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Stepped-Impedance Common-Mode Filter for
Differential Lines Enhanced With Resonant Planes
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Abstract—High-speed digital systems require differential lines
for chip-to-chip links. A common concern in differential lines is the
presence of common-mode noise, which is a major contributor to
signal integrity problems in high-speed digital systems. Common-
mode noise is typically excited by skew. It can occur due to tim-
ing mismatches at the driver, length mismatches due to routing
constraints, or phase velocity mismatches due to inhomogeneous
dielectrics with fiber-weave effect. Common-mode noise results in
increased crosstalk and electromagnetic interference on packages
and boards. This paper presents a methodology based on varying
the common-mode impedance of a differential line, while keeping
the differential-mode constant. The variation in impedance results
in a filter response solely for the common-mode signals, improving
the noise immunity of the differential pair. This design is applied on
stripline-type differential lines and the performance is enhanced
by adjusting the ground via pitch to create resonant planes with a
high-impedance current return path for common-mode signals.

Index Terms—Common-mode filter, differential lines, electro-
magnetic bandgap filter, mixed-mode scattering parameters.

I. INTRODUCTION

D IFFERENTIAL signaling has been used in designing
high-speed package and board interconnects because of

its high immunity to noise, crosstalk, and electromagnetic inter-
ference. However, unintended common-mode signals couple to
the transmission lines and degrade the signal and power integrity
of the high-speed channel in practice. Therefore, the common-
mode noise suppression at high frequencies in differential lines
is of the highest interest.

There are several approaches proposed for the common-mode
noise suppression in differential lines. The high permeability
common-mode choke is the conventional way to suppress the
common-mode noise, but it is effective only for a megahertz
frequency range [1]. The common-mode noise suppression by
varying the cross section of the transmission lines has been
proposed in [2]. A periodically patterned ground plane is used
in [3] to achieve interruption of common-mode return currents.
A similar approach in [4] is also based on a patterned ground
plane, but supports return currents by coplanar ground strips.
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The basic principle is the periodical variation of the common-
mode impedance that results in a filter response for the common-
mode signals. This is also used in [5], where the reference plane
is changed to a different layer periodically to alter the common-
mode impedance.

We have recently introduced the stepped-impedance
common-mode filter in [6]. This filter is applicable at higher
gigahertz frequencies while not requiring a change in the cross
section of the transmission lines. It is based on varying the
common-mode impedance of a differential line while keep-
ing the differential-mode impedance constant. This variation
in impedance results in a filter response solely for the common-
mode signals, improving the noise immunity of the differential
pair. In [7], we have enhanced the performance of this common-
mode filter by introducing the resonant-plane common-mode
filter. This new filter makes use of the ground via pitch as an
additional variable. An additional resonance is introduced in the
reference plane at the desired frequency, complementing the pre-
vious stepped-impedance common-mode filter performance by
creating a dual-mode filtering response. Alternatively, a higher
attenuation on a larger stopband of frequencies by combining
these two resonances can also be achieved. In this paper, we
extend our initial work by providing an extensive study of this
common-mode filter including simulation to hardware correla-
tions on a test board.

II. STEPPED-IMPEDANCE COMMON-MODE FILTER

A. Design Equations

In this section, we present a unified view of stepped-
impedance common-mode filters. Such filters are also referred
to as electromagnetic bandgap common-mode filters, as they
depend on a periodic variation of the even-mode impedance
while keeping the odd-mode impedance constant [4], [5], [8].
We present a simple closed-form design equation to determine
the stopband of such filters and propose a new stripline im-
plementation. Afterwards, we present that a second stopband
response is achievable by adjusting the ground via locations.

As an example, an ideal differential line is simulated with a
differential impedance of Zdiff = 100 �, which corresponds to
an odd-mode impedance of Zo = 50 �. The stepped-impedance
common-mode filter is realized by alternating the even-mode
impedance between Zel = 50 � and Zeh = 100 � as shown in
Fig. 1. This results in a filter response for the common-mode
signal, whereas the differential signal is unaffected. The stop-
band of the filter is symmetrically centered around 10 GHz,
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Fig. 1. (a) Stepped-impedance common-mode filter for a differential line.
(b) Common-mode signal is effectively filtered around the design frequency of
10 GHz.

Fig. 2. Unit cell of a periodic structure consisting of transmission lines with
equal electrical length but different characteristic impedances.

where each differential-line section is quarter wavelength. The
cutoff frequency of the stepped-impedance common-mode filter
depends on the difference between Zel and Zeh .

To determine the stopband, the stepped-impedance filter will
be considered as an infinitely periodic structure of alternating
impedances and equal electrical lengths. A unit cell of such
a structure for solely the common-mode signals can then be
considered as shown in Fig. 2. The ABCD parameters of this
structure can be calculated from the product of the ABCD pa-
rameters of each section as[
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The boundaries of the stopbands and passbands of such an
infinitely periodic structure can be calculated following [9] by

finding the electrical lengths of structures where
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Substituting (1) into (2) yields
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The choice of a positive sign for the right-hand side gives the
trivial result of θ = 0. Using the negative sign for the right-hand
side yields
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A simpler formula is obtained in terms of the cosine function
as
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The on-set and off-set frequencies of the first stopband occur
accordingly at the following electrical lengths:
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This equation is a simpler version of the closed-form equa-
tions given in [5]. Applying this to the example shown in Fig. 1
yields

fl = cos−1

(
1

3

)
× 2

π
× 1010 = 7.8 × 109 (8)

fh =
[
π − cos−1

(
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)]
× 2

π
× 1010 = 12.2 × 109 (9)

which match well with the simulation results as shown in the
figure.

B. Stripline Implementation of a Stepped-Impedance
Common-Mode Filter

Two specific implementations of the stepped-impedance
common-mode filter are given in [4] and [5] for microstrip lines.
In this paper, we present an alternative design for striplines.

The design in [5] varies the common-mode impedance by
changing the reference plane on a multilayer board. The dis-
advantages of this approach are the requirement of additional
layers and vias to stitch the reference planes together. The design
in [4] does not increase the layer count, however, the require-
ment of coplanar waveguide ground strips limits the routing
density of multiple differential line channels together. The new
stripline design in this paper does not increase the layer count,
and requires no additional vias.

The basic stripline configuration for edge-coupled differen-
tial lines is shown in Fig. 3(a). The top plane is removed for
every other quarter-wavelength section, resulting in embedded
microstrip configuration as shown in Fig. 3(b). The even-mode
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Fig. 3. (a) Edge-coupled differential striplines. (b) Removing the top plane
results in embedded microstrip lines with a higher even-mode impedance.

Fig. 4. Embedded microstrip section between two differential stripline
sections.

impedance is significantly higher for the embedded microstrip
sections, because of the removal of the top plane. The odd-mode
impedance mostly depends on the geometries of the signal lines,
and hence, does not change significantly. Therefore, a common-
mode filter will be created by alternating stripline sections with
embedded-microstrip sections for the differential line.

As a numerical example, a differential stripline embedded in
FR-4 with a dielectric constant of 4 and loss tangent of 0.02
is considered. For the sake of simplicity, the copper thickness
is neglected. The top and bottom dielectrics are each 5-mil
thick, resulting in a 50-� odd-mode impedance for a width
and spacing of 4 mils. The center frequency of the stopband
is chosen as 5 GHz, which results in a quarter-wavelength of
approximately 300 mils in the dielectric medium. Three unit
cells are used, resulting in a total length of 1800 mils for the
whole structure. Fig. 4 shows the three-dimensional view of an
embedded microstrip section between two stripline sections.

The even-mode impedance changes from Zel = 62 � for the
stripline sections to Zeh = 88 � for the embedded microstrip
sections, calculated using the controlled-impedance line de-
signer in Keysight ADS [10]. As a result, the on-set and off-set
frequencies of the stopband can be calculated as

fl = cos−1 (0.17) × 2

π
× 1010 = 4.5 × 109 (10)

fh = [
π − cos−1 (0.17)

] × 2

π
× 1010 = 5.6 × 109. (11)

Fig. 5 demonstrates the effectiveness of the stepped-
impedance common-mode filter compared to a baseline that
is purely a stripline configuration. This simulation was done us-
ing the full-wave simulator Sonnet [11]. The stopband around
5 GHz is observed in Scc21 parameters of the common-mode
filter. The attenuation at the stopband can be increased by using

Fig. 5. Differential line with width and spacing of 4 mils. (a) Insertion loss for
the differential-mode signals is not deteriorated by the filter except for a slight
deviation around 5 GHz. (b) Common-mode signals are effectively filtered
around the design frequency of 5 GHz. Filter attenuation is increased by using
more unit cells in the design.

more sections in the filter. A longer filter was simulated by dou-
bling the length of the filter using six unit cells. Fig. 5(b) shows
the improvement in attenuation for the longer filter. Outside of
the stopband, the insertion loss is also more for the longer filter,
due to the increased dielectric and conductor losses.

A slight deviation in Sdd21 from the baseline case can be
observed around 5 GHz. This is primarily due to the small
change in the odd-mode characteristic impedance from 50 �

in the stripline to 55 � in the embedded microstrip line. If the
lines are more tightly coupled, this variation should even be
smaller. As an example, a second case was simulated where a
tighter coupling was achieved by choosing the width as 3 mils
and spacing as 2 mils. This resulted in odd-mode impedances
of 49 � and 51 � for the stripline and embedded microstrip
sections. Fig. 6 shows that there is no significant change in
Sdd21, whereas a similar stopband is obtained for Scc21. The
same filter was also simulated using multilayered transmission
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Fig. 6. Differential line with width of 3 mils and spacing of 2 mils is tighter
coupled compared the example in Fig. 5. (a) Insertion loss for the differential-
mode signals has no significant deviation. (b) Circuit simulation using
transmission line models in ADS matches electromagnetic simulation in Sonnet.

line models in ADS and shows good agreement with Sonnet. In
circuit simulation, a small copper thickness of 0.1 mil was used
to be able to incorporate the conductor losses.

III. RESONANT-PLANE ENHANCEMENT

The ground-via pitch for striplines as shown in Fig. 7 is not a
critical parameter for ideal lines, as long as the port excitations
are purely in the stripline mode. The stepped-impedance filter,
on the other hand, restricts the return current to the bottom
ground plane at the embedded microstrip segments; therefore,
the parallel-plate mode gets excited as well [12]. This provides
an opportunity to use the ground via pitch as an additional
variable to design the common-mode filter.

As an example, a common-mode filter was studied with
a quarter-wavelength resonance of 26 GHz in the longitudi-
nal direction. Here, we have used FR4 epoxy with εr = 3.6,

Fig. 7. Adjusting the ground via pitch (λ2/4) results in an additional notch in
the common-mode filter due to the lateral resonance.

Fig. 8. (a) Insertion loss for the differential-mode signals is not deteriorated
by the filter. (b) Common-mode filter has two notches that can be adjusted
independently. Lateral resonance results in a stronger attenuation.

tan δ = 0.007, and thickness of 600 μm as the substrate mate-
rial and assigned width and spacing of 75 μm and thickness
of 18 μm to the differential traces, with each transmission-line
section as 1500-μm long (total length of traces = 22 500 μm)
to achieve the resonance in the longitudinal direction.
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Fig. 9. Simulations after increasing the ground via pitch to 3300 μm.
(a) Insertion loss for the differential-mode signals is not deteriorated by the
filter. (b) Two notches are combined to obtain a wider stopband for common-
mode signals.

The filter starts and ends with an embedded microstrip seg-
ment and has a ground width of 2500 μm. Considering that top
ground patches have lengths of 1500 μm, a quarter-wavelength
resonance of 34 GHz in the lateral direction is calculated us-
ing the microstrip model in ADS LineCalc. Sdd12 and Scc12
parameters have been extracted using HFSS [13]. In HFSS, we
have assigned the radiation boundary at the top of the structure.
The side boundaries are perfect electric boundaries representing
the ground vias, whereas the metal layers are copper.

Comparison with the baseline case of the differential
striplines shows that the filter does not affect the differential-
mode insertion loss in Fig. 8. The resonant-plane common-mode
filter design results in a new lateral resonance. The locations of
the two stopbands are accurately estimated by the longitudinal
and lateral resonances at 26 and 34 GHz based on the quarter-
wavelength dimensions in Fig. 7.

In Fig. 9, we achieved a larger single stopband for the
common-mode filter by increasing the width of the ground

Fig. 10. Attenuation coefficient based on dispersion diagram analysis of a
single unit cell confirms the stopbands of the filters in Fig. 8 (λ1 �= λ2), and
Fig. 9 (λ1 = λ2).

Fig. 11. Cross sections taken with a focused ion beam. Measurement of
(a) dielectric thicknesses; and (b) width and spacing including the etching effect.

plane to 3300 μm so that the two resonances got combined.
The differential-mode insertion loss (Sdd12) is maintained at
a similar level. This example illustrates the use of the ground
via pitch as an additional variable to obtain a large stopband for
common-mode signals.

The design of this enhanced filter considering ground via lo-
cations can be efficiently done using dispersion diagrams for
periodic structures. To generate the dispersion diagram, a single
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Fig. 12. (a) Common-mode filter using three sections. (b) Common mode
effectively filtered around the center frequency of 26.5625 GHz.

unit cell can be simulated, consisting of a cascaded half embed-
ded microstrip segment, a full stripline segment, and another
half embedded microstrip segment. This simulation setup de-
fines the ports clearly on the embedded microstrip segments, so
as to avoid shorting the stripline ground planes at a wave or box-
wall port. From this simulation, the common-mode scattering
parameters are obtained and converted to ABCD parameters.
The dispersion characteristic can then be obtained from the
ABCD parameters [9], [14] using

cosh (αd + jβd) = A + D

2
. (12)

Fig. 10 shows the attenuation coefficient obtained through dis-
persion diagram analysis for the examples in Figs. 8 and 9. The
locations of the stopbands in the dispersion diagram match the
ones observed in the common-mode insertion loss. The lateral
resonance (as a function of λ2 in Fig. 7) provided a larger at-
tenuation compared to the longitudinal resonance (λ1) in this
example. The dispersion diagram analysis requires simulation
of a single unit cell only; allowing efficient design and optimiza-
tion of the common-mode filter.

Fig. 13. (a) Common-mode filter using seven sections. (b) Common-mode
isolation level improves for this seven-section filter as compared to the three-
section filter of Fig. 12.

IV. MEASUREMENT RESULTS

A test board was fabricated to verify the performance of the
common-mode filter. For accurate simulation comparison, cross
sections were taken with a focused ion beam as shown in Fig. 11.
The measured dielectric thicknesses and line width and spacing
were then used in HFSS. The etching effect was included in the
simulation geometry by using trapezoidal transmission lines.

HFSS simulations were carried out and compared against
measurements for several test cases. The total length of the dif-
ferential line was 21 mm for all cases and the common-mode
filter was designed with a center frequency of 26.5625 GHz.
This particular frequency is chosen to provide a common-
mode filter solution for the practical case of a 400-Gb/s op-
tical transceiver operating at 53.125 Gb/s per lane. Fig. 12
shows the performance of the common-mode filter using only
three sections. Good simulation to measurement correlation is
observed.

The common-mode filter performance in Fig. 12 can be im-
proved in two possible ways. One option is to use more sections
in the filter as shown in Fig. 13. Common-mode isolation level
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Fig. 14. (a) Closest vias to the stripline sections have been removed to
introduce lateral resonance enhancing the performance of the common-mode
filter. (b) Common-mode filter has a larger bandwidth and isolation compared
to the original filter in Fig. 12.

Fig. 15. Measured common-mode filter (CMF) performance including seven
sections and with larger ground via pitch. The differential insertion loss is not
affected compared to a baseline embedded microstrip differential line. Close to
an octave of filter bandwidth is observed at an isolation level of 12 dB for the
common-mode insertion loss.

improves for this seven-section filter as compared to the three-
section filter of Fig. 12.

Another option for improvement would be introducing the
lateral resonance by adjusting the ground via pitch. For this
purpose, the closest vias to the stripline sections have been
removed as shown in Fig. 14. This results in an additional notch
in the filter performance in the vicinity of the center frequency
of the filter. As expected, this enhanced common-mode filter has

larger bandwidth and isolation compared to the original filter in
Fig. 12.

As a final test case, both improvements were applied simul-
taneously by using seven sections and enhancing the filter per-
formance by adjusting the ground via pitch. Fig. 15 shows a
comparison of this common-mode filter with the baseline case,
which is just a straight embedded microstrip differential line
without any filter. The differential insertion loss is not affected
as shown in the figure. Close to an octave of filter bandwidth is
observed for an isolation level of 12 dB.

V. CONCLUSION

A simple design equation was introduced to estimate the
on-set and off-set frequencies of stepped-impedance common-
mode filters in differential lines. The filter is based on vary-
ing the common-mode impedance of a differential line, while
keeping the differential-mode constant. A new implementation
of this filter has been introduced for edge-coupled striplines.
Full-wave simulations demonstrate that the common-mode sig-
nal is effectively filtered at the design frequency, whereas the
differential-mode signal is not deteriorated. A resonant-plane
enhancement is introduced to filter common-mode signals at
an additional center frequency, which can be adjusted by the
ground via pitch. The two frequencies can be combined to have
increased attenuation over a larger stopband. A test board includ-
ing common-mode filters was designed at a center frequency of
26.5625 GHz. The measurements showed good agreement with
simulation in terms of mixed-mode scattering parameters. It was
observed that the performance of this new-common mode fil-
ter is significantly improved by adjusting the ground via pitch,
without affecting the differential insertion loss.
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