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EBG Common-Mode Filter Design Using
Uncoupled Coplanar Waveguide

to Microstrip Transitions
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Abstract—This letter investigates the effects of an
Electromagnetic Bandgap (EBG) common-mode filter design
using coplanar waveguide (CPW) to microstrip transitions
on differential signals. Specifically, the improvements in the
frequency and time domains are studied by s-parameters
and eye diagrams. EBG structures are based on a periodic
alteration of even-mode impedances to create stop bands in
the common-mode, while not affecting the differential mode as
much as possible. The proposed common-mode filter is unique
in the way that a broad bandwidth is achieved by choosing
one of the even-mode characteristic impedances as small
as possible. This EBG structure is implemented on a printed
circuit board (PCB) and characterized using a 4-port vector
network analyzer (VNA).

Index Terms—Electromagnetic band-gap (EBG), mixed-mode
S-parameters, even and odd mode impedances, common-mode
filters, eye diagram simulations, signal integrity (SI).

I. INTRODUCTION

AS TECHNOLOGY advances, there is a need to
move data between integrated circuits (ICs) at high

data rates/frequencies. As the speed increases, some second-
order noise issues that were neglected at lower frequencies
become more significant and increase the complexity of the
design [1]. It has been shown that differential traces can obtain
up to twice the bit rate for the same net length than a single
ended trace [2]. Along with being able to transmit and receive
at higher speeds, using differential traces can help reduced
effects of external noise, such as crosstalk, power supply noise,
or electromagnetic interference (EMI).

Differential signaling can however suffer from unwanted
common-mode noise which most of the time gets ignored at
lower speeds. This common-mode noise gets introduced into
a system by skews in trace lengths, driver timing discrepancies,
and substrate inhomogeneity due to glass-weave effect. These
lead to signal integrity issues.
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In previous studies [3], it has been shown that common-
mode amplitudes can be in the same order as differential-mode
amplitudes and can degrade the eye-diagram at the receiver.
The effects of common-mode amplitudes can cause bit errors
and potentially cause a system to fail. Common-mode noise
filters for EMI suppression have been introduced before using
common-mode chokes [4], [5], which however are effective at
frequencies under 1GHz as they have high insertion losses at
high frequencies and are not designed for a specific frequency
band.

There are multiple approaches of using periodic EBG struc-
tures to try to filter out the common-mode noise in differential
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Fig. 1. Coplanar waveguide line with 50� even and odd-mode impedances.

Fig. 2. Differential microstrip TL with 180� even-mode and 50� odd-mode
impedances.

lines in the events of IC to IC communication or communica-
tion between printed circuit boards (PCBs) using connectors
or cables. Many types of EBG structures can be imple-
mented as common-mode filters such as the EBG structures
on the reference planes or planar EBGs [6]–[9]. We have
recently studied common-mode filters in differential lines as
stepped-impedance filters [10]. In this letter, we will introduce
a new effective common-mode filter using coplanar waveg-
uide (CPW) and differential microstrip lines and summarize
the effect of this filter in the frequency and time domains using
s-parameters and eye diagram simulations.

II. EBG STRUCTURES

A. Even and Odd Mode Impedance

In [10], design equations to determine the on-set and off-
set frequencies of the EBG common-mode stopband were
derived. As a result, the fractional bandwidth of the filter can
be calculated using

BW = 2 − 4

π
cos−1

(
Zh

e − Zl
e

Zh
e + Zl

e

)
(1)

where Zh
e and Zl

e are the high and low even-mode characteristic
impedances of the filter sections. Therefore, higher separation
between even and odd mode impedances on a differential line
results in broader bandwidth for the common-mode filter.

Even and odd-mode impedances can be calculated from the
per unit length elements of the inductance and capacitance
matrices as

Ze =
√

L11 + L12

C11 + C12
(2)

Zo =
√

L11 − L12

C11 − C12
(3)

Fig. 3. CPW stackup & dimensions (in microns).

Fig. 4. Differential microstrip stackup & dimensions (in microns).

indicating that Ze ≥ Zo, since the mutual capacitance C12 is
always negative. In this letter we propose a unique design by
choosing Zl

e = Zo, in order to achieve largest bandwidth.
As an example, we designed two different differential lines:

one with 50� odd and even-mode impedances, and one with
50� odd-mode impedance and 180� even-mode impedance.
The 50� odd and even-mode impedances were achieved
using coplanar waveguides (CPW) as shown in Figure 1,
while the 50� odd/180� even impedances were achieved
using a tightly-coupled microstrip differential line as shown
in Figure 2. The CPWs have negligible coupling due to the
ground trace in between the two signal lines as shown in
Figure 5, resulting in equal even and odd mode impedances.

By keeping the odd-mode impedance constant while peri-
odically varying the even-mode impedance, we can create
a stepped-impedance common-mode filter [11], [12].

B. PCB Design

Based on the extracted values from the 2D simulation, we
designed the EBG structure on a printed circuit board with
Rogers RO4003 and RO4450F for the cores and prepreg,
respectively. For the CPW, we used a width of 300 microns
with a spacing of 50 microns to co-planar reference as shown
in Figure 3. For the differential microstrip, we used trace
widths of 150 microns with a separation of 50 microns dis-
played in Figure 4. The copper thickness for all traces and
ground plane is 20 microns. The filter is designed to have
a CMF at a specific frequency by selecting its respective quar-
ter wavelength as the length of each section. In this case,
lengths of 2.6mm and 2.35mm for the CPW and differential
microstrip, respectively, were used to have a center frequency
of 18GHz, in order to effectively filter a 36Gbps signal.

Three different filters were analyzed. One with three CPW
sections and two differential microstrip sections (CMF3),
another with six CPW sections and five differential microstrip
sections (CMF6), and lastly, one with eight CPW sections and
seven differential microstrip sections (CMF8). An image of
CMF3 implemented on the PCB can be seen in Figure 5.
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Fig. 5. Implementation of CMF3 on a PCB.

Fig. 6. Measured common-mode insertion loss (Scc21) of 3 designs.

Fig. 7. SDD21 of CMF3.

Fig. 8. SDD11 of CMF3.

III. SIMULATED VS MEASURED MIXED-MODE

S-PARAMETERS

Mixed-mode s-parameters were characterized using 250um
GSGSG micro probes on a E8361A 4-port VNA with a Short-
Open-Load-Through (SOLT) calibration to verify the EBG
structures’ effects on the differential and common modes. The
objective is to create a common-mode bandstop filter at a cer-
tain frequency range without affecting the differential-mode.
Figure 6 displays the extracted common-mode insertion loss
from all three designs. With increasing number of unit cells,
the isolation level of the CMF increases as expected.

The CMFs were also simulated with a 2.5D simulator
that considers the transitions between the CPW and differ-
ential microstrip sections. Figures 7 through 9 display the
differential-mode insertion and return loss (SDD21&SDD11) and

Fig. 9. SCC11&SCC21 of CMF3.

Fig. 10. Eye diagram schematic using 90◦ skew at the driver, 100�

differential TL and CMF3 S-Parameter model.

Fig. 11. Eye diagram after differential driver.

common-mode insertion and return loss (SCC21&SCC11) of
CMF3. Figures 7 and 8 indicate that the differential mode is
not significantly affected by the insertion of the CMF. The
simulated and measured values show good correlation in
Figures 7, 8 and 9.

Based on these results, this EBG structured common-mode
filter provides a band-stop filter centered at 18GHz, without
having significant effect on the differential mode.

IV. EYE DIAGRAM SIMULATIONS

Figure 10 shows the eye diagram simulation setup, imple-
menting a 90◦ skew on the positive leg of the driver in the form
of a 50� CPW (similar to the coplanar section in the EBG
common-mode filter); a differential microstrip line (similar to
the one we are using in our common mode filter) with a differ-
ential impedance of 100�; and the CMF3 filter. The addition
of the 90◦ skew is implemented to cause the horizontal part of
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Fig. 12. Eye diagram after 90◦ skew.

Fig. 13. Eye diagram after 90◦ skew and 100� differential TL.

Fig. 14. Eye diagram after 90◦ skew, 100� differential TL, and CMF3
S-Parameter model.

the eye to close by half as seen on figures 11 and 12. Four dif-
ferent differential eye probes were added, one after the driver,
one after the 90◦ skew, one after the differential TL, and one
after the CMF3 common-mode filter s-parameter model.

Figures 11-14 display the eye diagram immediately follow-
ing the driver, 90◦ skew, the differential microstrip line, and
after the CMF3 filter, respectively. CMF6 and CMF8 were also
simulated with similar results. It can be observed that the eye
diagram is almost completely closed after the 90◦ skew and

the differential line in Figure 13. The CMF helps to mitigate
these effects by reopening the eye as shown in Figure 14.

V. CONCLUSION

A new EBG common mode filter is proposed which is
unique in the way that the smallest possible even-mode charac-
teristic impedance is used. The effectiveness in the frequency
and time domains are verified using measured mixed-mode
S-parameters and simulated eye diagrams. In the frequency
domain, a stopband in the common mode is observed in agree-
ment with the design equations without significantly affecting
the differential mode. In the time domain, we can see the filter
improves the eye and therefore improving the distortion and
jitter. As data speeds increase, this filter can be used to mit-
igate common-mode noise in differential signals. The higher
the frequency, the shorter the filter’s length and therefore this
common-mode filter can be very useful in very high-speed
applications.
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