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Terahertz	(THz)	spoof	surface	plasmon	polariton	(SPP)	waveguides	can	provide	subwavelength	confinement,	
which	makes	it	possible	for	the	THz	waves	to	transmit	at	low	loss	over	long	distances	along	a	metallic	surface.	In	
this	work,	an	ultra‐compact	wavelength	diplexer	formed	by	THz	spoof	SPP	waveguiding	structures	is	reported	on	
the	design	and	actualization.	By	adding	a	certain	number	of	periodic	pillars	in	the	coupling	part	of	the	directional	
coupler,	the	refractive	index	of	the	anti‐symmetrically	distributed	odd	modes	can	be	engineered,	thereby	adjusting	
the	coupling	length.	By	adjusting	the	periodic	pillar	parameters	properly,	the	SPP	modes	at	two	target	frequencies	
will	be	coupled	in	the	device	for	an	odd	or	even	number	of	times,	so	that	SPP	modes	at	these	two	frequencies	can	be	
coupled	out	from	different	ports.	The	length	of	the	wavelength	diplexer	is	1.6	mm,	which	is	about	12.8%	of	its	
traditional	counterpart.	Minimum	simulated	transmittances	of	‐24.34	dB	and	‐26.27	dB	can	be	obtained	at	0.637	
THz	and	0.667	THz,	respectively.	The	insertion	losses	at	the	two	operating	frequencies	are	less	than	0.46	dB,	and	
the	extinction	ratios	are	both	better	than	19	dB.	By	cascading	the	proposed	diplexers,	a	compact	wavelength	
demultiplexer	with	more	channels	can	be	obtained,	which	has	important	applications	for	future	THz	integrated	
communication	systems.		© 2020 Optical Society of America

 

1. INTRODUCTION 

Terahertz (THz) technology has great potential in the 
development of next-generation and ultra-high-speed 
communications due to its wide frequency band and ability to 
carry extremely large amounts of information [1, 2]. The 
development of THz on-chip system based on surface plasmons 
is considered an important way for THz systems to become 
compact and multifunctional [3]. Surface plasmon polaritons 
(SPPs) [4-6] are localized surface waves in the optical 
frequency range, which are caused by collective oscillations of 
electrons coupled with the electromagnetic fields at a 
metal/dielectric interface. With their notable ability of 
subwavelength confinement and strong field enhancement, 
SPPs have found a variety of applications in the fields of super-
resolution imaging [7], high-density optical data storage [8], 
and sensitive biosensing [9-12]. In order to achieve 
subwavelength waveguides and compact integrated circuits, 
the excitation and control of SPPs are important for both optical 
frequency and lower frequencies. However, at the 
technologically important THz frequencies, most metals have 
perfect electrical conductivity and therefore their surfaces do 

not support well-confined modes of THz surface waves [13]. In 
an effort to realize highly-confined SPPs at microwave and THz 
frequencies, corrugated metal structures are proposed to 
support and propagate SPPs, known as the concept of spoof 
SPPs [14-16].  Many complex structures that support highly-
confined spoof SPPs have been proposed, such as corrugated 
metal wires [17], dominoes [18], grooved or wedged wires [19]. 
Among them, the domino-like metallic structure is comprised of 
a series of pillars arranged on the metal surface, and these units 
support the propagation of localized surface waves [20]. 
Following this structure, many studies focus on devices based 
on THz spoof SPPs have been proposed, including waveguides 
[21-24], directional couplers [25], low-loss crossings [26], and 
cured waveguiding devices [27]. Based on the above research, 
THz on-chip systems based on surface plasmons have become a 
promising platform to help the development and application of 
wireless communications in the future.  

Wavelength division multiplexing (WDM) is an effective 
technique to achieve a rapidly growing demand for large-
capacity data transmission. Wavelength division multiplexers 
play a significant role in the optical transmission systems of the 
WDM technology and are an important part of the future THz 



integrated circuits. In particular, in the wide fiber-to-the-X 
applications, demultiplexers operating at two frequencies, 
namely wavelength diplexers, have received special attention. 
At present, several schemes have been proposed for 
multiplexing signals at two different wavelengths, such as 
diffraction grating couplers coupling two wavelengths to 
different directions [28, 29], on-chip microring resonators for 
filtering different wavelengths [30], and duplexers based on 
multimode interference [31, 32]. For optical devices, 
compactness and high integration are among the key points to 
be considered. In order to shorten the device length, particle 
swarm optimization and reverse design algorithm are also 
proposed [33, 34]. In addition, directional couplers [35] have 
been proved to be useful for filtering and separation of 
frequencies, which is essential in the implementation of 
demultiplexing components [36, 37]. The development of THz 
on-chip systems based on surface plasmons is considered the 
most promising solution to realize the simultaneous 
transmission of electrical and optical signals, which will help 
the THz systems play an important role in future 
communications. Meanwhile, wavelength diplexers have great 
potential applications in the field of ultra-high-speed 
information processing. However, designing a low-loss and 
broadband integrated passive diplexer with a well-
knit structure and low manufacturing tolerances is still 
complicated. Moreover, as far as we know, there has been no 
report on the wavelength demultiplexer based on THz spoof 
SPP waveguides. Integrable wavelength diplexers with high 
performance that can combine/split two frequencies are a very 
important component for THz on-chip systems. 

In this work, we design and achieve a wavelength diplexer 
based on THz spoof SPP waveguides with an ultra-compact 
structure. The basic principle of the device is to control the 
coupling lengths at two wavelengths by adding a periodic 
column structure in the coupling region. By properly adjusting 
the parameters of the periodic columns, two different 
frequencies can be obtained for a fixed length of the device. The 
length of the wavelength diplexer is 1.6 mm, which is about 
12.8% of its traditional counterpart [25]. Minimum 
transmittances of -24.34 dB and -26.27 dB can be obtained at 
0.637 THz and 0.667 THz, respectively. The insertion losses at 
the two operating frequencies are less than 0.46 dB, and the 
extinction ratios are both better than 19 dB. The wavelength 
diplexer is demonstrated to accomplish multiplexing of two 
different wavelengths successfully by using a fiber-optic 
scanning near-field THz microscopy system [26, 27]. The 
parameter variation, production process and operating 
principle of the diplexer are presented and then verified by 
experiments. This structure with advantages of small size and 
low loss is helpful for large-scale interconnection of THz on-
chip systems and minimization of the device space of complex 
planar THz integrated systems in the future. 

2. RESULTS AND ANALYSIS 

The schematic diagram of the proposed diplexer is shown in Fig. 
1. This diplexer consists of spoof SPP waveguides based on the 
domino structure [18, 25], which is composed of a periodic 
arrangement of metallic pillars with width w=120 μm, length 
l=50 μm, and height h=80 μm separated on the top of a metallic 
surface with a period p = 100 μm. The device consists of an 
input waveguide, an interaction region, and two output 
waveguides. The interaction region includes two parallel 

straight waveguides, the length of the parallel part is L, and the 
gap between them is g. In the middle of the interaction region, a 
grating with a certain number of periodic pillars is 
implemented. These pillars are connected to the two 
waveguides and have the same height and period as those in 
the waveguides. Here, we choose the interaction region width g	
= 120 μm and the pillar width a	= 20 μm. S-bend waveguides 
based on the cosine function are attached to the output port for 
decoupling [38]. It is worth noting that the two waves with 
wavelengths λ1 and λ2 are coupled into the upper port in Fig. 
1(a), where the lower port has been made shorter for easy 
discrimination. For practical applications, these two ports can 
be made the same and the two waves can be coupled into 
any of those two input ports, and the device performance is 
guaranteed by the symmetry of the structure. The whole design 
with detailed structural parameters is provided in Fig. 1(b), 
where we define the output port on the same waveguide with 
the input port as the bar port, and the mode output from the 
bar port after coupling for an even number of times is the bar 
state. On the contrary, the output port of the other waveguide is 
called the cross port, and the mode output from the cross port 
after coupling for an odd number of times is the cross state.	

 

Fig.	1. (a) Three-dimensional view and (b) Two-dimensional detailed 
view of the wavelength diplexer. The arrows in different colors depict 
the propagation direction of the SPPs with two different wavelengths. 

The conventional directional coupler realizes the 
directional transfer of mode power through the accumulation of 
the phase difference. This method has been used to design and 
implement an effective directional coupler at an operating 
frequency of 0.6 THz [25]. When two parallel waveguides are 
close to each other, the composed structure will support two 
modes.	Because of the presence of the grating, the even and odd 
modes in the interaction region will be modified, resulting in 
different coupling lengths at different frequencies. By properly 
designing the length of the coupling region, surface waves at 
different frequencies can be obtained from different output 
ports. In order to split the waves at two frequencies f1 and f2, 
the length L of the interaction section needs to satisfy the 
following equation:	



																																	
     1 2= +L mL f m n L f ,																											(1)	

where m is a positive integer and n is an odd integer that is 
usually set to 1. The coupling length at frequency f	 can be 
expressed as: 

																																							
   e o/L f k k  ,																																		(2) 

which is the length required to shift the mode power 
completely from one waveguide to the other.	Here,	ke and ko are 
the propagation constants of the even and odd modes 
supported by two parallel waveguides, respectively.	

In Fig. 2(a), for the conventional directional coupler, the 
normalized electric distributions (Ez) of the two modes for the 
yz (upper) and xy (lower) cross-sections are displayed. To 
obtain the dispersion relations of the two eigenmodes, the 
eigenmode solver of the commercial software CST Microwave 
Studio is adopted. The corresponding normalized electric 
distributions (Ez) for the two modes propagating in the 
interaction region with periodic pillars are shown in Fig. 2(b). 
The field distribution of the even mode is similar to that of two 
adjacent waveguides. But some qualitative differences in the 
odd mode determine the difference between the two structures. 
The inserted periodic pillars in the middle affect mainly the 
equivalent refractive index of the anti-symmetrically 
distributed odd mode, since it has a change in the distribution 
of intensity, that is, the intensity in the middle is zero, while the 
even mode is less influenced.	Therefore, the coupling length can 
be adjusted according to Equation 2. 

 

Fig.	2. Normalized electric component (Ez) distributions for the yz	
(upper) and xy (lower) cross-sections of even (left) and odd (right) 
modes supported by (a) two adjacent waveguides and (b) two parallel 
waveguides with inserted grating. 

Figure 3(a) shows the propagation constants of the even 
and odd modes as a function of frequency for the two cases. In 
the numerical simulations, the periodic boundary conditions 
are used to simulate a unit cell of the periodic structure. The 
bottom and pillars of the waveguide are assumed as perfect 
electrical conductors, and this setting is suitable for metals in 
the microwave and THz regions. The phase θ along the 
propagation direction is calculated from 0 ° to 180 °, and the 
values of the propagation constant kx can be calculated as kx	= 
θ×π/(180×p) [18]. In the figure, the black lines indicate the 
dispersion relations of the two supermodes for conventional 
parallel waveguides, while the red lines are for the parallel 
waveguides with the grating. As can be seen, for the even mode, 
the existence of grating has little effect on the dispersion 
relation. However, for the odd mode, ko becomes smaller at the 

same frequency. Using Equation 2, the coupling length as a 
function of frequency from 0.5 to 0.65 THz can be obtained as in 
Fig. 3(b). It is observed that for parallel waveguides, the 
coupling length has a weak dependence on frequency from 0.55 
to 0.65 THz. However, the presence of the grating makes the 
coupling length L(f) strongly frequency-dependent. 
Consequently, a cross-state (odd multiple of L(f)) for	 f1 and a 
bar-state (even multiple of L(f)) for	f2 can be acquired in a short 
distance by carefully tailing the length of the interaction 
section.  

Figures 3(c) and 3(d) shows the results of the coupling 
length as functions of a	 and g, respectively. The geometrical 
parameters a and g	are two independent parameters that can 
affect the dispersion relation of the odd mode for the waveguide 
but only slightly. However, in the frequency range from 0.5 to 
0.65 THz, the changes of a and g have little effect on the 
dispersion curve. Therefore, the plots of the coupling length as 
functions of a and g do not show much variation. Consequently, 
the diplexer has strong robustness to the fabrication errors of 
the grating size. The values of a and g	are first varied in the 
simulations and then selected such that a combination of the 
two parameters would lead to a minimum coupling length at 
the target frequency and the relationship in Eq. 1 is satisfied at 
the same time. Here, the optimal values of a	and g	are found to 
be 20 μm and 120 μm, where the respective coupling lengths at 
0.637 THz and 0.667 THz are ∼ 0.53 mm and ∼ 0.40 mm, 
resulting in m	= 3. Briefly speaking, m	= 3 and n	= 1 in Equation 
1 are chosen to make the following relation satisfied: 1.6 mm ≈ 
3L at 0.637 THz ≈ 4L 0.667 THz). Hence, waves at 0.637 THz 
and 0.667 THz will be obtained at the cross port and bar port, 
respectively. 

 

Fig.	3.	(a) Dispersion relation of even and odd modes for two parallel 
waveguides and the same structure with inserted grating. (b) 
Calculated coupling length for the two structures in (a). Calculated 
coupling length L(f) for the proposed wavelength diplexer as functions 
of (c) grating width a and	(d) gap width g. 

To verify the functions of the wavelength diplexer, 
simulations based on the time domain solver of CST Microwave 
Studio are performed. As the source, the SPPs are excited by a 
waveguide port. Figures 4(a) and 4(b) show the simulated 
results for the normalized power |Ez|2 distributions of the 
diplexer	with a scanning area of 5 mm × 3 mm for (a) f = 0.637 
THz and (b) f = 0.667 THz. It can be clearly observed that the 
mode interference occurs in the interaction region. It is also 



noted that the cross-state at 0.637 THz and the bar-state at 
0.667 THz are realized at the end of the interaction region and 
subsequently waves at these two frequencies propagate out 
from the cross and bar ports, confirming the wavelength 
demultiplexing function of the device. The interaction region is 
three times of the coupling length at 0.637 THz and four times 
of the coupling length at 0.667 THz. 

 

Fig.	 4.	 Simulated results for normalized power |Ez|2 distributions 
corresponding to (a) f = 0.637 THz and (b) f = 0.667 THz inputs in a 
horizontal plane slightly above (at 100 μm) the surface of each 
structure. (c) Transmittance spectra as a function of frequency for bar 
port (black dashed line) and cross port (red solid line), respectively. 

As a comparison, a conventional directional coupler with 
the same parameters but lacking the grating structure is also 
calculated and analyzed. The coupling lengths at 0.637 THz and 
0.667 THz are ∼2.08 mm and ∼2.46 mm, respectively, leading 
to an interaction region as long as 12.48 mm to distinguish 
these two waves (m	= 6 and n	= -1). This means that the length 
of the proposed wavelength diplexer is only about 12.8% of its 
traditional counterpart. 

The transmittance spectra are shown in Fig. 4(c). Minimum 
transmittances of -24.34 dB and -26.27 dB can be acquired at 
0.637 THz and 0.667 THz, respectively. The performance of the 
proposed wavelength diplexer is assessed by the extinction 
ratio (ER) and insertion loss (IL). The ER is extracted as the 
ratio of the power output from the cross (bar) port to the bar 
(cross) port at 0.637 THz (0.667 THz): ER = 10log (P1/P2), 
whereas the IL is calculated by comparing the total loss of the 
structure with that of a straight waveguide of the same length. 
In other words, the difference between the total loss of the 
structure and that of the straight waveguide is attributed to the 
IL of the wavelength diplexer. The loss is calculated as the ratio 
of the input power to the output power of the fundamental 
mode coupled to the waveguide: Loss = 10log (Pin/Pi), i=1, 2. 
Values of IL of 0.38 dB and 0.46 dB can be acquired at 0.637 
THz and 0.667 THz, respectively, and the ER	values for the two 
frequencies are 19.18 dB and 19.06 dB, respectively. The power 
is calculated by integrating the longitudinal component of the 
Poynting vector in perpendicular planes near the input of the 
waveguide and the output sides of the diplexer. The integrating 
regions have the same size of 400 μm × 400 μm, which is 
selected to be greater than the maximum size of the mode to 
ensure the correct calculation of the power distribution. In 
addition, since the coupling length decreases monotonically 
with increasing frequency as seen from Fig. 3(b), by properly 
designing the length of the coupling region, the proposed 
device can work in the whole SPP transmission range. With a 
larger value of m in Equation 1, two closer frequencies can be 
obtained. The proposed wavelength diplexer can be fabricated 
simultaneously with the waveguides through one etching step 
without additional materials and processing [25]. Firstly, the 

waveguide structure of the diplexer is obtained by optical 
lithography and deep reactive ion etching on a 2-mm-thick 
silicon wafer. Then, the whole silicon structure is metallized in 
a gold sputter coater. The thickness of gold is 200 nm, which is 
selected to be larger than the penetration depth of the THz 
waves in the metal. Figure 5 shows the scanning electron 
microscopy (SEM) image of the fabricated wavelength diplexer. 
The free-space THz radiation is coupled to the SPP wave by 
momentum matching through an arc-shaped hole array. The 
curved holes with a width of 40 μm are arranged along the 
radial direction with a period of 400 μm. The innermost and 
outermost radii of the annular sectors are 2220 and 3820 μm 
respectively, and the central angle is 60 °. To fully utilize the 
excited SPPs, a fan-shaped metasurface composed of the same 
metallic columns as in the waveguides are designed to guide 
the excited SPPs to the waveguide [26, 27]. The lower-left inset 
of Fig. 5 shows the SEM image of the fabricated arc-shaped 
curved hole array and the fan-shaped metasurface. The lower-
middle inset of Fig. 5 shows the grating structure in the 
coupling region, and the lower-right inset shows the fabricated 
domino waveguide. 

 

Fig.	5. SEM images of the fabricated wavelength diplexer. The lower 
left inset shows the SEM image of the arc-shaped curved hole array 
excitation region and the fan-shaped metasurface. The lower middle 
inset shows the grating structure in the coupling region. The lower 
right inset shows the domino waveguide. 

The electric near-field of the SPPs is measured by fiber-
coupled scanning nearfield THz microscopy system [25-27]. 
With this system, THz waves incident from the bottom of the 
sample propagate along the z-direction to the excitation grating 
area and then excites the SPPs. The direction of the linearly-
polarized THz wave is perpendicular to the hole gratings and 
parallel to the propagation axis of the waveguide so as to meet 
the excitation conditions of the SPPs. The excited SPPs are then 
detected by a near-field probe with a resolution of 8 μm. The 
THz probe is placed at a distance of 100μm above the sample, 
and a two-dimensional translation detector is used to move the 
probe along the x- and y-directions. The probe scans the signals 
point by point with a step of 150 μm along the x-direction and 
200 μm along the	y-direction. 

For the visualization of the SPP near-field, the normalized 
power |Ez|2 distributions at the considered frequency are 
plotted as a two-dimension color map. Figure 6(a) shows the 
measured SPP field distributions on the proposed wavelength 
diplexer at 0.63 THz and 0.66 THz, respectively. A strong 



electric field in the area around y = -750 µm is observed at 0.63 
THz, corresponding to the cross port of the device. Meanwhile, 
there is almost no energy distribution around the bar port. 
Again, a strong electric field in the area around y = 600 µm can 
be obtained at 0.66 THz, which corresponds to the bar port of 
the device. The experimental results obtained agree well with 
the simulations shown in Figs. 4(a) and 4(b), which indicate 
that the wavelength diplexer can accomplish successful wave 
multiplexing. In Fig. 6(b), the normalized cross-sectional power 
distributions in the experiment are displayed at the ends of the 
S-bend waveguides as illustrated by the dotted lines (at x = 5.5 
mm) in Fig. 6 (a). For the recorded power distribution, the 
fields are strongly concentrated in the cross port near y = –750 
µm at 0.63 THz and the bar port near y	= 600 µm at 0.66 THz. 
The amplitude of the field decreases rapidly when it is far away 
from the waveguide. Therefore, the multiplexing performance 
of this component is thus fully verified. Compared with the 
simulation results, the deterioration of the measured ER values 
can be attributed to the resolution of the experimental 
measurement system: The probe collects signals point by point 
on the sample surface, and the collected time-domain signals 
can depict the propagation process of the SPPs at different 
frequencies by Fourier transform. The required operation time 
for the wavelength diplexer is about 75 ps, and the frequency 
resolution after Fourier transform is 15 GHz, which makes it 
difficult to distinguish the signal on the GHz order. Although 
zero padding can be used to increase the data length, this 
method does not increase the effective information of the time-
domain signal, so it does not change the resolution of the fast 
Fourier transform. Notwithstanding the limit in measurement, 
the structure still performs remarkably well near the designed 
frequencies.	

	

Fig.	 6.	 Performance of the wavelength diplexer. (a) Experimental 
results for normalized power |Ez|2 distributions corresponding to f = 
0.63 THz and f = 0.66 THz inputs in a horizontal plane slightly above (at 
100 μm) the surface of the structure. (b) Normalized power 
distributions of the experimental cross-section at the output ports (line 
x	= 5.5 mm) in (a). 

3. CONCLUSION 

In conclusion, a plasmonic wavelength diplexer with ultra-
compact size, low loss, and high extinction ratio is proposed. A 
grating region is designed to control the coupling length at the 
two operating frequencies and is as short as 1.6 mm, which is 
only ~12.8% that of a conventional directional coupler. The 
insertion losses at the two operating frequencies are both less 
than 0.46 dB and the extinction ratios are better than 19 dB. By 
properly designing the length of the coupling region, the 
proposed device can work in the whole SPP transmission range. 
The diplexer is sensitive to the length of the coupling region but 
has a low requirement for the size of the waveguide, so it has 
strong robustness to the fabrication errors of the waveguide 

and grating. In addition, by cascading the proposed diplexers, it 
is possible to develop compact wavelength demultiplexers that 
can handle more channels. These components will be of great 
value for future THz communication applications. 
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