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Circulators play a significant role in radar and microwave communication systems. This paper proposes a broadband
and highly efficient plasmonic circulator, which consists of spoof surface plasmon polaritons (SSPPs) waveguides and
ferrite disks to support non-reciprocal mode coupling. The simulated performance of symmetrically designed circulator
shows that it has an insertion loss of roughly 0.5 dB while the isolation and return loss is more than 12 dB in the frequency
range of 6.0 GHz–10.0 GHz (relative bandwidth of 50%). Equivalent circuit model has been proposed to explain the
operating mechanism of the plasmonic circulator. The equivalent circuit model, numerical simulations, and experimental
results are consistent with each other, which demonstrates the good performance of the proposed plasmonic circulator.
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1. Introduction
Circulators are widely used in radar and radio commu-

nication systems, which are used to realize one-way trans-
mission function.[1–4] They play an important role in avoid-
ing mutual interference between the transmitted and received
signals. They also play a critical role in protecting the signal
source. There has been extensive theoretical and experimen-
tal research on microstrip line, strip line, and the waveguides-
based Y-junction circulators, which rely on the anisotropic
permeability of YIG ferrite.[5–11] With the rapid development
of modern science and an increasing demand of communi-
cation systems, different schemes have been proposed to re-
alize circulators. In 2016, Liu et al. introduced magneto–
optical materials into dielectric waveguides and proposed a
four port circulator by exploiting the anisotropic permittivity
of magneto–optical materials under the bias of external mag-
netic fields.[12] In 2019, Dmitriev et al. proposed a circula-
tor based on the anisotropic permittivity of graphene materi-
als under the bias of external magnetic fields.[13] Most of the
circulator designs achieve one-way transmission by applying
an external magnetic field to the gyroelectric or gyromagnetic
material to break the symmetry of the permittivity or perme-
ability tensor.[14–19] Non-magnetic material is also used to de-
sign circulators without using a magnetic field bias to break
reciprocity.[20,21] These designs open up a way to design non-
reciprocal devices based on different mechanisms.

Spoof surface plasmon polaritons (SSPPs) have received
widespread attention at microwave frequencies,[22] whose
properties are very similar to those of SPPs in the near-infrared

and optical regions.[23,24] For example, SSPPs find similarities
with SPPs in terms of dispersion relations, local field enhance-
ment, sub-wavelength confinement and other characteristics.
Shen et al. proposed a planar ultra-thin SSPPs waveguide
that enables SSPPs to be transmitted along a curved, folded
surface for a long distance.[25,26] This kind of planar guided
wave structure has a strong field confining ability to SSPPs,
and achieves low loss and high efficiency transmission. These
works have greatly promoted the rapid development of plas-
monic devices in microwave frequency region.[27–33] Recently,
Pan et al. proposed a circulator which uses comb-like trans-
mission lines to guide the signals.[34] The design is compact
with insertion loss at about 0.5 dB in the frequency range of
10.6 GHz–11.5 GHz. It is still quite challenging to design a
broadband and highly-efficient SSPPs based circulator and the
physical mechanism of the working of plasmonic circulator
needs to be clarified.

In this paper, we propose a wideband, low-loss and highly
efficient plasmonic circulator. Structured metal stripes have
been used as internal conductor of the circulator to guide
the propagation of SSPPs. A static bias magnetic field has
been applied to the ferrite and one-way transmission of SSPPs
has been realized by using its anisotropy. The overall struc-
ture is completely symmetrical and has the same transmission
and isolation performance once evaluated from different ports.
The characteristic of the proposed plasmonic circulator has
been verified through numerical simulations as well as exper-
iments. At the same time, equivalent circuit model has been
applied to evaluate the transmission, reflection and isolation
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characteristics of the plasmonic circulator.

2. Design and analysis
2.1. Plasmonic circulator design

The structure model of the plasmonic circulator is shown
in Fig. 1(a). The entire circulator consists of three SSPPs
waveguides, two ferrite disks, two foams, and two ground
planes. The thickness of the SSPPs waveguides is 0.018 mm
and the substrate is F4B with thickness 0.1 mm and permit-
tivity εr = 2.65. Two ferrite disks have been placed above
and below the center conductor (triangle region) with radius
R = 6.5 mm, height h = 2 mm. Yttrium–iron–garnet (YIG)-
based ferrite has been used having a saturation magnetization
of 4πMs = 1850 Gs (1 Gs = 10−4 T), resonance line width of
∆H = 10 Oe (1 Oe = 79.5775 A·m−1), and relative permit-
tivity of εf = 15. Two foam boards with hollow center have
been used to fix the YIG ferrite disks and support the metal
ground. The SSPPs waveguide structure and related dimen-
sions are shown in Fig. 1(b). Three waveguides with 120◦ ro-
tational symmetry have been connected to the central conduc-
tor junction. Both sides of the SSPPs waveguides have been
designed to have a blade-like metal structure and the transmis-
sion path is equal from all the ports. The CPW with the GND
plane has been used as the feed of three ports. The transition
part is composed of a gradient comb-shaped waveguide and
flared ground on both sides, which improves the coupling effi-
ciency of SSPPs. A transition has been designed which ensure
impedance matching while transitioning from CPW to SSPPs

mode. The length and width of the flared ground have been
designed as L1 = 26 mm, L2 = 12 mm, and W = 5 mm. The
comb unit structure has the parameter of period p = 5 mm,
groove width a = 2 mm, and groove depth h = 4 mm.
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Fig. 1. Configuration of the proposed plasmonic circulator. (a) The structure
model of the plasmonic circulator. (b) The structure diagram of the SSPPs
waveguide and the corresponding structural parameters.
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Fig. 2. (a) S-parameters of the simulation (Sim.) and the equivalent circuit (Cir.) model when electromagnetic wave incident from port 1. S11 (solid line) is the
return loss, S21 (dash dot line) is the insertion loss, and S31 (dash line) is the isolation. (b)–(d) The Ez distribution of the electric field as incident from ports 1,
2, and 3 at frequency of 8 GHz, respectively.
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We have analyzed the transmission characteristics of the
circulator after applying a magnetic field of H0 = 1750 Oe us-
ing CST Microwave Studio. Figure 2 shows the simulation
results of circulator’s insertion loss, isolation, and return loss
and the distribution of the electric field in z direction when the
wave is incident from port1. From the simulation results (red
curves) in Fig. 2(a), it can be seen that the insertion loss is
less than 0.5 dB in the frequency range of 6.0 GHz–10.0 GHz
while the return loss and isolation are more than 12 dB. Due
to the symmetric design of the circulator, no matter which port
the signal is input from, we observed a consistent trend in all
the S-parameter curves.

To visualize the performance of the circulator, we moni-
tor the electric field at 8.0 GHz. Figure 2(b) shows the inten-
sity distribution of the electric field (Ez) at z = 0.5 mm plane
above SSPPs waveguide when the signal is input from port 1.
Same magnitude of electric field intensity at port 1 and port 2,
indicates that the resonance modes of the ferrite cavity can ef-
fectively transfer the signal to port 2. In contrast to that, energy
transmitted from port 1 to port 3 is very small, which indicates
that the resonance modes of the ferrite cavity are blocking the
signal to port 3. Figures 2(c) and 2(d) show the intensity distri-
bution of the electric field (Ez) at the z = 0.5 mm plane above
the SSPPs waveguide when the signal is input from port 2 and
port 3, respectively. The distribution of electric field in Fig. 2
proves that the input and output ports show a perfect cycle in
a sequence of 1→ 2, 2→ 3, 3→ 1.

2.2. Equivalent circuit model analysis

In order to understand the working mechanism of the
deigned plasmonic circulator, we have employed an equiv-
alent circuit model. The model is represented by a series
of LC circuits which helps analyze the performance of the
circulator.[35,36] Equivalent circuit model has been widely used
to analyze the working mechanism of absorber, filter, and
circulator. Very recently it has also been used to analyze
the transmission performance of SSPPs.[37–39] The LC circuit
equivalent of plasmonic circulator is shown in Fig. 3. In this
model, the capacitor C is formed between the central conduc-
tor junction and the grounding plate, which is very important
for broadband response of the circulator. The inductance L at
the central junction is a function of ω , Ms, and H, which trans-
lates to L = L(ω,Ms, µ , κ). Ci is formed between each short
stub and the metal ground, connected by inductance Li. When
applying a uniform static magnetic field along z direction, the
permeability tensor is given by

[µm] =

 µ jk 0
−jk µ 0

0 0 µ0

 , (1)

where µeff = µ
[
1− (κ/µ)2

]
the diagonal term µ and off-

diagonal term k are functions of frequency ω , magnetic field
H, and saturation magnetization Ms.

(a)

(b)
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Li

port  port 

port 

L0

Ci

L1 C1

L0

L1

C1

Li

L0
C1

Ci

Li

C0

Fig. 3. Equivalent circuit model of the proposed plasmonic circulator.

According to the impedance matrix theory of three ports
nonreciprocal network, the eigenvalues of the impedance ma-
trix are determined as a function of frequency and circuit
parameters.[38,40] The non-reciprocal junction impedance ma-
trix Z can be used to find its three intrinsic impedances. Ac-
cording to three-port network series and parallel rules, eigen-
value algorithm can be used to find the eigenvalues corre-
sponding to the impedance or admittance.[41] Using the re-
lationship between the three-port scattering coefficients and
impedances, S11, S21, and S31 are expressed as follows:

S11 =
1
3
(z0 + z++ z−), (2a)

S21 =
1
3
(z0 + z+ e−i2π/3 + z− e i2π/3), (2b)

S31 =
1
3
(z0 + z+ e i2π/3 + z− e−i2π/3), (2c)

where z is the eigenvalue of the same-direction excitation, z+
the eigenvalue of positive-phase excitation, and z the eigen-
value of negative-phase excitation.

The circuit model has been implemented in an advanced
design software tool and the circuit model calculations have
been matched with the simulation results. The S-parameter
curves obtained by the equivalent circuit model are shown in
Fig. 2(a) (blue curves). The results show that in the frequency
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range of 6.0 GHz–9.0 GHz, the return loss and isolation are
more than 11 dB while the minimum values are 50 dB and
35 dB, respectively. The S-parameters obtained from the simu-
lations have been compared with the equivalent circuit model.
It is clear from Fig. 2(a) that they show a very good agreement.

3. Fabrication and measurement

To verify the proposed design, we fabricated a plasmonic
circulator prototype. The prototype is shown in Fig. 4, where
figures 4(a)–4(e) represent SSPPs waveguide, metal ground
plane, foam, ferrite, and permanent magnet, respectively.
SSPPs waveguides have been fabricated using PCB technol-
ogy. The permanent magnet is used to provide H0 = 1750 Oe
external magnetic field bias required for magnetizing ferrite.
The material used for the ferrite disc is YX184 (MianYang
Wei Qi Electronics Technology Co., Ltd.), which has a sat-
uration magnetization of 4πMs = 1850 Gs, relative permit-
tivity of εf = 15, and ferromagnetic resonance line width of
∆H = 10 Oe. The foam sheet has been used to support and fix
the ferrite disks. The complete prototype of plasmonic circu-
lator is shown in Fig. 4(f) with the magnets placed symmetri-
cally at the bottom and top of its ground plane. The Agilent
Vector Network Analyzer (E5063A) has been used to mea-
sure S-parameters of the fabricated plasmonic circulator. The
plasmonic circulator has been connected to the vector network
analyzer through external coaxial cables and SMA connectors.
Two ports of the plasmonic circulator have been connected to
the input port and output port of the vector network analyzer
while the third port has been connected to a matched 50-Ω
load.

(a) (b)

(c) (d)

(f)

(e)

Fig. 4. Prototype of the fabricated plasmonic circulator. (a) SSPPs waveg-
uide, (b) metal ground plane, (c) foam, (d) ferrite, (e) permanent magnet,
and (f) overall structure.

The measured S-parameters have been shown in Fig. 5
(black curves). In the frequency range of 6.0 GHz–9.0 GHz,
the isolation and return loss are more than 12 dB, and the in-
sertion loss is better than 0.6 dB which is consistent with the
simulation results as well. In comparison with the simulations,

measured return loss is slightly lower and the measured inser-
tion loss is slightly higher in the frequency range of 9.0 GHz–
10.0 GHz. The difference between the simulation and exper-
imental data may be explained through fabrication imperfec-
tions of plasmonic circulator. Consistency of simulated and
measured data validates the simulation model. While the key
performance parameters of the circulator confirms circulation
of SSPPs.
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Fig. 5. Comparision of S-parameter of plasmonic circulator obtained from
the simulation (Sim.) and the measurement (Exp.).

4. Conclusions
In conclusion, we have proposed a three-port, and ro-

tationally symmetric plasmonic circulator based on non-
reciprocal mode coupling. The modes inside the circular
are SSPPs, which can propagate along the ultra-thin metallic
comb plasmonic waveguides. The non-reciprocal mode cou-
pling is enabled by the ferrite which is a gyromagnetic mate-
rial having a permeability tensor with both diagonal and off-
diagonal terms. By meeting impedance matching condition,
the proposed circulator can operate in a broad frequency band
of 6.0 GHz–10.0 GHz with insertion loss less than 0.5 dB. Fur-
thermore, an equivalent circuit model has been employed to
get a quantitative understanding. The circulator has been also
validated by building a prototype and the results from simu-
lations, circuit model, and measurements show a good agree-
ment.
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