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ABSTRACT: Spoof surface plasmon polariton (SSPP) transmission lines (TLs) provide a possible way to confining transmitted signals
in deep subwavelength scale. SSPP TLs can suppress the mutual coupling between adjacent channels and improve the signal integrity,
providing a promising alternative to conventional transmission lines. However, SSPP structures generally possess strong chromatic dis-
persion (i.e., signals at different frequencies propagate with different velocities), resulting in significant pulse distortion. Such drawback
greatly hampers the practical application of SSPP TLs, especially in the long range transmission. To tackle this bottleneck problem, we
propose a dispersion-compensation mechanism, where a section of judiciously designed TL with an opposite-dispersion characteristic
is added to the SSPP circuit to achieve minimized total dispersion of the link within a broad frequency range. The experimental results
indicate an impressive improvement of 72.46% for the SSPP transmission line in the stability of the circuit group delay after applying the
dispersion compensation approach. This hybrid transmission line has high transmission efficiency without inducing group delay disper-
sion of the signals. Our design scheme can be easily extended to other frequency band, offering a possible solution to high-performance

signal transmission in future integrated circuits.

1. INTRODUCTION

Microstrip lines are widely used in various circuits; how-
ever, in dense circuits with multiple layers and a great
number of parallel lines, the current flow in the circuit tends
to crowd towards the surface of metal due to the proximity ef-
fect, leading to high ohmic loss as well as large electromagnetic
(EM) coupling [1-3]. This is one of the challenges facing the
development of high-frequency transmission and circuit inte-
gration.

Surface plasmon polaritons (SPPs), a special kind of sur-
face electromagnetic (EM) waves are supported by collective
oscillations of the delocalized electrons between metal and di-
electric materials, and can confine EM waves on a subwave-
length scale with high intensity [4-7]. The discovery of SPP
opens up a previously inaccessible length scale for the opti-
cal research, implying the possibility for the miniature pho-
tonic circuits and interconnects [8—14]. In addition, the surface
plasma’s subwave length characteristics allow the electromag-
netic field near the metal or electrical medium interface to be
strongly localized and enhanced, with excellent transmission
properties such as high bonding, short working wavelengths,
high intervals, and therefore widely used in the fields of pho-
todetection [15, 16] photonics [17—19], imaging [20-24], sens-
ing, etc. [19,23,25,26]. Thus, compared to traditional trans-
mission lines, the SSPP transmission line has the characteris-
tics of small crosstalk, enabling efficient transmission in the
microwave and terahertz frequency bands [27-32]. On the
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other hand, the convenience of processing, low cost, and ultra-
thinness also provide the possibility for the wide application of
SSPP transmission lines in the field of integrated circuits [33—
35].

SSPP has special dispersion characteristics which can be en-
gineered by judiciously designing the structures [36]. This spe-
cial property has attracted a lot of studies, allowing a num-
ber of different devices with novel functionalities, such as
multi-band helicity-controlled directional SSPP coupling and
[37] achromatic devices based on SSPPs dispersion character-
istics [38, 39]. However, the dispersion effect is also one of the
greatest issues in the SSPP transmission which lead to signal
distortion and limit the maximum transmission length and/or
speed. As a consequence of dispersion, pulse broadening oc-
curs, leading to an overlap of the neighbored symbols in cases
of high data rates. Strong dispersion will make it difficult to
distinguish the adjacent pulses at the recipient of the signal.
Even for moderate broadening, the inter-symbol interference
can still cause the degradation of detected signals. Therefore,
tackling the issue induced by the dispersion is crucial to the
promotion of SSPP transmission lines in communication sys-
tems [40—44]. However, despite its importance, this problem
has not been solved so far to the best of our knowledge.

In fiber optic systems, dispersion compensation fiber tech-
nology is widely used, i.e., in conventional fiber, adding nega-
tive dispersion fiber compensation to ensure that the total color
dispersion of the entire fiber line is approximately zero, thus
achieving high speed, large capacity, and long distance com-
munication. Inspired by this idea, we have proposed a tech-
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FIGURE 1. Conceptual basis of signal distortion compensation. The dispersion properties of various transmission lines can be employed to compensate
for signal distortion. (a) Transmission lines with a slow wave property and a fast wave property show different dispersion characteristics. The
slope of the dispersion curve determines the transmission speed of signals at certain frequencies. (b) The complete process of signal transmission
compensation in the fast wave transmission line and the slow wave transmission line.
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FIGURE 2. The SSPP-SIW hybrid circuit composed of a SIW and an SSPP transmission line. Schematic of the (a) unit cell of the SSPP structure, (b)
unit cell of the SIW, (c) the SSPP-SIW hybrid circuit. (d) The dispersion curves of the SIW and the SSPP structures.

nology for dispersion compensation that can be applied to the
microwave frequency band. The fast wave in Figure 1(a) rep-
resents the wave where high frequency parts propagate with
higher speed than the low frequency parts leading to a time
delay between the different frequency parts and the broaden-
ing of the pulse. The slow wave shows an inverse trend where
low frequency parts travel faster than the high frequency parts.
By compensating the fast wave dispersion with a correspond-
ing slow wave dispersion, the pulse is recompressed into the
original input pulse duration, as shown in Figure 1(b). A trans-
mission line with fast wave characteristics, i.e., a substrate inte-
grated waveguide (SIW), is introduced to compensate the dis-
persion of traditional SSPP transmission lines. Simulation and
experiment results demonstrate that the hybrid circuit allows
for minimized group delay variation with the frequency at the
receiver within a broad frequency band.

2. DESIGN AND EXPERIMENTAL RESULTS

We propose a hybrid circuit composed of an SSPP transmission
line and an SIW connected with a tapered microstrip line, as il-
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lustrated in Figure 2 [45]. The unit structures of the SSPP trans-
mission line and SIW are plotted in Figure 2(a) and Figure 2(b),
respectively. The commercial material Rogers RO3003 is used
as the dielectric substrate with a thickness of » = 0.508 mm and
arelative permittivity of er = 3. The metal layer is made of an-
nealed copper (electric conductivity ¢ = 5.8¢ + 007 S/m) and
has a thickness of 0.035 mm. The period, width, strip width,
and depth of grooves are a1l = 3mm, al — bl = 1.8 mm,
tl1 + hl = 4.4mm, and h1 = 2.2 mm, respectively. The SSPP
transmission line is formed by arranging such units along the
x-axis with period al on the top surface of the dielectric sub-
strate. We adopt a typical configuration of SIW, whose unit
cell is depicted in Figure 2(b). The upper and lower surfaces
of the dielectric substrate are metal layers, and the dielectric
substrate is separated by two rows of metallic via holes, with a
certain distance, ar = 14.6 mm. The period of via holes and
via diameter are given as p = 2mm and d = 0.8 mm, respec-
tively. Figure 2(c) shows the SSPP-SIW hybrid circuit using
tapered microstrip lines as transitional structures. The transi-
tional segment structure parameters of the circuit design are
obtained through simulation optimization, targeting at the best
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TABLE 1. The average slop of group delay spectra for SSPP-SIW hybrid circuits with different lengths of the STW.

Number of periods 95 99 100 101 105 110
The average group delay slope | —0.0072 | —0.0039 | —0.0035 | —0.0051 | —0.0078 | —0.0176
siw SSPP-SIW
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FIGURE 3. The measured and simulated transmission coefficients (S21) and reflection coefficients (S11) of (a) the SIW, (b) the SSPP transmission

line, and (c) the SSPP-SIW hybrid circuit.

transmission performance, and the final structural parameters
are wl = 1.2mm, w2 = 8mm, L1 = 10mm, L2 = 9.45 mm,
L3 = 130.88mm, L4 = 15.25mm, L5 = 130.4mm, and
L6 = 12.06 mm.

Here, we employ the eigenmode solver of the commercial
software, CST Microwave Studio to calculate the dispersion
relations of the SSPP and SIW structures, as shown in Fig-
ure 2(d). Within 7.5-12 GHz, we can find that the dispersion
curve of SIW shows fast wave characteristics, while the disper-
sion curve of SSPP shows slow wave characteristics, and their
slope change values are almost entirely opposite, satisfying the
dispersion compensation requirement as discussed above. In
particular, simulated and experimental results show that within
the frequency range 7.5-12 GHz, both structures show good
transmission performance. As shown in Figure 3, the reflection
coefficient S1; is basically below —10dB, and the signal loss
So1 is above —3 dB for single SIW, SSPP transmission line, as
well as the hybrid circuit.

Dispersion effects are visible owing to the fact that the EM
wave shows a spectral width which is at least in the same order
of magnitude as the modulation bandwidth. Consequently, dif-
ferent wave components will arrive at the receiver with varying
time delays leading to pulse broadening or signal distortion. In
a modulation system, the dispersion property of a transmission
line can be characterized by the group delay (the time delay
experienced by a short pulse propagating through the transmis-
sion line), calculated by the transmission distance divided by
the group velocity (the slope of the dispersion curve) [46—48].
The increased transmission distance can lead to an increased
time delay between the different frequency parts, thereby fur-
ther increasing (or decreasing) the pulse width [49-51]. Thus,
as to the hybrid circuit including transmission lines with in-
verse dispersion trend, there should be an optimized transmis-
sion length where minimized group delay dispersion can be
achieved. Based on this mechanism, we fix the length of the
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SSPP transmission line. Here, we consider SSPP-SIW circuits
of different lengths and compare their average slopes of group
delay spectra in this frequency range for each circuit length, as
shown in Table 1. We find that the average slope reaches its
minimum value with 100 periods of the SIW structure (corre-
sponding to L5 = 124.4 mm), indicating that the distortion of
signal can be minimized with a hybrid circuit of this length.

We fabricate three transmission lines, i.e., an SSPP transmission
line, a SIW, and an SSPP-SIW hybrid circuit, as shown in Figure 4(a),
in which the ultrathin copper strips (¢ = 0.018 mm) are printed on a
Rogers RO3003 dielectric film with thickness of 0.508 mm with PCB
technology. To investigate the dispersion compensation performance
of this hybrid circuit, three signal probes are positioned at the input
end, hybrid circuit connection point, and output end (see Figure 4(a)).
We simulate the Ez field of the time-domain waveforms received by
the three probes, where the normalized results are plotted in Figure
4(b). We can clearly observe that the pulse is broadened after pass-
ing the SSPP transmission line part (probel-probe2), and compressed
back to its original shape after propagating through the SIW segment
(probe2-probe3), due to the dispersion compensatory effect.

To further investigate the dispersion performance of the hybrid cir-
cuit, we use the vector network analyzer (Agilent N5230C) to measure
the group delay of the transmitted signal in the SSPP TL, the SIW, and
the SSPP-SIW hybrid circuit. We calculated the group delay of the
three types of circuits as a function of the circuit and use the software
Origin to preprocess the data to eliminate the impact of noises. In order
to intuitively observe the dispersion properties of different circuits, the
deviation of each circuit’s group delay from its average value within
the frequency range of 7.5-12 GHz is calculated with both the simu-
lated and experimental data, as shown in Figure 4(c). We observe that
the overall group delay deviation of the hybrid circuit from the average
is generally within the range of —0.06 to 0.15, while the SSPP trans-
mission line exhibits an average difference of approximately —0.13 to
0.24, and the STW demonstrates a mean difference ranging from —0.14
to 0.31. Thus, the group delay of the transmitted signal from the SSPP-
SIW hybrid circuit remains relatively stable with varying frequencies
as compared with the single SSPP and single SIW cases. Additionally,
we calculate the average slope of the group delay spectrum curve with
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FIGURE 4. (a) Photograph of the fabricated SSPP-SIW hybrid circuit, the SIW, and the SSPP transmission line. (b) The normalized time-domain
waveforms of the E'z field received by the three probes. (c) The measured and simulated group delay variation of the transmitted signal from the

SSPP transmission line, the SIW, and the SSPP-SIW hybrid circuit.

TABLE 2. The average group delay slope for both experimental and
simulated data.

SSPPTL| SIW | SSPP-SIW hybrid circuit
Simulation results | 0.0814 | 0.0920 —0.0035
Experimental results | 0.0661 | —0.0989 —0.0182

both experimental and simulated data in three different cases, as pre-
sented in Table 2. For the calculation of the results in Table 2, firstly
we used the CST software simulation to obtain the S parameter of the
SSPP-SIW hybrid circuit at different lengths. The S parameters and
phase relations meet the formula:

Im
¢(w) = arctan (ﬁ) ,

in which ®(w) is the phase under the angular frequency w, Im the
virtual part of S21 under the angular frequency w, and Re the real part
of S21 under the angular frequency w.

The group delay and phase follow the following formula:

_dé(w)
dw

$1(w) = pa(w)

w1 —w2

~
~

T(w) =

Thus, based on the S parameters obtained by the simulation, we
can use the built-in macro in the CST software to directly solve the
group delay at different frequency points. Finally, using the Matlab
software to calculate the average group delay slope of bybid circuits at
different lengths, and we can see that the average slop of group delay
spectrum in the SSPP-SIW hybrid circuit approaches 0. The experi-
mental results indicate an impressive improvement of 72.46% for the
SSPP transmission line in the stability of the circuit group delay after
applying the dispersion compensation approach.
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3. CONCLUSION

In this paper, we propose a hybrid circuit approach to realize the
dispersion-minimized transmission of the SSPP signals, where the
positive dispersion of the SSPP transmission line can be compensated
by inserting a piece of transmission line with opposite-dispersion char-
acteristic. Both numerical simulations and experiments are performed
to demonstrate the validity of our approaches, where rectification of
the signal distortion is observed, and the average slop of the group de-
lay spectrum in the SSPP-SIW hybrid circuit approaches 0. Compared
to a single SSPP transmission line, the variation of the group delay with
the frequency is minimized, and the group delay stability is increased
by 72.46%. Our investigation may further promote the application of
SSPP transmission lines in the integrated circuits.
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