structures are investi-
gated with Eigen-mode Solver of the Commercial software CST
Microwave Studio, where the periodic boundary condition is ap-
plied to the propagation direction of the electromagnetic wave,
and the electric boundary condition is applied to the other two
boundaries in the orthogonal direction. Moreover, we can ob-
tain the ECS and resonance frequency of SLSP structures by the
TimeDomain Solver, where an incoming planewave propagating
along the y-direction with the electric polarized in the x-direction
is considered.

4.2. Experimental Method

In order to measure transmission parameters and signal isola-
tion of the sample, we built two different test platforms. For the
measurement of transmission parameters with different pump
intensities, we use the signal generator (Agilent E8267D) and
vector network analyzer (Agilent N5230C). The pump wave and
signal wave are generated from the signal generator and vector
network analyzer, respectively, and integrated into a multiplexer
connected with port 1 of the sample. The other port of VNA is
connected with port 3 of the sample. Tomeasure the forward scat-
tered power spectra of the designed sample, the pump and signal
intensities created from two signal generators (Agilent E8267D
and E8257D) are merged using a multiplexer into a single sig-
nal to excite the nonlinear SSPP waveguide. The output signal
intensities of port 3 are collected by the signal analyzer (Agilent
N9010A). For the backward scatted power spectra, the signal gen-
erator (Agilent E8267D) and the signal analyzer are connected
with a multiplexer and the signal generator (Agilent E8257D) is
connected with port 3 of the sample, respectively. Note that a bias
Tee is placed between the multiplexer and the sample to feed the
RF signal and DC bias into the sample simultaneously. Ports 2

and 4 are loaded with 50 ohm matched load to avoid the sample
reflection.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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