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ABSTRACT This study proposes a miniaturized strip-line absorptive common-mode filter using a novel
and ingenious defected ground structure (DGS). The proposed filter is bidirectional and has an ultrawide
absorption band to stop the common-mode noise. The fractional bandwidth was as large as 147%. In addition,
the filter allows the total transmission of differential signals of up to approximately 15 GHz, as determined
by the 3-dB cutoff frequency. Both noise absorption and signal transmission bandwidths have never been
reported in the literature. An equivalent circuit model and design principle were proposed. Accordingly,
a filter prototype with a total area of 1.1% of the square of the wavelength at the lowest frequency of the
absorption band is designed and implemented. The measured results verified the design and demonstrated
its claimed performance.

INDEX TERMS Absorptive common-mode filter (A-CMF), common-mode noise, defected ground structure
(DGS), differential signal, signal integrity (SI).

I. INTRODUCTION
Differential signaling schemes have been broadly applied
in modern digital systems to convey digital signals with
high data rate, high speed, low supply voltage, and high
noise immunity. Nevertheless, discontinuities and unbal-
anced signals on differential lines lead to common-mode
(CM) noise. This noise may result in the deterioration of sig-
nal integrity (SI) or the generation of noticeable electromag-
netic interference (EMI) from the lines [1], [2]. Numerous
common-mode filters have been developed for the suppres-
sion of such noise in the last decade.

These filters can be divided into two types: reflective and
absorptive. For the design of reflective common-mode filters,
defected ground structures (DGS’s) [3]–[7] or mushroom-
like electromagnetic bandgap (EBG) structures [8], [9] have
been widely adopted. By routing differential lines over the
ground embedded with DGS or EBG structures, the currents
distributed on the ground can produce equivalent capaci-
tors and inductors to form resonant circuits. While the cir-
cuits resonate, common-mode noises are reflected. However,
reflected noises from such common-mode filters still exist
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in the system, which may cause severe SI or EMI problems
in the systems. As a result, common mode filters of the
absorptive type were invented.

Absorptive common-mode filters (A-CMFs) have been
developed in recent years [10]–[24]. The integrated passive
device (IPD) process was used in [10] and [11], while the
typical printed circuit board (PCB) technology was applied
in [11]–[24]. Compared with the IPD process, PCB technol-
ogy has a lower cost and may achieve better performance.
The design of A-CMF can directly add lumped resistors to
balanced band-pass filters [14]–[17]. Balanced filter archi-
tectures are complex for the total transmission of differential
signals. Instead, it can create a broad absorption band by
placing differential lines above the DGS, which are added
with lumped resistors [19]–[21]. In [21], a DGS with three
equal cells having a dumbbell-shaped aperture was proposed
to increase the absorption bandwidth by up to 104%. How-
ever, the common-mode filter is unidirectional, and the trans-
mission of the differential signal can reach up to 5.5 GHz as
shown in Table 1.

In this study, an ultrawideband bidirectional A-CMF is
proposed. This filter applies PCB strip-line technology.
A new DGS was embedded in the top and bottom ground.
Few A-CMF designs have used the strip-line technology. The
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TABLE 1. Comparison of the published A-CMF’s.

major advantages of applying this technology are a more
compact size and reduced signal distortion owing to the DGS.
Therefore, a higher cutoff frequency for the differential signal
may be achieved. Here, the differential-signal transmission
can reach up to 14.96 GHz. As shown in Table 1, the band-
widths of the signal transmission were the largest in compar-
ison with other published filters.

In addition, the newly proposed filter employs an innova-
tive and easily designedDGSwith five cells and three types of
dumbbell-shaped apertures. This DGS increases the absorp-
tion bandwidth by 147%. In addition, the absorption band-
width was the largest among the published filters, as shown
in Table 1.

A DGS can be easily designed because its physical
mechanism is clear. The design principle and equivalent
circuit model were presented. Accordingly, a filter pro-
totype was designed, fabricated, and tested. There was
good agreement between the measurement and simulation.
The measured results verify the filter performance stated
above.

II. BIDIRECTIONAL STRIP-LINE A-CMF DESIGN
A. FILTER CONFIGURATION AND ITS BENCHMARK
PERFORMANCE
The configuration of the proposed strip-line A-CMF is illus-
trated in Fig. 1. As shown in Fig. 1(a), the differential lines
were sandwiched between the top and bottom ground planes.
The differential lines shown in Fig. 1(b) can be divided
into three sections: the left, center, and right. In the center
section, the distance between the two strips was intentionally
reduced to induce strong coupling. This improves differential
signal transmission. Nevertheless, a differential-mode (DM)
characteristic impedance of 100 � was maintained along the
entire length, including the three sections.

A DGSwith five cells was embedded in the top and bottom
planes. These five cells can be classified into three types,
as shown in Fig. 1(c). The arrangement of the five cells

on each ground plane was symmetric to realize the bidirec-
tional characteristics of the filter. For impedance matching
and absorption of CM noise, four lumped resistors with
two different values, R1 and R2, were added to the four
smaller cells. Similarly, the arrangement should consider
bidirectional symmetry.

A filter prototype was designed and implemented using
a printed PCB strip-line structure with two dielectric layers
and three metal layers. Each dielectric layer was a RO4003C
substrate with a thickness of 0.406 mm, dielectric constant
of 3.55, and loss tangent of 0.0027. The DGS is added to the
top and bottom metal layers or ground planes. The geometric
parameters of the DGS are: p1 = 2 mm, p2 = 4 mm, p3 =

7 mm, b1= 0.5 mm, b2 = 0.55 mm w1 = 5.5 mm, w2 =

7.5mm, P = 12.5 mm, W = 21.1 mm, w3 = w5 = 3.5 mm,
w4 = 2.5mm, m1 = 3.8 mm, m2 = 3 mm, m3 = 0.2 mm and
u1= u2= 0.8 mm. Two metal strips are placed on the central
metal layer. Their related dimensions are: wp = 0.35 mm,
ws = 0.3 mm, d1 = 0.8 mm, d2 = 0.3 mm.
The benchmark performance of the designed filter is

shown in Fig. 2. The results were simulated using a
full-wave simulator, HFSS [25]. The differential-signal
reflection and transmission, CM noise reflection and trans-
mission, and differential-signal group delays are shown in
Fig. 2(a), 2(b), and 2(c), respectively. The differential-signal
transmission can be up to approximately 15 GHz, which
is determined by the 3-dB insertion loss. In addition, the
CM noise absorption band should be determined by the
10-dB return loss and the 10-dB insertion loss. As shown
in Fig. 2(b), the overlapped band is from 2.02 GHz to
13.32 GHz, which is equal to a fractional bandwidth (FBW)
of 147%. Compared to the published A-CMFs in Table 1, the
proposed filter outperforms all others. The differential signal
group delays fed from both directions are shown in Fig. 2(c).
Again, the flatness and equality of the delays demonstrate
the bidirectional characteristics and ultrawideband signal
transmission.
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FIGURE 1. Configuration of the proposed A-CMF. (a) Layer stack-up.
(b) Differential signal lines. (c) Top and bottom ground planes.

B. PHYSICAL MECHANISM AND DESIGN PRINCIPLE
The physical mechanism of the proposed A-CMF
was clear. Three types of DGS cells (as shown in
Fig. 3(a), 3(c), and 3(e)) can generate three different reso-
nances. Their equivalent circuits are shown in Fig. 3(b), 3(d),
and 3(f). It is essential that the largest center cell (Fig. 3(e))
should be a dual-band resonant circuit. The entire aperture
generates lower-frequency resonance, whereas the central
ribbon-like slot creates higher-frequency resonance.

FIGURE 2. Benchmark performance of the proposed A-CMF. (a) Reflection
and transmission of differential signal. (b) Reflection and transmission of
CM noise. (c) Group delay of differential signal.

The CM current distributions of the three cells correspond-
ing to the first, second, and third dips in Figure 2(b) are
shown in Fig. 4. By observing these current distributions, it is
clear that the largest cell is responsible for both the lowest
and highest resonant frequencies. The two smaller cells had
resonant frequencies between the lowest and highest resonant
frequencies.
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FIGURE 3. Physical mechanism of each DGS cell. (a) The smallest DGS
cell. (b) Equivalent circuit of the smallest cell. (c) The middle DGS cell.
(d) Equivalent circuit of the middle cell. (e) The largest DGS cell.
(f) Equivalent circuit of the largest cell.

FIGURE 4. The current distributions on the DGS at lowest, middle and
highest resonant frequencies.

TABLE 2. Component values of the equivalent circuit.

The evolution of A-CMF may follow the steps shown in
Fig. 5(a). This changed from Type A to Type D. As shown
in Fig. 5(b), the filter evolved from a dual-stop-band filter
to an ultrawide band-stop filter. It is important to mention
again that the two resonant frequencies of Type A (or the
largest center cell) determine the upper and lower limits of
the absorption band. Consequently, it is convenient to quickly
predict the absorption band based on the largest cell.

C. EQUIVALENT CIRCUIT
Based on the above discussion, the CM equivalent circuit
model of the proposed filter is shown in Fig. 6. There are five
resonant circuits of three different types: two single-band and

FIGURE 5. Evolution of the A-CMF. (a) The evolution steps. (b) The
corresponding responses.

FIGURE 6. CM equivalent circuit of the proposed A-CMF.

one dual-band. In particular, the center resonant circuit has
two resonant frequencies that determine the upper and lower
limits of the absorption band. The component values can be
extracted using Q3D [26], and are summarized in Table 2.

Figure 7 shows the results obtained by the equivalent cir-
cuit and full-wave simulation. The results agree well with
each other. Therefore, the equivalent circuit model can be
applied for the initial guess of the design.
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FIGURE 7. Comparison between circuit and full-wave simulations.

FIGURE 8. Performance variations due to the geometrical parameters of
the largest DGS cell.

D. GEOMETRY AND RESISTOR PARAMETER ANALYSIS
As the evolution of the filter is revealed, its bandwidth highly
depends on the largest center cell of the DGS. As shown in
Fig. 3, this cell is equivalent to a dual-band resonant circuit.
The lower and upper resonant frequencies determine the band

FIGURE 9. Performance variations due to the resistances of: (a) R1, (b) R2.

FIGURE 10. The implemented prototype: (a) its configuration, (b) its
photo.

limit. Fig. 8 shows a study of the geometric parameters
of this cell, as indicated in Fig. 1. The key parameters in
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FIGURE 11. Comparison of differential signals. (a) Reflection and
transmission. (b) Group delay.

Fig. 8(a) and (b) are related to variations in the lower and
upper band limits, respectively.

The added resistors are primarily used for impedance
matching of the CM noise. After the noise enters the filter,
the resistors dissipate energy. As shown in Fig. 9, the value
of R1 has a major effect on the matching performance, while
the value of R2 is applied for fine-tuning. When R1 and R2
are set to 40 and 90 �, respectively, the bandwidth can be
maximized. Here, the absorption band was from 2.02 GHz
to 13.32 GHz. By comparing Fig. 8 and 9, the stop-band
determined by the 10-dB insertion loss could be wider which
is from 1.98 GHz to 14.53 GHz. This is because the CM noise
can be stopped by the absorption or reflection mechanism.
However, the reflected noise may not be favorable for some
applications.

III. IMPLEMENTATION AND EXPERIMENT
A. FILTER IMPLEMENTATION
A prototype of the A-CMF was fabricated, as shown in
Fig. 10. To connect the SMA connectors for measurement,
a transition method [27] from a strip line to a microstrip
line was applied. Subsequently, four high-frequency SMA
connectors were connected to the ports. For a better

FIGURE 12. Comparison of CM noise in the frequency domain.
(a) Transmission. (b) Reflection.

comparison, the connector effect was considered and mod-
elled in the simulation.

B. EXPERIMENTAL VALIDATION
The frequency- and time-domain experimental validations
are shown in Fig. 11, 12, and 13, respectively. Fig. 11 displays
the simulated and measured S-parameters and group delays
of the differential signal. Fig. 12 shows the simulated and
measured S-parameters of the CM noise. These figures show
the agreement between the simulation and the measurement.
In addition, the bidirectional performance was confirmed
again. However, the measurement was not exactly the same as
the simulation. This is because of the non-ideal effects of the
materials, fabrication uncertainties, and measurement setup.
Because the frequency band of concern is extremely wide,
the substrate dielectric constant and loss tangent are disper-
sive and could not be modeled accurately in the simulation.
In addition, many structural lines and slots are very narrow
and would have dimensional uncertainties during fabrication.
The measurement setup required SMA connectors soldered
with transitions from a strip line to a microstrip line. The
setup also causes unavoidable differences between the mea-
surements and simulations.
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FIGURE 13. Comparison of the time-domain results. Eye diagrams of:
(a) the reference board, (b) the A-CMF by simulation, (c) the A-CMF by
measurement.

Figure 13 shows simulated and measured eye diagrams.
The digital signal had a data rate of 10 Gb/s and a rise/fall
time of 20 ps. An eye diagram of the reference board is
shown in Fig. 13(a). Its eye height and width are 0.99 V and
100 ps, respectively. As with the A-CMF, the simulated eye
height and width were reduced to 0.88 V and 94.5 ps. The
measured eye height and width are, respectively, reduced to
0.86 V and 97 ps. The performance is remarkable for the
SI requirements.

IV. CONCLUSION
A compact bidirectional A-CMF using PCB strip-line tech-
nology and employing an innovative DGS is proposed and

studied herein. Its noise absorption band is ultrawide and can
reach up to 147% FBW. Its signal transmission band ranges
fromDC to 15 GHz. Based on the noise absorption and signal
transmission bandwidths, the proposed design is the best
among all published filters. However, minimizing the sample
size could be a future study. An equivalent circuit model and
design principle were proposed for the filter design. Accord-
ingly, a filter prototype was implemented andmeasured. Both
the frequency- and time-domain results validate the design
and demonstrate the practicality of the filter for modern high-
speed digital applications.
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