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ABSTRACT This paper proposed a kind of guard traces based on a subwavelength periodic structure
to reduce the far-end crosstalk (FEXT) of parallel microstrip lines in the PCB. This technology can be
used to improve the false triggering and signal transmitting capacity of a multiconductor transmission
line circuit system. In order to explore the present novel guard trace effect on isolating electromagnetic
interference (EMI), the frequency response of the mutual capacitance and mutual inductance of the overall
circuit system was provided and an equivalent circuit model was built. In comparison to the conventional
microstrip line for isolating the EMI between parallel microstrip lines, the novel guard trace can efficiently
reduce the mutual capacitance and mutual inductance of the overall circuit system. Thus, it is favorable
for suppressing the crosstalk between microstrip lines. The S-parameters calculation result showed that this
kind of subwavelength periodic microstrip guard trace can isolate the EMI between two microstrip lines
more effectively. Particularly, the conventional grounded guard trace needs a lot of dense grounded holes,
which severely influences the wiring design of various layers of a multilayer circuit board. However, the
proposed guard trace requires only one grounded hole, which has little influence on the circuit wiring of
each layer of a multilayer printed circuit board. In our experiment, the step function signal of 30 ps rise time
was imported into one microstrip line to measure the FEXT of the other microstrip line. It was demonstrated
by the measurement result that the subwavelength periodic microstrip guard trace can reduce the FEXT to
be below 5% of the transmission signal amplitude and is more flexible in practice. In compliance with the
actual demand for a high-speed circuit, three isolation structures were proposed, and their isolation effects
on the electromagnetic coupling between microstrip lines were verified individually.

INDEX TERMS Multiconductor transmission lines, crosstalk, guard trace.

I. INTRODUCTION
As the inner capacity of chips for transistors increases greatly,
the microstrip lines in the PCBs around chips need to trans-
mit signals at a higher speed. Moreover, as the design of
circuit boards develops towards miniaturization, the signals
transmitted in the microstrip lines have a higher tendency
in attacking adjacent circuits, leading to a severe crosstalk
problem. Taking two parallel microstrip lines spaced apart
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by only a line width as an example, the configuration of
strong coupling is formed between microstrip lines. In terms
of two 4-inch long parallel conventional microstrip lines,
the experimental measurement result showed that almost
50% of energy is coupled to the other microstrip line some-
where about 8 GHz [1]. In terms of the digital signal of
30 ps rise time, the voltage amplitude of the FEXT is higher
than 32.5% of input signal [2]. It has been much higher
than the tolerant noise margin of 5% of the high-speed
digital signal transmission [3]. Therefore, the methods for
reducing this type of noise are attracting extensive attention.
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To overcome excessive electromagnetic noise, the standard
textbooks for signal integrity always suggest designers to
maintain at least a three times that of the microstrip line
width (i.e., 3W rule) for the spacing of two parallel microstrip
lines in the case of high-speed signal transmission [3]. The
EMI between parallel microstrip lines is always an important
research subject. In Refs. [4], [5], the researchers used an
electromagnetic numerical method and circuit model for sys-
tematic analysis of the EMI betweenmicrostrip lines. In order
to study the relationship of the intensity of EMI between two
parallel microstrip lines to the spacing between microstrip
lines, Ref. [6] probed into the variance in electromagnetic
coupling strength when the spacing between two microstrip
lines changes from one to four times that of the microstrip
line width. The numerical calculation result of commercial
software and the S-parameters obtained by network ana-
lyzer verified that the electromagnetic coupling phenomenon
between two microstrip lines could be positively reduced by
widening the spacing of microstrip lines. However, as the
signal frequency increases, or the digital signal rise time
shortens, the 3W rule has been unable tomeet the requirement
of a high-speed circuit. For example, when a step function
signal of 30 ps rise time is fed into one port of two parallel
microstrip lines spaced apart by 3W, the other microstrip
line perceives a FEXT with input signal amplitude of 10.2%.
Obviously, in the higher frequency or high-speed circuit, the
3W rule cannot meet the requirement for EMI noise reduction
at all. Clearly, if the spacing of twomicrostrip lines is changed
to four times that of the line width, miniaturization of circuit
area encounters a bottleneck, thus increasing the difficulties
in PCB wiring for circuit designers. Therefore, it is urgent
to seek for a more effective way to obstruct EMI between
two parallel microstrip lines. Two coupled parallel microstrip
lines have two eigen-modes, i.e., odd and even modes, and
the crosstalk between two parallel microstrip lines is derived
from different phase velocities of odd and even modes. The
phase velocity of odd or even modes can be determined by
their corresponding capacitance and inductance. Therefore,
the crosstalk can be reduced by modifying the capacitance
and inductance of odd and even modes of coupled microstrip
lines. In the literature, Wang et al. [7] bridged a series of
decoupling capacitors over two microstrip lines to reduce the
phase velocity difference between odd and even modes, so as
to suppress FEXT.

On the other hand, the scheme that a guard trace in between
two parallel microstrip lines is introduced in order to isolate
FEXT and near-end crosstalk (NEXT) is themainstream tech-
nology at present. In this topic, the authors of Ref. [8] used
the finite difference time domain (FDTD) numerical method
to analyze the influence of putting a microstrip shielding wire
in nonuniform width in between two parallel microstrip lines
on crosstalk. At present, the most frequently used technol-
ogy for isolating EMI of commercial products is to place
a grounded guard trace between two microstrip lines. This
type of grounded guard trace is extensively applied in high
frequency and high-speed circuit products. The researchers

utilized electromagnetic numerical methods and equivalent
circuits to exploremany important features of grounded guard
trace [9]–[15]. The grounded guard trace contains a series
of metallic grounded holes inside microstrip lines for iso-
lating crosstalk. For example, Ladd et al. [9] used 2D finite
element method, and extracted the mutual capacitance and
mutual inductance from time-invariant Maxwell equations
to study how much the grounded guard trace isolated EMI.
Lin et al. [12] substituted a straight grounded guard trace
with serpentine warp architecture, and used a network
analyzer to measure the suppression effect of grounded
guard trace on the EMI between two parallel microstrips.
Suntives et al. [13] studied the relationship between the
spacing of metal hollow cylinders in grounded guard trace
and S-parameters resonant coupling in the printed circuit
board. According to the software simulation data, the res-
onant coupling of S-parameters can be reduced by short-
ening the spacing of metal hollow cylinders. This indicates
that the grounded guard trace between two coupled parallel
microstrip lines can induce high density metal hollow cylin-
ders on the substrate. As this phenomenon interferes with the
route planning of various layers of multilayer circuit board,
there exists serious problems in the use of grounded guard
trace. Moreover, the grounded guard trace does not work well
in higher frequency bands [2].

A physical phenomenon that seems to be unrelated to
high-speed signal transmission may provide a brand new
proposal to overcome the problem of crosstalk between the
microstrip lines. In optical frequency ranges, the periodic
structure has been used for designing optical filter, reflector or
antenna for a long time [16]–[19]. However, Pendry proposed
an idea that an etched subwavelength periodic array pore
structures on the metal surface could have electromagnetic
modes confined to the conductor surface [20]. On the other
hand, Lee et al. [21] suggested sandwiching two periodic
microstrip lines in each other to increase the mutual capac-
itance ratio of two microstrip lines (ratio of mutual capaci-
tance to self-capacitance), and to eliminate FEXT. Though
the periodic microstrip lines that are embedded into each
other for eliminating EMI has a good effect on suppressing
FEXT, it also increases NEXT obviously. This wiring method
is unlikely to be directly applied to differential microstrip
lines for transmitting high-speed signals. Afterwards, some
researcher applied a subwavelength periodic structure to the
edge of conventional microstrip lines, and found that
the intensity of electromagnetic field could be confined
in the microstrip lines [1]. The periodic structure is etched
at the microstrip line edge, usually used as low-pass filters or
a tool for changing the characteristic impedance of microstrip
lines. However, when the lattice constant of periodic structure
is much smaller than the wavelength, the microstrip line can
have a sufficient transmission bandwidth. Several types of
subwavelength microstrip lines were proposed for reducing
the crosstalk between the microstrip lines [22]–[24]. Based
on these schemes, Wu et al. [25] introduced a subwavelength
periodic structure into the conventional differential microstrip
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lines of high-speed circuits, where the experimental
results [25] showed that the common mode and crosstalk
effects in such a differential circuit can be suppressed simulta-
neously. In order to provide a circuit model of subwavelength
periodic differential microstrip lines, the authors of Ref. [26]
suggested a method for extracting the circuit parameters of
such differential periodic microstrip lines. The circuit model
can be combinedwith active devices and can use SPICE simu-
lator to simulate the differential circuit system. Alternatively,
a discontinuous protective line has also been introduced in
the middle of the two subwavelength periodic microstrip
lines to change the mutual capacitance andmutual inductance
for eliminating the far-end crosstalk in the microwave and
millimeter wave frequency bands [27]. It is obvious that
the electromagnetic interaction on conventional microstrip
lines can be mitigated by importing the subwavelength peri-
odic structure into the edge of microstrip lines. However,
there is a problem in the application of these subwavelength
periodic microstrip structures: specifically, it is difficult to
obtain the circuit parameters and characteristic impedance
of this type of microstrip lines, and the previously published
works seldom relate to the calculation and measurement of
characteristic impedance of this type of microstrip structure.
In the literature, it was shown that the subwavelength periodic
microstrip lines has relatively high reflection coefficient,
meaning the characteristic impedance deviates from 50 �.
Moreover, the variation of characteristic impedance with
frequency is relatively apparent, and so it is unlikely to realize
the impedance matching with the conventional microstrip
line broadband. If the wiring in the circuit system cannot
tolerate excessive reflections, it is necessary to choose a new
scheme to suppress crosstalk. However, the electromagnetic
coupling effect between a subwavelength periodic microstrip
line and a conventional microstrip line can be reduced effi-
ciently. Therefore, we suggest a brand new idea that the
subwavelength periodic microstrip line is still applicable
to high-speed circuits, which is to say, the subwavelength
periodic microstrip line is used to isolate the EMI between
two conventional microstrip lines for transmitting signals.

The present paper is organized as follows: In Part 1 of this
paper, three guard traces based on subwavelength periodic
microstrip lines were proposed. As the guard trace includes
1 or 2 resistors, in order to make the selected resistors match
the characteristic impedance of an applied subwavelength
periodic microstrip line, the circuit parameters of subwave-
length periodic microstrip lines were calculated by using
the basic definitions in electromagnetics, and the relation-
ship between characteristic impedance and frequency was
obtained. The circuit parameters (including the mutual capac-
itance and mutual inductance) of overall circuit system were
determined numerically, and the circuit models of two paral-
lel microstrip lines and a subwavelength periodic microstrip
guard trace were built. These accurate models could be com-
bined with active devices, and the overall circuit system
can be well simulated by using SPICE simulator. On the
other hand, the full-wave numerical method was used for

numerical simulation of the circuit system with a sub-
wavelength periodic microstrip guard trace to determine
the isolation effect of a subwavelength periodic microstrip
guard trace on a frequency domain signal. In Part 2, the
network analyzer and a time-domain reflectometer (TDR)
were used to measure the isolation effect of the subwave-
length periodic microstrip guard traces on EMI in an actual
circuit.

II. THEORETICAL ANALYSIS
The electromagnetic field can be confined effectively and
the EMI with adjacent microstrip lines can be isolated by
etching the subwavelength periodic structure at the edge of
microstrip line. This is apparently an important innovation.
However, when the subwavelength periodic microstrip line
is used to transmit electromagnetic signals, several problems
should be taken into account. Firstly, as the microstrip line
has a periodic structure, the relationship between charac-
teristic impedance and frequency cannot be obtained with
quasistatic method. Secondly, the subwavelength periodic
microstrip line is unlikely to perform impedance matching
with the conventional microstrip line, which leads to strong
reflected waves. Thirdly, when the signals are being trans-
mitted through the subwavelength periodic microstrip line,
the jitter effect of S-parameters with frequency is likely to
occur. However, it is observed in Refs. [1] and [2] that
the subwavelength periodic microstrip line can efficiently
suppress the interaction with a conventional microstrip line.
In order to avoid the three above problems, the present
study employed a subwavelength periodic microstrip line
to isolate the signal interference between two conventional
microstrip lines. High-speed digital signals are still transmit-
ted through the conventional microstrip line, but the subwave-
length periodic microstrip line acts as the isolation structure
for electromagnetic signal interference source, i.e., it does
not transmit any electromagnetic signals. As an isolation
structure, its schematic diagram is shown in Fig. 1 (a)-(c).
The EMI between microstrip lines is isolated by a bilateral
subwavelength periodic microstrip line (BSPML). The edge
of microstrip line includes the subwavelength periodic struc-
ture, where the lattice constant is d , the depth of slot is b,
the width of slot is a, the thickness of metal layer is t , the
dielectric constant of substrate under the microstrip structure
is εr , and the height is h. To make the subwavelength periodic
microstrip guard trace give rise to a dramatic isolation effect,
the lattice constant of periodic structure should be designed
in subwavelength scale, i.e., d � λ, where λ is the signal
wavelength. Alternatively, a quite strict mandatory require-
ment is d < λ/4. The main purpose of this study is to analyze
the ability of the four type microstrip isolation structures to
decouple an EMI. In order to validate our conception with
experimental results, an RO4003 circuit board is used, where
the thickness of the metal layer is t = 0.0175 mm, the thick-
ness of dielectric medium is d = 0.508 mm, and the dielectric
constant is εr = 3.37. To enable the conventional microstrip
line and SMA to perform perfect impedance matching, the
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FIGURE 1. The schematic diagram of subwavelength periodic microstrip guard trace structure. In panel (a) is a subwavelength periodic microstrip
guard trace with its front and back ends connected to resistors; In panel (b) is a subwavelength periodic microstrip guard trace with one end connected
to a resistor and the other end grounded; In panel (c) is a subwavelength periodic microstrip guard trace with one end connected to a resistor and the
other end unconnected to any components; In panel (d) is a conventional microstrip guard trace with its front and back ends connected to resistors.

width of the microstrip line is set as w1 = 1.14 mm. Such a
setting ensures that the S11 measured by the SMA connec-
tor can be smaller than −30 dB in a low frequency range.
The lattice constant d of BSPML as an isolation structure
is 0.5 mm, 1.0 mm, and 2.0 mm, respectively. The depth of
slot b = 0.3 w1 and the width of slot a = 0.5 d . The depth
and width of the slot can be changed as required if the circuit
manufacture allows in practice. Fig. 1 (a) shows that each of
the front and back ends of the microstrip isolation structure
is provided with an impedance matching resistor, and is con-
nected to the current return path via a metal hollow cylinders.
This subwavelength periodicmicrostrip line does not transmit
any signals, meaning that it is not connected to any signal
sources, or selected as a port of input and output signals.
The microstrip line for isolating EMI and the microstrip line
for transmitting signals have completely different effects.
The commercial grounded guard trace is usually formed by
importing a series of metal cylinders connected to the current
return path into the isolation microstrip lines. It is noted that
the metal cylinders are disposed only on the front and back
ends of guard trace and there are not any grounded holes
in the middle region. If this isolation structure is directly
used for isolating two signal lines, the isolation microstrip
and current return path form a resonant cavity, and it was
pointed out in Ref. [13] that the isolation effect shows the
resonance in the transmission coefficient. Because of such
a resonance effect, the conventional microstrip line cannot
transmit complete digital signals. To avoid the resonance
effect between the two conventional microstrip lines when
the third microstrip line serves as an isolating line, the front

and back ends of subwavelength periodic microstrip line are
not directly connected to the current return path, but to the
resistor matching the impedance of subwavelength periodic
microstrip line, and then connected to two metal cylinders
respectively. However, in many practical applications, some-
times the guard trace is only allowed to connect one resis-
tor (e.g., used in the circuit nearby adapter), so the guard
microstrip line connected to only one resistor is considered,
as shown in Fig. 1 (b) and (c). The microstrip structure in
Fig. 1 (b) only connects a grounded resistor to one end of
the subwavelength microstrip line, and the other end is a
metal cylinder. Such a metal cylinder can be connected to
the current return path, or connected to nothing. In Fig.1(c),
the two ends of the resistor are connected to the microstrip
line and an end of the metal cylinder, respectively, and the
other end of the metal cylinder is connected to the current
return path. The other end of the microstrip line is connected
to a capacitor, or connected to nothing. Additionally, as a
control group, a conventional microstrip line to isolate the
EMI of two microstrip lines, as shown in Fig. 1 (d), is
utilized.

To make the magnitude of resistor accurately per-
form impedance matching with the subwavelength periodic
microstrip line, such a magnitude of resistor that is connected
to the subwavelength microstrip line can be obtained by cal-
culating the characteristic impedance of the subwavelength
periodic microstrip line. Under the condition of quasi-TEM,
the capacitance per unit length of the microstrip line can be
obtained by the Gauss law. Firstly, the conductor surface is
integrated in order to derive the charge accumulated per unit
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length of the microstrip line [28]∮
S1

ED · dEs = Q (1)

where the range of integration S1 is the curved surface
surrounding the microstrip line. The electric field integral
between the microstrip line and the current return path is
calculated for obtaining the potential difference

−

∫ h

0

EE · dEl = V (2)

Therefore, the capacitance of microstrip line can be expressed
as

C = Q/V (3)

The inductance can be derived from the ratio of the microstrip
line magnetic flux linkage to the current I

L = 8/I (4)

where 8 is the microstrip line magnetic flux linkage. This
linkage can be deduced from the flux integration of magnetic
flux density

8 =

∫∫
S2

EB · dEs (5)

Here, the range of integration S2 is the magnetic flux linkage
surface. The current can be obtained by Ampere’s law∮

C

EH · dEl = I (6)

To calculate the ohmic loss of microstrip line, the most
frequently used perturbation method for the conventional
waveguide is employed aiming at the magnitude R of the
resistance of the microstrip line. The average wasted power
of each unit cell conductor in the periodic structure is calcu-
lated by the magnetic field component of the electromagnetic
wave [29]

Pav =
1
2
Rs

∫∫
s

∣∣∣ EHt ∣∣∣2 ds (7)

where Rs is the surface resistance of the metallic conductor
and EHt is the magnetic field intensity component on the
conductor surface. The resistor as a metallic conductor can
be expressed as follows

Pav =
1
2
RI2 (8)

As the dielectric materials have leakage current, the conduc-
tanceG can be derived from the capacitance of the microstrip
line [3]

G = ω tan(δ)C (9)

By using the circuit parameters, including RLGC , the char-
acteristic impedance of the microstrip line can be calculated.
Since the metal ohmic loss and dielectric leakage current

FIGURE 2. Equivalent circuit and characteristic impedance of
subwavelength periodic microstrip line. In panel (a) is an equivalent
circuit of a unit cell of subwavelength periodic microstrip line; In panel
(b) is the relationship between the characteristic impedance of
subwavelength periodic microstrip line and the frequency.

in the low frequency range is very low, the characteristic
impedance can be expressed as

Z0 =

√
L
C

(10)

The extraction of circuit parameters of one subwavelength
microstrip line is executed in COMSOL software. Each
unit cell and equivalent circuit of subwavelength periodic
microstrip line are shown in Fig. 2 (a). The behavior of
variation of the characteristic impedance of subwavelength
periodic microstrip line responding to the frequency is plotted
in Fig. 2 (b). For a conventional microstrip line, the character-
istic impedance Z0 = 50.306 � at 0.05 GHz and the charac-
teristic impedance of subwavelength periodic microstrip line
of lattice constant d = 0.5 mm at 0.05 GHz is Z0 = 62.227�.
When the subwavelength periodic structure is imported into
the edge of microstrip line, the characteristic impedance
increases rapidly with frequency. The subwavelength peri-
odic microstrip line connected resistance value can be chosen
as the characteristic impedance of the present microstrip line
in the isolation line in Fig. 1. For the quantitative analysis
of the electromagnetic field decoupling effect of subwave-
length periodic microstrip guard trace on two conventional
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FIGURE 3. Parallel microstrip lines using a guard trace to isolate electromagnetic interference. In panel (a), there is a subwavelength periodic microstrip
guard trace with its front and back ends connected to resistors placed in between two parallel microstrip lines; In panel (b) is the subwavelength
periodic microstrip guard trace with one end connected to a resistor and the other end grounded placed in between two parallel microstrip lines; In
panel (c), the subwavelength periodic microstrip guard trace has one end connected to a resistor and the other end unconnected to any components
placed in between two parallel microstrip lines; In panel (d), there is a microstrip guard trace with both ends connected to resistors placed in between
two parallel microstrip lines.

microstrip lines, the circuit structure in Fig. 3 needs to be
considered.

In Fig. 3 (a), a subwavelength periodic microstrip line has
its front and back ends connected to resistors as a guard
trace in the parallel microstrip line circuit. Fig. 3 (b) shows
the guard trace of the subwavelength periodic microstrip
line with one end connected to a resistor and the other end
grounded by a metal cylinder. In Fig. 3 (c) is a subwavelength
periodic microstrip guard trace with one end connected to a
resistor and the other end unconnected to any components.
In Fig. 3 (d), there is a circuit system, in which a conventional
microstrip line is utilized as a guard trace. By making use
of a circuit model to analyze the interaction of conventional
microstrip line and subwavelength periodic microstrip guard
trace, the mutual capacitance and mutual inductance of the
overall circuit system should be calculated. For the circuit
system of multiconductor transmission line, in the approx-
imation of quasi-TEM, the mutual capacitance and mutual
inductance of all microstrip lines are calculated, where the
circuit system in Fig. 3 (a) is taken as an example. In the
capacitance matrix, the relationships between the charge Q
accumulated on the microstrip line surface and the
potential V are expressed as follows

Q1 = C11V1 + C12(V1 − V2)+ C13(V1 − V3) (11)

Q2 = C22V2 + C21(V2 − V1)+ C23(V2 − V3) (12)

Q3 = C33V3 + C31(V3 − V1)+ C32(V3 − V2) (13)

where C11, C22, and C33 are the self-capacitances of the
microstrip lines andCij(i 6= j) denote the mutual capacitances
between two microstrip lines.

Since the charge accumulated Qi and the voltage Vi per
unit length of each microstrip line are known, each element
in the capacitance matrix can be computed simultaneously by
solving the above equations. The relationships between the
current I and the microstrip line magnetic flux linkage8 can
be observed in the inductance matrix, expressed as follows

81 = L11I1 + L12I2 + L13I3 (14)

82 = L21I1 + L22I2 + L23I3 (15)

83 = L31I1 + L32I2 + L33I3 (16)

where L11, L22, and L33 denote the self-inductances of the
microstrip lines, and Lij(i 6= j) are the mutual inductances
between two microstrip lines. The current Ii transmitted
through each microstrip line and the microstrip line mag-
netic flux linkage 8i are known. Then each element of the
inductance matrix can be computed. The schematic diagram
of the circuit model of the system with the guard trace is
shown in Fig. 4 (a). In the case currently discussed, the line
width w of the conventional microstrip line, the spacing w1
between the microstrip line and the guard trace, and the line
width w2 of the guard trace are chosen as the same values.
The numerical result for the behavior of dispersion of mutual
capacitance C12 and mutual inductance L12 of the guard trace
isolated circuit system is given in Fig. 4 (b) and (c). In the
current example, the line width w and w1 of the conventional
microstrip line and the microstrip guard trace, respectively,
are selected to be the same as the spacing w2 between the
microstrip line and the guard trace, that is w = w1 = w2. The
mutual capacitance C12 between the subwavelength periodic
microstrip guard trace and the conventional microstrip line
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FIGURE 4. The circuit model of parallel microstrip lines with a guard trace in (a) and the mutual capacitance and mutual inductance of
circuit systems in (b)-(e). The relationship between the mutual capacitance C12 and the frequency is shown in panel (b); In panel (c) is
the relationship between the mutual inductance L12 and the frequency; The relations of the mutual capacitance C13 and the mutual
inductance L13 to the frequency are given in panels (d) and (e), respectively.

increases slowly with the frequency when the frequency is
less than 5 GHz, but it decreases when the frequency goes
beyond 5 GHz. In Fig. 4 (b), it is also indicated that the
value of C12 decreases as the lattice constant d increases.
It is shown that the circuit system using the conventional
microstrip line as the guard trace has its maximum mutual
capacitance C12. In Fig. 4 (c), it can be pointed out that the
circuit system using conventional microstrip line for isola-
tion has the maximum mutual inductance L12. The mutual

inductance L12 between the conventional microstrip line and
the subwavelength periodic microstrip guard trace decreases
when the lattice constant d becomes smaller. After the sub-
wavelength periodic structure has been etched at the edge of
a microstrip line, the mutual capacitance and mutual induc-
tance of adjacent microstrip lines will decrease simultane-
ously. In Fig. 4 (d) and (e), our numerical simulation presents
the dispersion behavior of the mutual capacitance C13 and
mutual inductance L13 of circuit system. Apparently, when
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FIGURE 5. The numerical results of influence of the guard trace on the S-parameter of parallel microstrip lines. The S21 and S41 of
parallel microstrip lines with isolation of guard trace are given in panel (b) and (c), respectively; The influence of the subwavelength
periodic guard trace with only one end connected to a resistor on the S21 and S41 of parallel microstrip lines is presented in (c) and
(d), respectively.

the conventional microstrip line is used as a guard trace, the
mutual capacitance C13 is smaller but slightly different from
the other types of guard traces. The conventional microstrip
guard trace as shown in Fig. 3 (d) has a mutual inductance
L13 larger than that of the subwavelength periodic microstrip
guard trace as shown in Fig. 3 (a)-(c). Since the circuit system
in Fig. 4 (a) is of left-right symmetry in its structure, one can
have the relations of mutual capacitanceCij = Cji and mutual
inductance Lij = Lji. Then by using the relevant circuit
parameters (R,L,G,C), the S-parameters can be calculated
within the framework of the circuit model, and in order to
validate the rationality of these relevant circuit parameters,
the obtained S-parameter will be comparedwith the full-wave
numerical result. In Fig. 5 we numerically calculate the S-
parameters in the circuit model for five isolating methods.
The length of all microstrip lines is chosen as 10 cm during
numerical calculation. The full-wave numerical result and
circuit model calculation of S-parameters are presented by
solid line and black dot-dash line, respectively. In Fig. 5 (a) it
is shown that the S21 parameter of the two microstrip lines,

of which the spacing is chosen as three times that of the
microstrip line width, almost linearly decreases from 0 dB to
−1.33 dB at 15 GHz. For the two parallel microstrip lines that
is isolated by a subwavelength periodicmicrostrip guard trace
of lattice constant d = 0.5 mm, the value of S21 decreases
faster than the aforementioned two microstrip lines.

However, this value is larger than that of the two parallel
microstrip lines mentioned above after 9 GHz. This, there-
fore, means that the subwavelength periodic microstrip line
can exhibit a better isolation effect in high frequency band,
e.g., S21 =−1.1056 dB at 15 GHz. Fig. 5 (b) shows the trend
of variation of numerical result of S41 with frequency, i.e.,
the far-end crosstalk of frequency domain. In the case of two
microstrip lines spaced apart by three times that of the line
width, the value of S41 is −11.116 dB at 15 GHz. When the
subwavelength periodic microstrip line with lattice constant
d = 1.0 mm plays the role of an isolation structure, the value
of S41 is −33.971 dB when the frequency is 15 GHz. The
maximum value of the frequency-domain far-end crosstalk
S41 of the circuit isolated by the subwavelength periodic
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FIGURE 6. The field distribution and phase velocity of the parallel microstrip lines. The field distribution of the parallel microstrip lines isolated
by the subwavelength periodic microstrip guard trace and the conventional microstrip guard trace are shown in panels (a) and (b), respectively.
The field distribution of the two parallel microstrip lines spaced apart by three times that of the line width is shown in panel (c). The dispersion
in the phase velocities of the odd and even modes of the parallel microstrip lines is plotted in panel (d).

microstrip guard trace is about−15 dB. From Table 1, we can
clearly understand the numerical results of S21 and S41 of the
four isolation methods at the frequency f = 15 GHz. This can
be used as a reference for determiningwhich isolationmethod
to be chosen in high-speed circuits. However, under many
actual conditions, the front and back ends of guard trace are
not allowed to simultaneously connect a resistor, respectively.
For example, when the guard trace is applied in the connector
region, it is allowed to be connected to one resistor. The
initial idea of ours is to dispose a resistor simultaneously
at the front and back ends of the subwavelength periodic
microstrip lines (in order that the impedance matching is
applied to the front and backends), just like having the front
and back ends connected to signal sources. However, the
difference is that the guard trace will not be connected to any
signal sources; hence, the phenomenon is significantly dif-
ferent from the conventional microstrip lines for transmitting
signals. In this mechanism, the electromagnetic noise of one
conventional microstrip line coupled in the subwavelength
periodic microstrip guard trace can be absorbed as much as
possible by the front and back resistors in order to reduce
the reciprocating oscillation of signals in the guard trace
and to avoid resonant coupling. However, in many circuits,

TABLE 1. The results of the simulation of S-parameters.

due to the actual requirement, it is impossible to simultane-
ously connect two resistors for absorbing the electromagnetic
waves at both ends of the subwavelength periodic guard
trace. If only one resistor is connected to the subwavelength
periodic microstrip guard trace, will the isolation effect be
worse? If, however, one resistor is enough to bear complete
absorption of the coupled electromagnetic field, and the other
end is grounded or unconnected to any devices, then we can
ask a question, i.e., whether there will be a resonance effect
or not, as suggested in Ref. [13]. Therefore, it is necessary
to numerically validate the effect of the present isolating
method. In Fig. 5 (c) and (d), we explored the isolation effect
on the electromagnetic coupling of the two microstrip lines
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FIGURE 7. Numerical results of far-end crosstalk: (a) the results of structure optimization for the subwavelength periodic microstrip
guard trace, (b) the subwavelength periodic microstrip guard trace that can provide the range of circuit area reduction, and (c) the
simulation results of FR4 circuit board.

when the subwavelength periodic microstrip guard trace is
connected to one resistor only. The subwavelength periodic
microstrip guard trace with lattice constant d = 0.5 mm was
selected to isolate the electromagnetic coupling of the two
parallel microstrip lines. It is obvious that the subwavelength
periodic microstrip lines connected to one resistor and to two
resistors have almost the same isolation effect, and the only
difference is that there is a slight jitter in S21 and S41 curves.
The blue line represents the numerical result of S-parameter
of the guard trace with one end connected to a resistor and
the other end short circuited. The orange line represents the
numerical result of S-parameter of the guard trace with one
end connected to a resistor and the other end unconnected to
any devices. Whether the subwavelength periodic microstrip
guard trace with only one resistor in the real circuit can
perform its normal function to isolate the electromagnetic
interference remains to be verified by experiments. It must be
stressed that the S-parameters obtained by the circuit model
is highly coincident with the full-wave numerical result in the
frequency range under consideration.

According to the field distribution of the parallel microstrip
lines in Fig. 6 (a)-(c) and the phase velocities of odd and
even modes in Fig. 6 (d), the isolation effect of the subwave-
length periodic microstrip guard trace on the EMI between
the two parallel microstrip lines can be theoretically under-
stood. The electric field distribution at 15 GHz is considered
herein. The electromagnetic coupling between the two par-
allel microstrip lines is well isolated by the subwavelength
periodic microstrip guard trace. It can be found that a part of
signals of the conventional microstrip line is coupled to the
subwavelength periodic microstrip guard trace, but the field
in the subwavelength periodic microstrip guard trace is no
longer coupled to another conventional microstrip line. The
two parallel microstrip lines have two fundamental modes,
i.e., odd and even modes of the coupled microstrip lines.
The two modes have different field distributions in the air
region, so that they have different phase velocities. The larger
the phase velocity difference between the two fundamen-
tal modes is, the more the crosstalk between the parallel
microstrip lines is. It can be seen in Fig. 6 (d) that the
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FIGURE 8. The experimental parallel microstrip lines using different types of guard traces for isolating the electromagnetic interference.
In panel (a), the two parallel microstrip lines are spaced apart by three times that of the line width; The parallel microstrip lines that are
isolated by a conventional microstrip line, a subwavelength periodic microstrip guard trace and a grounded guard trace are shown in
panels (b), (c) and (d), respectively.

phase velocity difference between the odd and even modes
of the parallel coupled microstrip lines can be reduced by the
subwavelength periodic microstrip guard trace in between the
two parallel microstrip lines.

Since the subwavelength periodic microstrip guard trace
can effectively isolate the far-end crosstalk, we can optimize
the structure size of the subwavelength periodic microstrip
guard trace. If a step function signal with a rise time
of 30 ps and an amplitude of 0.2 V is input from port 1,
it is found that when the depth of the groove of the peri-
odic structure is changed from the original b = 0.3 w1 to
b = 0.35 w1, the simulation results indicate that the far-end
crosstalk decreases from the original FEXT peak value of
−0.01539 V to −0.01372 V, which is shown in Fig. 7(a).
Assuming that the FEXT with the spacing of 3W between
the two microstrips is used as the standard, it can be found
through the simulation that for the circuit system of the
subwavelength periodic microstrip guard line, as shown in
Fig. 7(b), the interval between the two microstrip lines can be
reduced to 1.91 W. The most practical circuits are composed
of multilayer circuit boards, e.g., the FR4 circuit boards have
been utilized in most of the practical circuits. We consid-
ered the feasibility of employing the subwavelength periodic
microstrip guard trace in multilayer FR4 circuit boards for
reducing FEXT. In multilayer printed circuit boards, due to
the relatively thin thickness of dielectric layer, the width of
the microstrip line will be narrow. For example, the thickness
of the circuit board dielectric layer analyzed here is 8 mil,
the dielectric constant is 4.5, the width of the microstrip line
is 14 mil, and the thickness of the metal layer is 0.7 mil,
between the two microstrip lines. The spacing between the
two microstrip lines is 42 mil, and the total length of the

two microstrip lines is 10 cm. The width of the guard trace
is w1 = 20 mil, the depth of the groove is b = 0.35 w1,
and the lattice constant is d = 20 mil. The FEXT calculated
by the full-wave numerical method is shown in Fig. 7(d),
where the step function signal with a rise time of 30 ps is input
to port 1, and the peak value of the FEXT voltage output by
port 4 is −0.04986 V. If a subwavelength period microstrip
guard trace is introduced between the two microstrip lines,
the peak value of the FEXT output of port 4 is reduced to
−0.02588 V. The introduction of the subwavelength periodic
microstrip guard trace can make the FEXT decrease by more
than 48%. Theoretically, a subwavelength periodic microstrip
guard trace designed by systematic simulation would be more
feasible than the above structure.

III. EXPERIMENTAL RESULTS
In order to validate the theoretical analysis of the present
isolation of EMI caused by the subwavelength periodic
microstrip guard trace, an experiment was arranged, where
the photos of the circuits to be measured are shown in Fig. 8.
Here, the length scale of the main coupled zones of two
microstrip lines is 10 cm. The two microstrip lines in the
sample shown in Fig. 8 (a) are isolated by three times that of
the line width. In Fig. 8 (b)-(d), there are the microstrip cir-
cuits, which utilize the conventional microstrip line, the sub-
wavelength periodic microstrip guard trace and the grounded
guard trace as their respective shielding wires. The experi-
mental result of the S-parameters of the microstrip circuits is
presented in Fig. 9. In the overall measured frequency range
as indicated in Fig. 9 (a), the spacing of the two microstrip
lines is three times that of the line width, the grounded guard
trace and the subwavelength periodic microstrip guard trace
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FIGURE 9. The measurement result of the S-parameters of the parallel microstrip lines. The dispersion of the parallel microstrip
lines of five isolating methods are given in panels (a) and (b). The dispersion of the parallel microstrip lines in the case, where the
subwavelength periodic microstrip guard trace is connected to only one resistor, is shown in panel (c) and (d).

can remain S21 to be higher than −3 dB in the frequency
range under consideration. When the conventional microstrip
line is used as a guard trace, S21 decreases to −15.863 dB
at 15 GHz. Obviously, the conventional microstrip lines are
not suitable to the candidate of guard trace, because they
have too high a mutual capacitance and a mutual inductance
with adjacent microstrip lines. The front and back ends of
the subwavelength periodic guard trace are connected to a
resistor, respectively. The values of these resistors are not
required to be identical with the characteristic impedance of
the subwavelength periodic microstrip line. The experimental
result in Fig. 9 (a) shows that the isolation effect can be
achieved efficiently even if a 50 � resistor is used.
If, however, the resistance value deviates excessively from

the characteristic impedance of the subwavelength periodic
microstrip guard trace, the isolation effect would be reduced.
It follows from Fig. 9 (b) that the S41 of the subwavelength
periodic microstrip guard trace is a little larger than the
measurement result of the S41 of the grounded guard trace
before 4 GHz, but after 4 GHz the S41 of the subwavelength

periodic microstrip guard trace is much smaller than the
measured value of the S41 of the grounded guard trace. There-
fore, the subwavelength periodic microstrip guard trace can
provide a more excellent isolation effect for higher frequency
signals. In order that the isolation effect of the subwavelength
periodic microstrip guard trace connected to only one resistor
can be verified, the lattice constant is chosen as d = 0.5mmof
the subwavelength periodic microstrip line. In order to check
whether such a design can influence the effect on isolating the
electromagnetic signals, three cases for the subwavelength
periodic microstrip guard trace are considered: i) two ends
connected to resistors, ii) one end connected to a resistor
and the other end short circuited, and iii) the other end open
circuited. In Fig. 9 (c), the guard trace is connected to only
one resistor. The S21 of the two guard traces connected to one
resistor and to two resistors are slightly different from each
other. For example, the S21 of the subwavelength periodic
microstrip guard trace with one end connected to a resistor
and one end open circuited in 8-11 GHz is a little lower
than that of the guard trace with two ends connected to
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FIGURE 10. The time-domain signal measurement results. The far-end crosstalk measurement result of the parallel microstrip lines in four
isolating methods is shown in panel (a) and the output step function signal of the parallel microstrip lines isolated by the guard trace is
given in panel (b); The far-end crosstalk measurement result and the output step function signal of the parallel microstrip lines isolated by
the subwavelength periodic microstrip guard trace connected to only one resistor are plotted in panels (c) and (d), respectively.

two resistors. The blue line in Fig. 9 (c) represents the S21
measurement result of the guard trace with one end con-
nected to a resistor and the other end short circuited, and
the orange line represents the S21 measurement result of the
guard trace with one end connected to a resistor and the other
end unconnected to any devices. The S41 measurement result
of the guard trace connected to only one resistor is given in
Fig. 9 (d). It can be shown that the guard trace connected to
only one resistor has slight jitters at 6-11 GHz and the rest
is slightly different from the measurement result of the guard
trace with both ends connected to resistors. Table 2 shows the
measurement results of S-parameters at 15 GHz. Our time-
domain signal measurement results are shown in Fig. 10.
In Fig. 10 (a), which is the FEXT measurement result, a step
function signal of 30 ps rise time and 0.2 V amplitude is
imported into Port 1, and the FEXT can be measured at
Port 4. For the microstrip lines spaced apart by three times
that of the line width, the maximum amplitude of FEXT
is −0.02046 V, about 10% of the input signal amplitude.

TABLE 2. The results of the measurement of S-parameters.

The FEXT is changed to −0.01384 V by the grounded guard
trace, about 7% of the input signal amplitude. The amplitude
of FEXT of the subwavelength periodic microstrip guard
trace with d = 1.0 mm is −0.01143 V. The amplitude of
FEXT of the subwavelength periodic microstrip guard trace
with d = 0.5 mm is −0.01078 V, about 5% of the input
signal amplitude. The subwavelength periodic guard trace
with a lattice constant of d = 0.5 mm can almost meet
the requirement for 5% crosstalk noise. It is observed that the
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TABLE 3. Experimental measurement results of far-end crosstalk.

conventional grounded guard trace reduces the crosstalk by
only 32%. But our technique can reduce the crosstalk by 50%.
Obviously, the FEXT can be efficiently controllable by mod-
ifying the geometric dimension of the periodic guard trace
in the allowable noise range of the circuit system. In fact,
in order that the measured value of FEXT can be dramatically
reduced, the slot depth b should be increased, while the lattice
constant d should become smaller, i.e., an optimized structure
can be achieved through systematic simulation. In Fig. 10 (b),
where the output step function signals of port 2 is shown,
the output signals of the four isolating methods are almost
overlapped. It is pointed out that in the four cases of isolating
methods, the signal rise times are given by 46.4735 ps for
the parallel microstrip lines (spaced apart by three times that
of the line width), 45.448 ps for the grounded guard trace,
46.4735 ps for the subwavelength periodic microstrip guard
trace with the lattice constant d = 1.0 mm, and 46.1318 ps
for the subwavelength periodic microstrip guard trace with
the lattice constant d = 0.5 mm. In a word, the four isolation
structures have slight differences in the rise time of the T21
output signals. Fig. 10 (c) shows the FEXT when the sub-
wavelength periodic microstrip guard trace is connected to
only one resistor. It can be observed that the difference in
FEXT of the subwavelength periodic microstrip guard traces
connected to one resistor and to two resistors is very slight.
In the three isolating methods shown in Fig. 10 (d), where the
output step function signals of port 2 are given, it can be found
that the signal outputs are almost the same for the guard traces
that are connected to one resistor and to two resistors. Here,
the FEXT peak results of the four FEXT isolation schemes
are listed in Table 3.

The current high-speed or high-frequency circuit boards
have a lot of grounded holes for isolating crosstalk. Generally,
the electromagnetic interference between shielding wires is
isolated by grounded holes; however, as the PCB has a lot
of grounded holes, the wiring of a multilayer printed circuit
board becomes difficult. Since the present novel guard trace
has only one grounded hole, it almost does not affect the
design of a multilayer printed circuit board.

When the rise time of the digital signal becomes shorter,
it is no longer enough to keep three times the line width
between the two microstrip lines to meet the requirements of
the circuit system for far-end crosstalk. Then it is necessary
to adopt a suitable isolation structure to reduce the crosstalk
between the microstrip lines. The commonly used isolation
method is that the two microstrip lines are separated by

3 times the line width and a grounded guard trace is intro-
duced in the middle. Since a large number of high-density
grounded holes need to be introduced for the grounded guard
trace, if these grounded holes penetrate the multilayer printed
circuit board, the second layer PCB routing will face unimag-
inable difficulties and reduce the yield of the board. Our
isolation method requires only one grounded via hole, and so
the production yield of the board can be improved. With HDI
technology, grounded holes that do not penetrate the circuit
board will not affect the design of the second-layer circuit
board, which can increase the signal transmission rate and
effectively use the space of each layer of circuit board. How-
ever, it will still face the problems caused by the existence of
a large number of grounded holes. Our technology can also
make use of HDI technology, and only one grounded hole is
required, which improves the production yield of the circuit
board. The introduction of grounded holes on the surface of
the circuit board requires a lot of additional processing costs.
Usually when HDI is used, the technology will increase the
manufacturing cost of the circuit board by more than 30%.
With the flexibility of the size of the subwavelength periodic
microstrip guard line, the percentage of the FEXT voltage
amplitude can be smaller than the system tolerance. However,
if you really want to utilize new technology to isolate FEXT,
the structure size of such subwavelength periodic guard traces
often needs to be optimized in order to obtain the satisfactory
results. However, whether the grounded guard trace or the
subwavelength periodic guard trace to isolate crosstalk is
used, the two microstrips space must be reserved between the
lines to place the guard traces, which is not conducive to the
miniaturization of the circuit area.

IV. CONCLUSION
A new scenario of three guard traces based on a subwave-
length periodic microstrip line to isolate the EMI between
two parallel microstrip lines has been proposed in this work.
We suggested three guard traces corresponding to three cases:
In the first case, each of the two ends of the subwavelength
periodic microstrip line is connected to a resistor. In the sec-
ond case, one end of the subwavelength periodic microstrip
line is connected to a resistor, and the other end is connected
to a metal cylinder which is grounded or ungrounded. In the
third case, one end is connected to a resistor, and the other
end is connected to nothing. Therefore, in some applications,
the present novel guard trace has only one grounded hole,
whereas the conventional grounded guard trace has a lot of
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grounded holes, which severely influence the circuit layout
on a multilayer board. In order to study the isolation effect
of subwavelength periodic microstrip guard trace on elec-
tromagnetic signals, the circuit parameters (including mutual
capacitance and mutual inductance) of circuit systems with a
guard trace were calculated by using the numerical method,
and a complete circuit model was built, so the present numer-
ical simulation of circuit systems can be directly performed in
a SPICE simulator. It was shown in the theoretical and exper-
imental results that this guard trace can dramatically reduce
the mutual capacitance and mutual inductance of the overall
circuit system, meaning the EMI between transmission lines
can be reduced. For the digital signals of 30 ps rise time,
the guard trace based on subwavelength periodic microstrip
line can suppress the FEXT almost below 5% of transmission
signal amplitude when the spacing between two microstrip
lines is triple line width, so that it can be employed in actual
circuit systems.
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