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Spoof-surface-plasmon polaritons (SSPPs) supported by artificial microwave metawaveguides can
mimic other properties of optical-surface-plasmon polaritons (SPPs) and have the potential to build the
next generation of circuits and systems. However, the traditional model of SSPP metawaveguides take
only physical characters of electrical length and characteristic impedance into consideration and thus
can hardly guide the design of integrated SSPP systems efficiently. In this work, a modified model of
SSPP metawaveguide is proposed to realize multicharacteristic optimization design of integrated SSPP
systems. To validate the modified model, a SSPP-based frequency-shifting keying (FSK) modulation
and demodulation system is realized. In comparison to microstrips and SSPP metawaveguides based
on the traditional model, the SSPP metawaveguides based on the modified model bring lower discon-
tinuity, lower coupling, and lower system complexity to the FSK modulation and demodulation system,
which improves the quality of demodulated signals significantly. Hence, exploring physical characteris-
tics of SSPP metawaveguides by introducing modified models is an effective route to realize outstanding
integrated SSPP systems.
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I. INTRODUCTION

Surface-plasmon polaritons (SPPs) [1] are kinds of sur-
face waves confined on the metal-dielectric interface at
subwavelength scale and decay exponentially in the direc-
tion perpendicular to the interface and can be widely
applied in optoelectronics [2], the Janus emitter [3], and
biosensors [4,5]. However, SPPs cannot naturally be sup-
ported at lower frequencies because the metal behaves like
a perfect electric conductor instead of plasma with nega-
tive permittivity in the microwave band. Hence, metamate-
rials [6–11] are used to support the spoof-surface-plasmon
polaritons (SSPPs) [12], which can mimic the property of
SPPs. SSPPs can be supported by metamaterials with peri-
odically decorated metallic structures, also called the SSPP
metawaveguide [13–17]. Due to the outstanding merits of
field confinement [18,19] and slow-wave property [15],
SSPP metawaveguides have been demonstrated to realize
many single devices, including amplifiers [20,21], har-
monic generators [22,23], filters [24–27], antennas [28–
35], and modulators [36–38]. Recently, a SSPP-based sen-
sor network [39] and wireless communication systems [40]
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have been reported, which imply the potential of SSPPs in
building the next-generation systems.

To guide the design of high-performance integrated
SSPP systems, a powerful model of SSPP metawaveg-
uides is necessary to guarantee satisfying circuit-matching
and field-confinement performances. However, the tradi-
tional model [13–15] of SSPP metawaveguides describes
the circuit-matching performance by only characteristic
impedance [41] and field-confinement performance by
only electrical length. On one hand, not only the char-
acteristic impedance but also the geometrical disconti-
nuity should be considered for circuit matching. On the
other hand, field confinement depends on the wave num-
ber rather than the electrical length. The achievements of
SSPPs mentioned above are mainly based on the tradi-
tional model and are still far away from reaching the upper
limit of the potential of SSPP metawaveguides. Therefore,
a model with more dimensions is still needed to explore
the potential of SSPP metawaveguides.

In this paper, we propose a modified model of SSPP
metawaveguides to describe the circuit-matching per-
formance and field-confinement performance completely.
Both characteristic impedance and geometrical disconti-
nuity are considered in the modified model so that satis-
fying circuit matching can be realized. A more appropriate
method to describe field-confinement performances is also
presented in this model. Based on the modified model of a
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SSPP metawaveguide, a frequency-shifting keying (FSK)
modulation and demodulation system with the advantages
of low discontinuity, low coupling, and low system com-
plexity is realized, which demonstrated the value of this
modified model.

A brief overview of this paper is now described.
Firstly, a modified model of SSPP metawaveguides,
which can realize satisfying circuit-matching and field-
confinement performances is proposed. Then, a SSPP-
based FSK modulation and demodulation system is
implemented under the guidance of the modified model.
At last, samples of SSPP-based systems and microstrip-
based systems are fabricated and compared to demon-
strate the advantages of the modified model of SSPP
metawaveguides.

II. MODELS OF SSPP METAWAVEGUIDES WITH
SRRS

An adequate model of SSPP waveguides is the key to
design high-performance integrated SSPP systems. The
traditional model of SSPP metawaveguides is composed
of a microstrip and a shunt open stub [32], as shown in
Fig. 1(a). In the traditional model, only the characteristic
impedance Ze is used to guide the design of circuit match-
ing, which ignores the geometrical discontinuity in cas-
caded networks. Meanwhile, only the equivalent electrical
length θ e of the SSPP metawaveguide is used to describe
the field-confinement performances, which is inaccurate
because enough electrical length can also be achieved by a
longer waveguide with weaker field confinement.

To guide the design of integrated multifunctional SSPP systems, we propose a modified model as shown in Fig. 1(b),
where a LC resonator is used to provide more freedom degrees of the passband. The ABCD matrix of the modified model
SSPP metawaveguide unit can be expressed by

[
A B
C D

]
=

[
cos θe j Ze sin θe

j Ye sin θe cos θe

]

=
[

cos θs(ls ) j Zs(ws)sin θs(ls )

j Ys(ws) sin θs(ls ) cos θs(ls )

] [
1 0
jb 1

]
×

[
cos θs(ls ) j Zs(ws)sin θs(ls )

j Ys(ws) sin θs(ls ) cos θs(ls )

]
, (1)

where the b is the reactance of the shunt open stubs
and LC resonator, the θ s and Zs are the phase shift and
characteristic impedance of the microstrip, the θ e and
Ze are the equivalent electrical length and characteristic
impedance of the SSPP metawaveguide, the ls is the length
of the SSPP waveguide unit and ws is the port width of
the SSPP metawaveguide, respectively. b can be further
calculated by

b = 1/(Zb cot θb) × (j ωC + 1/j ωL)

1/(Zb cot θb) + (j ωC + 1/j ωL)
, (2)

where θb and Zb are the electrical length and character-
istic impedance of the microstrip, respectively. It should
be noted that if a simply SSPP waveguide without the LC
resonator structure is analyzed, the modified model is still
valid as long as values of L and the C are set as 0.

And the dispersion relation of the SSPP metawaveguide
can be calculated by

cos θe = cos 2θs(ls ) − bZs(ws) sin 2θs(ls )

2
. (3)

Then, to describe the field confinement of SSPP waveg-
uides, a variable D named confinement factor is proposed

and can be calculated by

D = θe

2θs(ls)
= cos−1[cos 2θs(ls)− bZs(ws)sin 2θs(ls)/2]

2θs(ls)
,

(4)

which indicate that the field confinement of SSPP waveg-
uides mainly depends on the ratio of the equivalent elec-
trical length to the electrical length of the fundamental
transmission medium. Then, the equivalent characteris-
tic impedance Ze of the SSPP metawaveguide can be
calculated by

Ze = Zs(ws)[sin 2θs(ls ) − bZs(ws )sin2θs(ls )]
sin θe

. (5)

Based on Eq. (5), the SSPP metawaveguides cannot trans-
mit electromagnetic waves when

Zs(ws)[sin 2θs(ls ) − bZs(ws )sin2θs(ls )]
sin θe

= 0, (6)

which can be realized at the resonant frequency and cutoff
frequency of the SSPP waveguide.
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(a) (b)

FIG. 1. (a) The circuit model of the typical SSPP metawaveguides. (b) The new circuit model of SSPP metawaveguide.

III. THE SYSTEM OF MODULATION AND
DEMODULATION

A typical modulation and demodulation system based
on the microstrip is shown in Fig. 2(a). A voltage-control
oscillator (VCO) is used to generate binary FSK signals
through the “0” and “1” signal in the modulator. To trans-
mit the generated binary FSK signals, a 50-� microstrip
with fixed line width is connected to the pin of the VCO
chip and a filter is needed to eliminate harmonics, where
the geometrical mismatch will lead to discontinuity.

The commonly used demodulation methods for binary
FSK modulation include coherent demodulation and non-
coherent demodulation [42]. Since the coherent demodula-
tion needs to add additional circuits to recover the carrier,
the complexity of the system will be increased. Therefore,
we focus our study on noncoherent demodulation to restore

the signal in this work. In fact, most of the conclusions
in the following designs can also be applied to coherent
demodulation. In the demodulator, binary FSK signals are
divided into two channels by a frequency divider realized
by two band-pass filters with different working frequen-
cies. Then the two different carrier signals can be sent
to two envelope detectors separately for final information
reading.

In comparison to the microstrip-based system, the sys-
tem based on the modified model of SSPPs has outstanding
advantages shown in Fig. 2(b). In the design of SSPP-
based FSK modulator, the characteristic impedance of
the SSPP metawaveguide is decided by the characteristic
impedance of VCO. In addition, the port width of the SSPP
metawaveguide should be matched with the small pin of
the VCO to eliminate geometric discontinuity.

(a)

(b)

FIG. 2. (a) Modulation and demodulation architecture based on microstrip. (b) Modulation and demodulation architecture based on
SSPP.
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(a) (b)

(c) (d)

(e) (f) (g)

FIG. 3. Modulator structures.
(a) Modulator based on microstrip.
(b) The VCO pad connected to
microstrip. (c) Modulator based
on SSPP waveguide, (d) the
VCO pad connected to SSPP
waveguide. (e) The dispersion
freedom of SSPP waveguide
compared to the microstrip line.
(f) The impedance freedom of
the SSPP waveguide compared to
the microstrip line. (g) Reflection
between the pin of VCO and 50-�
microstrip and SSPP waveguide.

In the modulator, the port of 50-� SSPP waveguide
can be modified into an identical size to the pins by the
modified model of SSPPs so that they can be connected
without discontinuity loss. Due to the dispersion freedom
of SSPPs, the harmonic filter is not needed in the SSPP-
based system. In the demodulator, the SSPP frequency
divider has lower coupling due to the field distribution
freedom of SSPPs. Hence, using the extensive freedom of
SSPPs to design the FSK modulation and demodulation
system can significantly improve system performance and
realize more compact size simultaneously.

A. Design of modulator

A VCO chip on the SSPP waveguide is used to generate
the controlled binary FSK signals. Compared to FSK mod-
ulators based on diodes [38,39], the VCO option provides
higher power efficiency and frequency continuous tunabil-
ity, which can result in better performance in terms of
power and flexibility. There is a corresponding relation-
ship between the output frequency and the input control
voltage for VCO. Thus, the binary FSK signals can be gen-
erated by inputting digital control voltages. Meanwhile,
to solve the problem of geometrical discontinuity between
the waveguide and VCO chip, the equivalent characteris-
tic impedance and port width in the modified model of the

SSPP metawaveguide should meet

Ze = ZVCO (7)

and

ws = wVCO, (8)

where ZVCO and wVCO are port impedance and pin width
of the VCO chip.

To realize modulation and demodulation at microwave
frequencies, HMC506LP4 is selected as the VCO and the
frequency range is 7.2–8.7 GHz. The modulator based on
the microstrip and SSPP waveguide are shown in Figs. 3(a)
and 3(c), respectively. The VCO pads to connect the SSPP

(a) (b)

FIG. 4. The discrete ports of (a) microstrip and (b) SSPP
waveguide.
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(a) (b)

(d)

(c)

(e) (f)

(g) (h)

FIG. 5. Demodulator structure based on SSPP waveguide. (a) The demodulator based on SSPPs. (b) Unit of the upper branch. (c)
Unit of the lower branch. (d) T-shaped structure of the frequency divider. The dispersion curves of (e) the upper branch and (f) the
lower branch. (g) The relationship curves between the impedance and frequency of the two branches. (h) Simulated S parameters of
the frequency divider based on the SSPP waveguide.

waveguide and the microstrip line can be observed in
Figs. 3(b) and 3(d). The dimensions shown in Figs. 3(b)
and 3(d) are L1= 0.35 mm, L2= 1.25 mm, w1= 0.3 mm,
w2= 1.59 mm, L3= 0.35 mm, L4= 1.25 mm, L5= 1.5 mm,
p = 4 mm, w3= 0.3 mm, and w4= 3.3 mm.

It can be obviously found that there is a geometrical mis-
match between a small pin and the 50-� microstrip with
fixed line width in Fig. 3(b). To demonstrate the difference
of impedance freedom between the microstrip and SSPP

waveguide, the relationship curves between the impedance
and total line width of the microstrip line and SSPP waveg-
uide with different parameters are shown in Fig. 3(f). It can
be observed that the impedance of the microstrip is deter-
mined by the width of the microstrip when the substrate
is decided. And the impedance of SSPPs can be controlled
freely by multiple parameters. Figure 3(f) demonstrates the
manipulation ability of impedance of SSPPs by adjusting
L5 as an instance with the guidance of the modified model.
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In addition, dispersion curves of the SSPP waveguide
and microstrip line with different parameters are shown
in Fig. 3(e). It shows that the dispersion curve of the
microstrip is hard to control by line width but easy to
control by the SSPP metawaveguide. And this large geo-
metric discontinuity increases the reflection loss, as shown
in Fig. 3(g). The simulation ports’ setting is shown in
Fig. 4. Different from the microstrip-based system, utiliz-
ing the modified model of SSPPs, port width of the 50-�
SSPP waveguide can be adjusted with the same substrate,
so that the impedance and geometric size can be matched at
the same time, as shown in Fig. 3(g). Meanwhile, the dis-
persion freedom of the SSPP waveguide can be utilized to
suppress harmonics effectively. The SSPP waveguide can
be equivalent to a low-pass filter with 12-GHz cutoff fre-
quency. The inherent filtering property reduces the system
complexity and reduces structure discontinuity.

B. Design of demodulator

The main structure of demodulator is the SSPP-based
frequency divider, which is traditionally realized by the
dispersion freedom of SSPPs. Since a split-ring-resonator
(SRR) structure was proposed [43], it has been veri-
fied that SRR can produce negative equivalent perme-
ability in a specific frequency band, thereby inhibiting

(a) (b)

(c)

FIG. 6. The couplers based on the upper and lower branches of
the (a) SSPP waveguide and (b) microstrip frequency dividers.
(c) The simulated coupling of the frequency dividers based on
the microstrip and SSPP.

(a) (b)

(c) (d)

(e) (f)

FIG. 7. Photographs of the fabricated (a) modulator and (b)
demodulator based on SSPP waveguide. Photographs of the fab-
ricated (c) modulator and (d) demodulator based on microstrip.
(e) The spectrum test system and (f) the oscilloscope test
system.

the propagation of electromagnetic waves [44]. It can
not only be used as a unit of metamaterials but also
be applied to realize filtering function. Filters based on
SRR have the advantages of miniaturization, high inte-
gration, and easy processing. So, loading SRRs on the
SSPP waveguide is considered to design the frequency
divider, as shown in Fig. 5(a). The dimensions of the
SSPP units with SRRs shown in Figs. 4(b) and 4(c) are

FIG. 8. Measured S parameters of the frequency divider based
on SSPPs.
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(a) (b)

(c) (d)

FIG. 9. Measured spectra of
(a) upper branch and (b) lower
branch of the microstrip with
voltage 0.3 and 2.6 V. Measured
spectra of the (c) upper branch
and (d) lower branch of the SSPP
with voltage 0.3 and 2.6 V.

g1= 0.12 mm, d1= 0.12 mm, L5= 0.85 mm, L6 = 3.5 mm,
w5= 2.71 mm, w6= 0.35 mm, w7= 0.5 mm, w8= 3.5 mm,
w9= 0.3 mm, g2= 0.12 mm, d2= 0.12 mm, L7= 0.85 mm,
L8= 3.5 mm, w10= 2.96 mm, w11 = 0.2 mm, w12= 0.5 mm,
w13= 3.6 mm, and w14 = 0.3 mm. The dispersion curves of
the SSPP units with SRRs are shown in Figs. 5(e) and 5(f).
It can be obviously observed that there would be a stop
band between the dispersion curves of the two modes of
SSPPs caused by the loading SRRs, and the stopbands can
be adjusted by the dimension of the SRRs.

The difficulty in designing the frequency divider is the
impedance matching of the T-shaped structure. And uti-
lizing the modified model can perfectly overcome this
problem. The relationship curve between impedance and
frequency of the SSPP units with SRRs is shown in
Fig. 5(g). It can be observed that there is a maximum
point and a minimum point of impedance in the impedance
and frequency relationship curves of the upper and lower
branches. And the frequency band between the minimum
point and the maximum point of impedance is exactly
the stopband of the upper and lower branches. It can be
inferred that there is a short-circuit point in the first half of
the equivalent circuit of the stopband and an open-circuit
point in the second half based on the dispersion curves of
both the upper and lower branches. As shown in Fig. 5(f),
for the lower branch, the stopband lower than 7.7 GHz
is generated by the short-circuit point, and the stopband
higher than 7.7 GHz is generated by the open-circuit
point. The same is true for the upper branch in Fig. 5(e).
The modified model guides the impedance matching of

the T-shaped structure. The upper branch’s open-circuit
point (around 7.7 GHz) and the lower branch’s short-
circuit point (around 8.4 GHz) are selected for impedance
matching. In order to realize the function of frequency
division, it is necessary to ensure that the impedance of
one branch is matched and the other branch is equivalent
to an open circuit, respectively. Thus, the upper branch is
matched with 50 � when the short-circuit lower branch is
equivalent to an open circuit through a quarter-wavelength
impedance converter at about 7.7 GHz. Similarly, when
the lower branch is matched with 50 � at about 8.4 GHz,
the upper branch is equivalent to an open circuit. The final
design of the T-shaped structure is shown in Fig. 5(d). The
dimensions are h = 3.605 mm, a = 1.6 mm, b = 1.834 mm,
m = 1.29 mm, and n = 4.6 mm. Moreover, coupling of
frequency divider branches can be significantly reduced
utilizing the field distribution freedom of SSPPs. As shown
in Fig. 5(d), the distance between the upper and lower
branches of the frequency divider is too small, and there
may be serious coupling. The coupling of the two branches
decreases the isolation, thereby increasing the bit-error
rate. Because SSPPs has the characteristic of strong field
confinement, the coupling degree of SSPPs is lower than
that of the microstrip when they are connected to the same
T-shaped structure. We simulate the couplers based on
the upper and lower branches of the microstrip and SSPP
frequency divider to verify this assumption.

In order to be closer to the coupling degree of the work-
ing state of the frequency divider, the distance of the cou-
pler’s branches is consistent with the T-shaped structure.
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FIG. 10. Modulation signals and measured demodulation waveforms of the microstrip-based system with different duty cycle.

The models of the microstrip coupler and SSPP coupler
are shown in Figs. 6(a) and 6(b), respectively. It is easy to
see that the branches based on SSPPs have much smaller
coupling in Fig. 6(c). The simulated result of the fre-
quency divider is shown in Fig. 5(h). This equivalent short-
and open-circuit point design makes the SSPP frequency
divider achieve high isolation (S32) and low reflection
(S11). It can be observed that the reflection is signifi-
cantly reduced at 7.7 and 8.4 GHz, which demonstrates
that the branches have achieved very good matching with
the SSPP waveguide at 7.7 and 8.4 GHz. It means that the

best matching points are 7.7 and 8.4 GHz. Thus, Fig. 5(h)
shows that the frequency divider has an excellent perfor-
mance when separating two signals with different frequen-
cies with the design guidance of the modified model of
SSPPs.

IV. EXPERIMENTS

To demonstrate the superior performance of the SSPP-
based binary FSK modulation and demodulation system
by the guidance of modified model experimentally, two

044063-8
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FIG. 11. Modulation signals and measured demodulation waveforms of the SSPP-based system with different duty cycle.

samples of all SSPP-based systems and microstrip-based
systems, as shown in Figs. 7(a)–7(d), are tested in the
same environment. Measured S parameters of the fre-
quency divider based on SSPPs is shown in Fig. 8. This
figure shows that the two frequency points with the best
matching of the upper and lower branches are about 7.3
and 8.2 GHz. Compared with the simulated results, the
best matching point of the test has a slight frequency devi-
ation, which is possibly caused by fabrication errors or
simulation accuracy issues. The overall good performance,

including high transmission efficiency, low reflection, and
high isolation of the SSPP-based frequency divider can be
easily observed. The whole modulation and demodulation
process is tested as well. The VCO in the modulator can
produce waves at 7.3 and 8.2 GHz by offering amplitude of
0.3- and 2.6-V square waves with different duty cycle. The
modulator output signals are sent to the frequency dividers
whose upper and lower branches are connected to the spec-
trum analyzer, respectively. The photo of the measurement
environment is shown in Fig. 7(e). It should be noted that
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TABLE I. The performance comparison of FSK modulation based on SSPPs.

This work [37] SCIS′20 [38] Nanophotonics′21

Frequency source VCO Diodes Diodes
Efficiency Highest Low Higher
Freq. continuous tunability Yes No No
Geometric discontinuities No Yes Yes
FSK demodulation Yes No No

when testing with a spectrum analyzer, we connect a 20-dB
attenuator to protect the instrument. The output spectrum
of the demodulators are shown in Fig. 9. The output power
difference of the same branch of the microstrip demodula-
tor for the two signals is less than 10 dB. But the output
power difference between the upper and lower branches of
the SSPP demodulator for the two signals is about 43 and
25 dB, respectively. In order to visually display the demod-
ulated waveform, we use the oscilloscope (DPO75902SX)
to connect the upper and lower branches of the frequency
divider, as shown in Fig. 7(f). The final output waveforms
with different duty cycles from the microstrip-based and
SSPP-based demodulator are shown in Figs. 10 and 11,
respectively. It can be observed easily that the microstrip-
based system cannot completely demodulate the waveform
in Fig. 10 due to the strong coupling and high discon-
tinuity. But the waveform amplitude of all SSPP-based
system is almost 3 times that of microstrip-based, which
indicates a lower bit-error rate in wireless communication.
These results demonstrate that the FSK modulation and
demodulation system can effectively break the limitations
of the traditional systems with the guidance of the modified
model, significantly improve the performance and realize
compact architecture.

In addition, the table of performance comparison of the
FSK modulator based on SSPPs are given in Table I. It
can be observed in Table I, which compared with the
existing FSK modulators. Diode-based FSK modulator can
cause sudden phase changes of the generated FSK sig-
nals and inevitably wastes energy of the spare frequency
source. However, this work can realize continuously tun-
able frequency by using a high-efficiency VCO-based FSK
modulator. Additionally, with the method of eliminating
geometric discontinuity, the VCO-based FSK modulator
has the lowest reflection. This work proposed a complete
SSPP FSK modulation and demodulation system with the
best overall performance.

V. CONCLUSIONS

We propose a modified model to design integrated
SSPP-based systems. The SSPP-based system and a
microstrip-based one are compared to exhibit the superior
performance of the SSPP-based system, including lower
discontinuity, lower coupling, and lower system complex-
ity, which breaks the limitations caused by traditional

system effectively. Hence, the SSPP-based system demon-
strated that the modified model of SSPP metawaveguide
can realize multicharacteristic optimization design of inte-
grated SSPP systems.
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