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Abstract— Crosstalk noise suppression is a crux in the
high-speed integrated circuit design, which requires weak-
coupling between transmission lines (TLs) over a wide band. To
overcome the difficulty, this article presents a novel method to
suppress the broadband crosstalk noise between a single TL and
the differential pair based on spoof surface plasmon polaritons
(SPPs). Due to the subwavelength feature of spoof SPP TLs,
a natural mode mismatching between the spoof SPP TL and
conventional microstrip (MS) brings a broadband suppression of
near-field coupling. In order to verify the crosstalk suppression
effect, four different kinds of prototypes are discussed and
compared. The simulated and measured results in the frequency
domain and time domain demonstrate that the proposed scheme
achieves more than 83% far-end noise peak suppression than the
traditional MS technology by replacing the single MS TL to the
spoof SPP TL. Accordingly, the time-domain crosstalk noise is
significantly suppressed without any extra costs, demonstrating
its potential applications in ultracompact high-speed integrated
circuits.

Index Terms— Common-mode noise (CMN), crosstalk noise
suppression, differential lines, differential-mode noise (DMN),
spoof surface plasmon polaritons (SPPs).

I. INTRODUCTION

ITH the increase in layout density and working fre-
unency in high-speed circuits, the coupling between
parallel transmission lines (TLs) that may induce serious
signal integrity (SI) and electromagnetic compatibility (EMC)
problems has become a severe challenge [1]. Due to its natural
advantage in suppressing electromagnetic interference (EMI),
differential microstrip (MS) lines are introduced in the design
of high-speed circuits to alleviate this problem [2]. However,
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for the high-speed transmission of broadband short-pulse sig-
nals, the crosstalk noise in the differential lines caused by the
neighboring channels is still a headache to designers [3]-[5].
Therefore, it is necessary to propose an effective method to
suppress the crosstalk noise between single and differential
TLs in high-speed communication systems.

The spoof surface plasmon polariton (SPP) is a kind of
novel transmission mode of which the electromagnetic waves
propagate parallel to the interface between the metal and the
dielectric substrate but decay exponentially in the vertical
direction at optical frequencies [6]. It provides a new solution
to reduce crosstalk because of the excellent electromagnetic
field binding ability and, thus, can be widely used in integrity
optical circuits [7], [8]. However, the SPP mode cannot be sup-
ported in the microwave and terahertz regimes since the metal
exhibits perfect electric conductor (PEC) properties rather
than negative permittivity. To break this challenge, a peri-
odic structured surface named spoof SPP has been proposed
recently [9], [10]. It can perfectly imitate the propagation
characteristics of natural SPPs and also has many advantages,
such as strong field confinement, field enhancement, control-
lable cutoff frequency, and low transmission loss, which can
be utilized to build novel TLs [11]-[16]. For example, since
the electromagnetic field is highly localized on the surface
between the metal and the dielectric substrate, combining
with the mode mismatching between the spoof SPP TLs and
conventional MS lines, spoof SPPs have been used in the
differential interconnect circuits to reduce coupling [17]-[19].
However, the discussion on crosstalk noise suppression in
the time domain, which is beneficial to high-speed signal
transmission in practical communication systems, has seldom
been referred to yet.

In this article, an effective method for broadband crosstalk
noise suppression based on spoof SPP TLs is proposed.
Several typical cases on the coupling between single and
differential TLs are simulated and measured to verify its
performance. First, the dispersive characteristics of spoof SPPs
and the theoretical analysis of the coupling coefficient are
presented. Then, the property of crosstalk noise suppression
between aggressive single TL and differential pair using SPP
structures is investigated. The numerical simulation and exper-
iment are provided to demonstrate the suppression of crosstalk
noise over large bandwidths between single and differential
TLs. Finally, some beneficial conclusions are given.
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Fig. 1.  (a) Differential MS lines coupled with the MS line (Case 1).
(b) Differential SPP lines coupled with MS line (Case 2). (c) Differential MS
lines coupled with spoof SPP line (Case 3). (d) Differential MS lines coupled
with spoof SPP line (Case 4). (e) Cross-sectional view of the coupled section.
(f) Unit structure of the spoof SPP TL.

II. THEORETICAL ANALYSIS
A. Structure of Coupled TLs

In high-speed circuits, due to the demand for miniaturization
and integration, high-density wiring has become an inevitable
trend; thus, the crosstalk problem caused by it has attracted
increasing attention [20]. To explore the method of crosstalk
noise suppression, we study four typical coupling cases con-
sisting of an aggressive single line and adjacent differential
lines, as shown in Fig. 1.

In Fig. 1(a), both the aggressive single line and coupled
differential pair are conventional MS TLs. For comparison,
the differential lines are chosen to be SPP TLs in the second
case, as shown in Fig. 1(b). The coupling between single
SPP TL and MS differential pair is depicted in Fig. 1(c).
The case of single SPP TL with the opposite direction of
grooves is described in Fig. 1(d). The width w = 2.44 mm and
thickness #, = 0.036 mm of all TLs are the same, as shown
in Fig. 1(e). The total length of all TLs along the x-direction
is L = 80 mm. Besides, Rogers RT5880 is selected as the
dielectric substrate with &, = 2.2, loss tangent tan 6 = 0.0009,
and thickness r = 0.787 mm.
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Fig. 2. (a) Dispersive diagrams with different groove depths. (b) Detailed
structure for the transition section.

The unit structure of the SPP TLs is shown in Fig. 1(f),
in which the period p is 2.5 mm, the width of groove a = 1
mm, and the depth of groove d = 2 mm. The dispersive curves
of spoof SPP TLs with different groove depths in Fig. 2(a)
indicates that spoof SPP TLs have larger wavenumber than MS
at any fixed frequency. Thus, the electric field energy is more
concentrated around the metal guide. Moreover, the strong
field confinement of spoof SPP TLs illustrates that it can
support the propagation of SPP mode. It is obvious that all
dispersive curves of the spoof SPP TLs approach to that of
MS with the decrease of depth of grooves, which indicates a
smooth transition between the SPP mode and conventional MS
mode. Thus, the excitation of the SPP mode can be realized
by adding a transition structure with groove depth varying
linearly between the spoof SPP TL and the MS line [21], [22].
In this design, the depths at center point of the grooves are
set to d; = 1.75 mm, d, = 1.25 mm, dz = 0.75 mm, and
dy = 0.25 mm, respectively, as shown in Fig. 2(b).

B. Theoretical Analysis

To analyze the coupling property of these different cases
in theory, the coupling coefficients are evaluated in this part.
According to coupled-mode theory and the reciprocity of
system [23], the coupling of parallel lossless TLs can be
written as

dA
d—xl = iﬂ]A] +ik12A2 +ik13A3 (1)
dA
d—xz = iklZAl +lﬁ2A2 + ik23A3 (2)
dA
d—xs = ik;3A; +ikpAr + iﬁ3A3 3)
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where A; (j = 1,2,3) expresses the modal amplitude, f;
is the mode phase constant of TL j, and k;; is the coupling
coefficient.

First, the coupling coefficients in different cases are inves-
tigated. Between two MS TLs, it can be obtained as

JMS wéo * 2\ ox
ij = T (I’l — no) Eit . Ejtdde (4)
—00

where E ji 1s transverse electric field distribution of line j, n
is the refractive index of the neighboring medium, nq is the
refractive index of TLs, w is the angular frequency, and ¢ is
the vacuum dielectric constant.

By contrast, the SPP TL does not satisfy the weak derivative
approximation condition because, in the optical sense, its
core refractive index and cladding refractive index are quite
different [24]. As a result, the longitudinal electric field
component E;, needs to be considered, and the coupling
coefficient between two SPP TLs can be expressed as

spp __ W&o

ij T
00 R N n2 N N
X // (nz—ng) |:El*l . Ej,—l—(—g)E;"x . ij]dydz.
oo n
(5)

Note that in the condition of coupling between MS and SPP,
(5) can be simplified into (4).

As indicated in (4) and (5), the coupling coefficient is
only decided by the electric field energy of the overlapping
region between coupled TLs when the working frequency
and the surrounding environment are determined. Since the
electromagnetic field is strongly enhanced around the metal
groove, the energy can hardly be coupled to others. Therefore,
the overlap of electric field energy in coupled structures with
the SPP TLs is much smaller than that of the traditional MS
TLs, which is beneficial to crosstalk noise suppression.

To further investigate the coupling property, the coupling
power ratios (CPRs) of TLs are studied for the abovemen-
tioned different cases. In Case 1, the coefficient matrix B; of
differential equations (1)—(3) can be written as

Pn ki O
Bi=i| kia pu kn (6)
0 ki PBu

where f,, is the phase constant of the MS line. Note that due
to the little contribution of k;3 compared with others, it is
ignored in the derivation.

The analytical solutions of equations are indicated by

eiPnx

Al = ey (k§3 + k3, cos(,/kf2 + k§3x)) (7)
12 23

P i
A= — sin(,/k%2 +k§3x) ®)
VK + k3

eiPnx

Ay = mklzlm(l +cos(,/k%2 +k§3x)). )
12 23

Hence, the CPR of Cj4 at port 4 can be expressed as

|A2(L)? K, . 2( e
Ciy = = sin kK, + kL), (10
AL K+ ks o
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(b)

Fig. 3. Variation of Cy4 with kjp and k3. (a) Case 1. (b) Case 2.
(c) Cases 3 and 4.

Similarly, the coefficient matrices in Cases 2—4 can be,
respectively, written as

Bn ki O
0 k23 ﬂs
and
Bs ki O
Bi=Bs=il| ki pun kn (12)
0 ki PBu

where f; is the phase constant of the spoof SPP line. Referring
to the derivation process of Case 1, the corresponding CPR as
the function of k> and k»3 can be obtained in turn.

For illustration, we assume that the length of TLs in Fig. 1
is L = 40 mm, and the operating frequency is 10 GHz.
The corresponding relationship between Cj4 and the coupling
coefficient k;; is depicted in Fig. 3.
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Fig. 4. Simulated S-parameters of coupled structures. (a) Near-end cou-

pling S31. (b) Far-end coupling S4;. The port naming is the same as that
in Fig. 1(a).

It is obvious that the CPRs in all cases are positively
correlated with ki, and negatively correlated with k»3. If ko
and k»3 are fixed at certain values, the CPR of Case 1 is much
larger than the others, which verifies the coupling suppression
capability of the spoof SPP TL. Furthermore, since Case 4
holds the smallest kj, and relatively large k3 over the four
cases, it exhibits the best performance in crosstalk suppression,
which will be demonstrated by simulation and measurement
in the following.

III. SIMULATED RESULTS

In order to analyze the coupled crosstalk of four kinds of
models in Fig. 1, port 1 of the aggressive single line is excited,
and we obtain the S-parameters of the abovementioned struc-
tures by full-wave electromagnetic solver ANSYS HFSS.

To investigate the impact of the aggressive line to the neigh-
boring differential TLs, the near- and far-end coupling proper-
ties on the most adjacent line are shown in Fig. 4(a) and (b),
respectively. It is seen that the near-end coupling S3; of
investigated structures is below —20 dB, which indicates that
the spoof SPP TLs are similar to conventional MS lines in
near-end crosstalk (NEXT) performance.
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As for the far-end coupling, however, significant suppression
of crosstalk is achieved with the utilization of SPP TLs, as
compared in Fig. 4(b). In Case 4, for instance, the far-end
coupling keeps lower than —20 dB over a wide bandwidth
from O to 20 GHz. By contrast, the far-end coupling S4; of
conventional MS TLs increases with frequency and reaches
up to —6.29 dB at 20 GHz, as illustrated in Case 1. Thus,
we obtain that, by introducing spoof SPPs, the crosstalk of
coupled structures can be reduced drastically.

Furthermore, we also observe that the groove direction of
the single SPP TL will affect the coupling performance appar-
ently. According to the comparison between Cases 3 and 4,
the structure of single spoof SPP TL with the groove direction
toward the differential TLs has better suppression performance
on the far-end coupling since the electric field energy is
localized on the side of the metal groove rather than the other.
Thus, the structure in Case 4 holds better performance in
crosstalk noise suppression.

Based on the results obtained in the frequency domain,
the time-domain noise suppression property of the abovemen-
tioned structures is investigated by ADS. A typical high-speed
pulse signal with an amplitude of 1 V, rise/fall time of 50 ps,
and width 0.7 ns, is excited at port 1 of the aggressive line.
Then, we obtain the NEXT and far-end crosstalk (FEXT)
of the differential lines with matched loads. The compo-
nents of differential-mode noise (DMN) and common-mode
noise (CMN) are acquired by the data processing, and they
are discussed, respectively.

In general, the NEXT noise appears as a wide pulse with
low amplitude in time, while the FEXT noise appears as a
narrow pulse with a high amplitude. The results of NEXT and
FEXT noises for different cases are shown in Fig. 5.

From Fig. 5(a) and (b), we observe that both the CMN
and DMN at the near end of differential TLs are reduced
by spoof SPP TLs in Case 4. However, the improvement
in Cases 2 and 3 is not apparent although the spoof SPP
technique is utilized. These phenomena are in accordance to
the frequency-domain results in Fig. 4(a).

However, as for the crosstalk noise at the far end, the
results are quite different, as shown in Fig. 5(c) and (d).
It is obvious that both the CMN and DMN at the far end
of differential TLs can be effectively suppressed by using
spoof SPP TLs. Especially in Case 4, the relative peak values
of CMN and DMN are reduced by 84% and 88%, respec-
tively, compared with conventional MS lines, which is rather
beneficial to SI performance in the high-density integrated
circuits.

Since the gap between lines is a crucial parameter for cou-
pling performance, we consider the far-end effect of spoof SPP
coupled structures comparing with MS lines on crosstalk noise
suppression in cases of different gaps. Taking the Cases 1, 3,
and 4 as examples, the peaks of crosstalk noise with different
gaps between the single line and differential pair are listed
in Table I. We observe that the relative peak values of CMN
or DMN decrease by 38%—-60% in Case 3 and 70%-90% in
Case 4 comparing with Case 1, which indicates that the FEXT
noise can be effectively suppressed by spoof SPPs for both
strong- and weak-coupling conditions.
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TABLE I
CROSSTALK NOISE PEAKS WITH DIFFERENT GAPS

CMN/DMN (mV) A CMN/DMN (%)

s1 Casel Case3 Case4 Al A2
0.5w 110/78 58/40 11/11 47/38 90/86
w 73/50 33/21 12/6 40/48 84/88
1.5w 48/30 21/12 10/5 56/60 79/83
2w 32/16 14/7 8/4 56/56 75/75
2.5w 22/10 10/5 6/3 55/50 72/70
3w 17/7 8/4 52 53/43 70/71

s1 is the gap between the single line and the differential pair. ACMN/DMN is
the relative peak reduction of common mode and differential mode noise for
Case3 (Al) and Case4 (A2) comparing with Casel.

ﬁ'
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(d

Fig. 6.  Experimental samples of coupled TLs. (a) Case 1. (b) Case 2.
(c) Case 3. (d) Case 4.

In addition, for the traditional MS lines, three times trace
width is commonly used in practice for wire spacing, where
the crosstalk can be safely ignored. As illustrated by the results
with bold font in Table I, when s; = 3w (Case 1), the peak
values of CMN and DMN are 17 and 7 mV, respectively. In the
cases with spoof SPP lines (Cases 3 and 4), the wire spacing
can be, respectively, reduced to 2w and w under the premise
of a similar noise peak level. It is obvious that the introduction
of a spoof SPP structure is rather beneficial for saving wiring
space and reducing crosstalk.

IV. EXPERIMENTAL VERIFICATION

To demonstrate the crosstalk characteristics of the above-
mentioned coupled structures, four samples are fabricated,
as shown in Fig. 6(a)—(d). Considering the actual measurement
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Fig. 7. Comparison of measured results. (a) Far-end coupling coefficient
S41. (b) Transmission coefficient Sy;.

with SMA connectors, TLs are designed in a curved shape.
The coupling length (L1) of the middle parallel part is fixed
as 60 mm, while the total length (L) along the x-direction is
240 mm in all cases. The gaps s1 and s2 are 2.44 and 4 mm,
respectively. In our design, the characteristic impedance of a
single MS line is 50 Q, while the differential impedance of
coupled MS lines is 96 Q. The signal is imposed on port 1,
and the S-parameters are measured at all six ports by vector
network analyzer (VNA). The far-end coupling S4; represents
the crosstalk between the differential pair and a single line.
As shown in Fig. 7(a), the crosstalk is suppressed significantly
with the utilization of SPP TLs. Among them, Case 4 holds the
best performance, where the far-end coupling keeps lower than
—30 dB over a wide bandwidth. The phenomenon is consistent
with the simulated results in Section III.

Besides the crosstalk, the transmission loss of aggressive
TL is also important. The measured transmission coefficients
in different cases are compared in Fig. 7(b), where the perfor-
mance of a single MS line is provided for benchmarking. The
insertion loss of TL comes from several aspects, such as the
transition structures, bended structures, coupling from adjacent
lines, conductor loss, dielectric loss, as well as the impact
of SMA connectors. From the measured results in Fig. 7(b),
it is obtained that the transmission performance of the MS
line in Case 2 is the best since no transition structures
are utilized, and the coupling between MS and SPP TLs is
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Fig. 8. Measured electric field distribution at 10 GHz in different cases.
(a) Case 1. (b) Case 2. (c¢) Case 3. (d) Case 4.
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Fig. 9. Simulated electric field distribution at 10 GHz in different cases.
(a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4.

weak. Thus, the impact of impedance discontinuity in Case 2
is the smallest. We also observe that Cases 3 and 4 have
similar transmission performance to Case 1, which indicates
that introducing spoof SPPs in the aggressive TL will not
deteriorate the transmission loss apparently.

Furthermore, to investigate the near-field characteristics of
the coupled models, the electric field energy on a plane 1 mm
above the TLs is measured. We set up the experimental plat-
form in a microwave anechoic chamber where the detecting
probe configured by a monopole antenna that is automatically
controlled by a stepper motor.

The measured results of electric field distribution are
obtained in Fig. 8(a)—(d). In Fig. 8(a) and (b), we clearly
observe that a large part of electric field energy diffuses from
the single MS line to the adjacent differential lines. Especially,
the coupling effect at the far end of TLs is obvious.

Much better results are obtained when the SPP is introduced
into the aggressive single line, as shown in Fig. 8(c) and (d).
It is seen that almost all the electric field energy is con-
centrated around the single line, which verifies that the sub-
wavelength periodically corrugated metal lines with strong
electromagnetic field confinement can suppress the crosstalk
noise effectively. The corresponding simulated results of the
same plane are shown in Fig. 9, which are in accordance with
the experiment.

In order to provide more intuitive results, the time-domain
properties of the coupled structures are investigated based
on the measured S-parameters. Assume that the excitation
signal is imposed on port 1 of the single aggressive line;
the voltage responses at the far end of the line in different
cases are compared in Fig. 10. Due to the slow wave effects,
the time delay values in Cases 3 and 4 are larger than those
in Cases 1 and 2. The ringing phenomena in Cases 3 and 4
are attributed to the transition structures of SPP TLs.
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As for the crosstalk issue, comparing with the far-end
coupling, the near-end crosstalk noise is relatively small; thus,
we will focus on the noise suppression effect at the far end.
It is obvious that both the CMN and DMN at the far end
of differential lines in Fig. 11 are suppressed owing to the
utilization of spoof SPP TLs. The maximum CMN and DMN
of the conventional MS lines are 67.5 and 44.5 mV, as listed
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TABLE 11
FEXT PEAK IN DIFFERENT STRUCTURES
FEXT Casel Case2 Case3 Cased A2
CMN (mV) 67.5 25.5 29.5 7.5 88.9%
DMN (mV) 44.5 21.5 20.5 2.5 94.4%

A2 is the relative peak reduction of common mode and differential mode noise
for Case4 comparing with Casel.

in Table II, respectively. They are reduced to 7.5 and 2.5 mV,
respectively, in Case 4. Thus, we obtain that the spoof SPP
TL provides an effective way for crosstalk suppression in high-
speed circuits.

V. CONCLUSION

In this article, the method for crosstalk noise suppression
between a single signal line and adjacent differential pair is
investigated. Due to the strong field confinement ability and
property of mode mismatching with conventional MS lines,
the spoof SPP TLs contribute significantly to the suppression
of crosstalk noise. The simulation and experiment in both
time and frequency domains illustrate that spoof SPP TLs
can effectively reduce crosstalk between parallel TLs in high-
density integrated circuits, which is beneficial for EMC in
high-speed communication systems.
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