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ABSTRACT Awideband common-mode (CM) suppression reconfigurable filter is proposed for high-speed
all-pass differential circuits. The filter adopts three varactor-loaded compact defected ground struc-
tures (DGSs) to achieve continuous reconfigurability in its operation frequency with a large CM suppression
dynamic range in the bandwidth. The varactors play an important role in widening the accessible instan-
taneous bandwidth and miniaturizing the structure. The three DGS cells with a total area of 15 mm x
10 mm are implemented symmetrically under the differential lines, to obtain reconfigurable CM bandstop
characteristics which can be continuously adjusted from 1.8 to 8.1 GHz. A coupled LC resonator equivalent
model is developed to represent and analyze the proposed filter, which explains its operation principle and
assists in accelerating the reconfiguration design method. A good agreement between full-wave simulations
and measured results is demonstrated, which validates the proposed design.

INDEX TERMS Reconfigurable filter, defected ground structures, common-mode suppression, varactor
diode.

I. INTRODUCTION
Differential circuits have been widely used in high-speed
printed-circuit board (PCB) design, since they exhibit
superior signal-to-noise performance and high electromag-
netic immunity against conducted and radiated interfering
signals [1], [2]. However, these circuits have unavoidable
imbalances in their differential mode (DM) which might gen-
erate common-mode (CM) currents. This often leads to severe
electromagnetic interference (EMI) problems and unwanted
electromagnetic (EM) radiation issues [3]–[6].

Various types of filters can be used to suppress CM
noise. For instance, balanced bandpass filters [6]–[9] have
advantage of CM-suppression in their operational frequency
band. They however cannot be applied to high-speed dif-
ferential digital circuits which need all-pass characteristics
for differential signals. CM filters with high permeability
ferrite cores [10] have been proposed to suppress the CM
noise in a wide frequency range for all-pass differential
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signals, but they are limited in terms of their highest fre-
quency of operation. For operation at gigahertz frequen-
cies, multilayer low-temperature co-fired ceramic (LTCC)
technology [11] provides an alternative solution. However,
such multilayer designs introduce additional structure com-
plexity and hence increase the cost of the circuit and may
cause additional undesirable attenuation to the differen-
tial signal. Recently, CM filters based on complementary
split ring resonators (CCSR) [12], [13], twin-ring resonator
(TRR) [14], multimode slotline resonator [15], electromag-
netic bandgap (EBG) structures [16], [17] and defected
ground structure (DGS) [18]–[24] have been reported as new
approaches. Filters proposed in [12], [14], and [15] have
excellent all-stop or bandstop CM suppression, while they
only operate in a given fixed frequency band. EBG-based
filters can operate in all-pass band for their differential sig-
nals. However, they are not very suitable for embedded sys-
tems because of their large space requirement intrinsic to
the designs. In contrast, filters employing DGS can pos-
sess simpler and more compact structure with a wideband
CM suppression. Because of the limited space in high-speed

36980
2169-3536 
 2019 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

VOLUME 7, 2019

https://orcid.org/0000-0003-3888-908X
https://orcid.org/0000-0001-7907-2602
https://orcid.org/0000-0001-6831-7213


Z. Zeng et al.: Reconfigurable Filter Using Defected Ground Structure for Wideband CM Suppression

PCB designs, miniaturization and bandwidth enhancement
for DGS filters are essential. For instance, filters adopting
periodic DGS [18]–[20] have been demonstrated to broaden
the bandwidth at the cost of a larger device geometry. Filters
utilizing composite DGS [1], [2] have been also shown to
increase the bandwidth, by controlling the mutual coupling
between various DGS patterns. A filter utilizing C-shaped
DGS with meandered differential pairs has been demon-
strated with a wideband CM suppression [25]. However,
it adopts a relatively complex multilayered PCB and exhibits
a relatively high insertion loss of around 3 dB at higher
frequencies. In addition, similar filters can be found in
antenna designs, aiming for CM noise rejection [21], [26].
It is worth mentioning that these aforementioned DGS-based
filters have a fixed operational bandwidth, and thus can only
serve for pre-defined frequency bands. By contrast, filters
with reconfigurability in the operation frequency range are
attracting more and more attention, because they can fulfill
the requirements for dynamic spectrum access and cognitive
radio.

The requirements on all-pass differential circuits [25]
make it difficult to design a full-band CM filter. On the one
hand, the size of a full-band CM filter will be very large,
since it needs a number of band filtering cells to achieve
the wide-band performance. On the other hand, the signal
to noise ratio of the differential circuit will be degraded,
because it is challenging to achieve a CM noise suppression
capability below 15-dB over the whole band. Additionally,
since CM noise originates from practical circuits and depends
on the application environment [27], their characteristics
such as frequency range might change when the operating
conditions vary. Therefore, the development of reconfig-
urable CM filters to significantly increase the flexibility of
the circuit applications is highly desired. Reconfigurable
DGS-based devices can be implemented using PIN diodes
and/or varactors. As typical examples using PIN diodes,
El-Shaarawy et al. [24] proposed a reconfigurable DGS res-
onator on coplanar waveguide, which resulted in discretely
tunable resonance frequencies from 1 to 11 GHz. Similarly,
Fakharian et al. [28] proposed a reconfigurable slot antenna
using four PIN diodes in meander-slot DGSs, which could
switch between different discrete operation frequencies from
1.5 to 2.7 GHz. To allow continuously tunable stopband char-
acteristics, varactors can be utilized as the tuning components
instead of PIN diodes. On top of that, the use of varactors
provides a method for filter miniaturization, since the vari-
able capacitance introduced by varactors can be much larger
than the equivalent capacitance of the DGS. For example,
Chen et al. [23] applied a varactor-loaded slot-ring resonator
in a CM suppression filter, and obtained a stopband frequency
continuously tunable from 0.78 to 1.52 GHz. Dai and Li [29]
proposed a CM suppression filter adopting varactor-loaded
slotted ground, which had a wideband continuous tunabil-
ity range from 0.80 to 2.10 GHz. In that work, the varac-
tors were located between the pair of differential lines on
the same metallization level, which increase the inter-line

distance and may increase the radiated EMI of the differential
line.

In this paper, a concept of wideband reconfigurable filter
based on varactor-loaded DGSs is proposed, together with its
equivalent circuit developed for reconfiguration analysis and
design purpose. As a demonstration, a CM-suppression filter
with all-pass differential signal characteristics is designed
based on three varactor-loaded DGS cells. The proposed
filter exhibits a wide reconfigurable CM stopband which
can be tuned to cover a range extending approximately
from 1.8 to 8.1 GHz, leading to a fractional tuning range
of around 80.9%. The filter enables a wideband and effi-
cient suppression of the CM noise while still maintaining a
good signal quality for the differential components. The pro-
posed design has been experimentally validated and the good
agreement between simulations and measurements validates
the concept.

II. WIDEBAND CONTINUOUSLY RECONFIGURABLE
FILTERS
This section presents the design process of the proposed
reconfigurable filter in three main steps. Firstly, a passive
filter design based on the chosen DGS cells is analyzed using
a simplified coupled parallel LC equivalent circuit model,
illustrating the working principle of the DGS cells. Using
the simplified equivalent circuit that represents key filter
features is sufficient and practical to promptly describe the
filter performance. It will be challenging to obtain the exact
performance of the filter, through a comprehensive equivalent
circuit model which considers all the filter factors such as the
shape, size, location of DGS, and the characteristics of PCB
materials. Secondly, a concept of reconfigurable design built
on the basis of this passive filter is proposed, whose recon-
figurability is achieved by loading a varactor in each DGS
cell. The concept is validated through simulations based on
equivalent circuit model as well as full-wavemethod. Thirdly,
as the most critical step to realize the reconfigurable filter,
the bias circuit design and a practical implementation are
proposed and analyzed using a dedicated equivalent circuit
model.

It is worth emphasizing that the equivalent circuit model
plays two main roles in the filter design in this work. It firstly
explains the DGSs basic working principle and secondly
provides the circuit model basis for the reconfigurable filter
design. To this end, the equivalent circuit model of a reconfig-
urable filter can be conveniently formed with addition of the
varactor circuit model into the LC equivalent circuit model
developed for the passive DGS-based filter. The new circuit
model can reasonably predict the filter characteristics in a
quick manner, which significantly accelerates the reconfig-
urable filter design. This method is efficient for designing
reconfigurable filters, which will be confirmed by the good
agreement between the measurements and simulations in
both ANSYS HFSS and ADS. Additionally, it also suggests
that the extracted LC parameters are reasonable, because of
the matched simulation results in HFSS and ADS.

VOLUME 7, 2019 36981



Z. Zeng et al.: Reconfigurable Filter Using Defected Ground Structure for Wideband CM Suppression

A. PASSIVE DGS DESIGN
Figure 1 shows the configuration and dimensions of a passive
wideband CM-suppression filter. The filter consists of a pair
of coplanar differential lines and a ground plane where a
series of DGS cells are etched. These DGSs include two
C-shaped and one H-shaped structures which are kept sym-
metrical with respect to the coplanar differential lines. This
arrangement is critical as it does not significantly affect the
differential signals, since these signals are transmitted in
the odd mode and their return currents on the ground plane
are relatively weak [3]. In contrast, the CM signal propa-
gation strongly relies on the currents in the ground plane.
Therefore, the CM-suppression characteristic of this type
of filters is attained because the DGS structures alter the
ground plane current distribution. Hence the CM-suppression
band is mainly determined by the patterns and dimensions
of the DGSs. Sensitivity of the filter performance to the
DGS dimensions was investigated in [30], noting that similar
conclusions are found directly applicable to our filters and are
therefore not repeated for the sake of brevity.

FIGURE 1. Configuration of the proposed passive DGS-based CM filter,
(a) top view showing the pair of coplanar differential lines, and
(b) bottom view showing the DGS structures. Dimensions (mm): W1 = 3.8,
W2 = 5, W3 = 4.5, S1 = 0.7, S2 = 1, d1 = d3 = 0.7, d2 = 0.6, Wd = 0.9,
Sd = 0.8, B1 = 3.4, B2 = 3.2.

The simplified equivalent circuit model of the filter shown
in Fig. 1 is depicted in Fig. 2. The differential lines above
the DGS are modelled as an ideal transmission line with
even-mode characteristic impedance Z , and a parallel LC
resonator is utilized to represent each DGS cell cascaded
on the ground plane [1]. Since the DGS patterns is sym-
metric, the even-mode equivalent circuit model analysis of
the proposed filter can be based on a two-port equivalent-
circuit model for simplification, which is explained in detail

FIGURE 2. Equivalent LC resonant circuit model for the proposed passive
DGS-based filter in its CM mode.

in [1], [3], [19], [30], and [31]. These three parallel LC
resonators block the unwanted CM noise at their resonance
frequency. The variable Ci(i = 1, 2, 3) denotes the res-
onator’s capacitance which is formed between two sides of
the narrow slit in the DGS, while Li(i = 1, 2, 3) indicates
the inductance which is formed along the DGS edges. There
exist mutual inductances and capacitances between the DGS
cells. However, since the distances between adjacent central
gaps are far longer than the distances between adjacent metal
traces in the center of the DGS cells, the coupling coef-
ficients associated with the equivalent mutual capacitances
are much smaller than that of mutual inductances. Addi-
tionally, the values of mutual capacitances are much smaller
than the typical capacitance of the varactor. Therefore, for
ease of understanding and analysis, only mutual inductances
LMij(ij = 12, 13, 23) between adjacent DGS cells are con-
sidered here. These mutual inductances are beneficial for the
filter performance, as they widen the stopband for CM noise.
As these variables are the most dominant parameters of the
DGSs, the proposed simplified circuit model can efficiently
represent and analyze the filter performance.

The equivalent parameters of each DGS cell can be derived
from full-wave simulations (performed with HFSS) [1], [30],
[32], [33]. The impedance Zi(i = 1, 2, 3) of the resonators
can be denoted as

Zi =
jωLi

1− ω2LiCi
, (1)

The CM transmission coefficient S21 can be written as

S21 =
2Z

2Z + Zi
, (2)

where Z is the even-mode characteristic impedance of the
coupled differential pairs. According to the definition of the
lower 3 dB cutoff frequency ωci (i = 1, 2, 3), we get

|S21(ωci)|2 =

∣∣∣∣ 2Z
2Z + Zi

∣∣∣∣2 = 1
2
. (3)

Substituting Equation (1) into Equation (3) to remove Zi, Z
can be rewritten as

Z =
ωciLi

2(1− ω2
ciLiCi)

. (4)

As the resonance angular frequency ωoi (i = 1, 2, 3) of the
LC resonator can be expressed as

ωoi =
1
√
LiCi

, (5)
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Ci and Li can be determined from ωci and ωoi. Substitut-
ing Equation (5) for LiCi into Equation (2), then Li and Ci
(i = 1, 2, 3) are extracted as follows:

Li =
2Z
ωci

ω2
oi
−ω2

ci

ω2
oi

Ci =
1
2Z

ωci

ω2
oi
−ω2

ci

. (6)

For the mutual inductance, the parameters can be estimated
according to [34]

LMij = −0.5
√
LiLj(

foi
foj
+
foj
foi

)

×

√
(
fi2 − fj2

fi2 + fj2
)2 − (

foi2 − foj2

foi2 + foj2
)2, (7)

where foi and foj(foi > foj) denotes respectively the self
resonance frequency (i.e., in absence of coupling) of the two
considered DGS units, while fi and fj(fi > fj) stand for their
two split resonance frequencies because of the coupling [1].

The simulated CM transmission coefficients (|Scc21|) of
each of the three DGS cells in HFSS are shown in Fig. 3, from
where the lower 3 dB cutoff angular frequency ωci as well
as resonance angular frequencies ωoi are obtained. The cal-
culated equivalent capacitance and inductance of each DGS
are shown in Table 1, together with the mutual inductances
between them.

FIGURE 3. Simulated |Scc 21| of the filter with each DGS cell considered
individually in HFSS simulation.

TABLE 1. LC equivalent circuit values for each DGS cell and their mutual
inductance in CM operation.

The simulated |Scc21| parameters based on HFSS and
the corresponding results from the equivalent circuit model
simulated using Advanced Design System 2011 (ADS) are
depicted in Fig. 4, where a satisfactory agreement is observed.
The HFSS results indicate that the filter has a wide 15-dB
CM stopband from 3.7 to 13.0 GHz, whereas a similar range
between 3.5 to 12.5 GHz is observed from the equivalent
circuit model. The small discrepancy is caused by the sim-
plified equivalent circuit model, which does not consider all
distributed effects. Nevertheless, this equivalent circuit model
is accurate enough to analyze the performance of this passive
filter.

FIGURE 4. Simulated |Scc 21| of the filter from full-wave simulation and
equivalent circuit modeling.

B. RECONFIGURABLE DGS DESIGN
In order to endow the passive filter with continuous reconfig-
urability in its operation frequency, varactors are adopted as
a tunable capacitor in conjunction with the DGS cells. The
varactor capacitance has a significant influence on the filter
performance because it is much larger than the equivalent
capacitance of a DGS cell. A larger capacitance theoreti-
cally leads to a lower operation frequency. Considering the
path of the return CM currents, it is found that the best
location to load a varactor is in the middle of the DGS
cell. This corresponds to the shortest path of the return CM
currents and maximizes the effect of a single varactor while
preserving a symmetric circuit design, as shown in Fig. 5.
It is emphasized that the ideal varactor connection illustrated
in Fig. 5 is only for preliminary design and analysis, where
the corresponding bias network is not considered. A commer-
cially available varactor MA46H120 (MACOM Technical
Solutions) is chosen for the design as it provides a large
capacitance tuning ratio of around 1:10 and a small inter-
nal resistance of 2 � approximately [35]. Compared to the
minimum achievable capacitance (in the order of 0.12 pF)
of MA46H120, the equivalent capacitance of the DGS cells,
as indicated in Table 1, is small. Therefore, by introducing
varactors into their DGS structure(s), the filters can signifi-
cantly lower their resonance frequency. This can be observed
in Fig. 6, where the HFSS simulated CM transmission coef-
ficients is displayed for a filter with a single DGS cell
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FIGURE 5. Schematic diagram of the ideal reconfigurable DGS-based CM
filter (i.e., without bias circuit) with varactor-loaded DGS: (a) bottom view,
and (b) equivalent LC resonant circuit model for the CM.

FIGURE 6. Simulated |Scc 21| of a filter including only the left DGS cell
loaded with a varactor with capacitance of 0.12 or 1.3 pF, compared to
corresponding simulation without varactor (i.e., 0 pF).

(the left one), which is loaded with a varactor with various
capacitances.When theMA46H120 varactor exhibits its min-
imum achievable capacitance of 0.12 pF and the maximum
value of 1.3 pF, the DGS resonance frequency significantly
decreases compared to the case without a varactor, as gov-
erned by Equation (5).

The same observation can be extended to the 3-element
reconfigurable CM filter. This is illustrated in Fig. 7 where
the simulated CM transmission coefficients of the filter
shown in Fig. 5 are displayed for three cases, namely
the original static case without varactor and the tunable
cases with equal values of varactor capacitances Cv1 =
Cv2 = Cv3 set to the available extreme values. It is
observed that the 15-dB CM bandstop frequency range shifts
from a band of 3.7 - 12.6 GHz in the unloaded case, to a
band of 3.0 - 9.2 GHz for the minimal value of capacitance
of 0.12 pF. It then decreases further to a band of 1.8 - 3.6 GHz

FIGURE 7. Simulated |Scc 21| of the filter shown in Fig. 5, loaded with
varactor capacitance set to 0 (i.e., no varactor), 0.12 and 1.3 pF
respectively.

for the maximal value of capacitance of 1.3 pF. It is also
observed that the fractional bandwidth of the stopband
decreases from more than 109% for the minimal varactor
capacitance, to 67% for the largest varactor capacitance value,
as expected due to the device miniaturization.

To characterize the filter sensitivity to the varactor capaci-
tance, a HFSS-based study has been conducted and the results
are shown in Fig. 8. The figure shows the lower and upper
cut-off frequencies of the filter operation band versus (hypo-
thetical) varactor capacitance varying over several orders of
magnitude, namely from 0.01 to 10 pF, with a grey area high-
lighting the chosen (practical) varactors capacitance range.
One can observe that the higher values of varactor capacitance
lead to lower cut-off frequencies, i.e., a more miniaturized
filter, however at the cost of a narrower relative bandwidth.
As indicated by the shaded area in Fig. 8, the chosen varactor
provides a relatively wide bandwidth change) which can be
beneficial for applications that require a larger dynamic range
in the bandwidth.

FIGURE 8. Upper cutoff frequency and Lower cutoff frequency for
different varactor capacitance C. The shaded part show the capacitance
range of the chosen varactor, i.e., [Cmin, Cmax ] = [0.12, 1.30] pF.

The simulated DM transmission coefficients of the
proposed filter loaded with three different typical varactor
capacitances of 0 (no varactor), 0.12 (minimum value of the
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chosen varactor) and 1.3 pF (maximum value) are shown
in Fig. 9. It can be seen that these three |Sdd21| parameters
are very close to 0 dB and no less than −0.3 dB in the
frequency range from 0 to 8.1 GHz, which is indicative of a
small DM transmission loss. Furthermore, the |Sdd21| result
when the filter does not have any DGS (ideal ground) is also
shown in the figure, where a very slight discrepancy from
the three curves is found in the range from DC to 9 GHz.
These results suggest that the DM transmission characteristic
impedance is nearly unaffected by the DGS cells and thus the
DM performance is satisfactory from 0 to 8.1 GHz. However,
when the frequency increases beyond 10 GHz, i.e., beyond
the claimed range of operation, the DM transmission perfor-
mance deteriorates significantly, since the DGS cells become
effectively larger and hence start to exhibit a prominent effect
on the DM characteristic impedance.

FIGURE 9. Simulated |Sdd 21| of the differential microstrip line when
there is the DGS filter loaded with varactor capacitance set to 0 (i.e.,
no varactor), 0.12 and 1.3 pF respectively, and there is perfect ground.

C. PRACTICAL IMPLEMENTATION OF THE
RECONFIGURABLE FILTER
Based on the investigations shown in the previous section,
varactor-loaded DGSs have been shown to be a promising
solution to design reconfigurable filters. This section consid-
ers the practical realization of this solution. One of the most
critical steps in reconfigurable CM filter design is the bias
circuit implementation. The bias circuit schematic for the
proposed filter is depicted in Fig. 10. The varactor (Cv) across
the DGS slot is connected between ground and a controllable
power supply via an inductor (L) and a resistor (R) for RF
isolation. In order to reduce the effect of the RF isolation
branch, the resistor (R) needs to be large enough (i.e., 1 M�)
and placed as close as possible to the pad.

When both sides of the DGS gap are connected to the
DC-ground, a DC-blocking capacitance C must be used to
connect the varactor diode across the gap. In general, this
DC-blocking capacitance should be markedly larger than that
of the varactor, so that its effect can be omitted. It is noted
that this DC-blocking capacitance cannot be realized with
another varactor, since two capacitors in series would lower
the adjustable capacitance range.

FIGURE 10. Bias circuit design for the proposed filter: (a) configuration of
Cv and C in the DGS and (b) schematic of the biasing circuit, DC-blocking
capacitor and varactor for the varactor diodes in the proposed filter,
where L, R, C and Cv are the RF-choke inductor, RF-blocking resistor,
DC-blocking capacitor and varactor, respectively.

To accommodate and connect the varactors and the
DC-blocking capacitors, a small island pad is introduced
in the middle gap of each DGS. The dimensions of these
three pads are shown in Fig. 11. Since these island pads are
small and the width of gap is increased accordingly, their
influence on the filter performance is modest. The simulated
CM transmission coefficients |Scc21| of the filters with and
without the island pads are shown in Fig. 12, confirming the
low impact of the island pads.

FIGURE 11. Bottom view of the implemented wideband reconfigurable
DGS filter. Dimensions (mm) of modified parameters for adding varactor
diodes: B3 = 0.9, B4 = 1.4, B5 = 0.8, B6 = 1.0, B7 = 1.2, B8 = 3.4, d4 =

0.2, d5 = 0.3, d6 = 1.4, d7 = 1.3, d8 = 0.9, d9 = 1.8, d10 = 0.5, W4 = 1.8,
W5 = 2.0, Ws = 0.2.

In general, the equivalent circuit model of variable capaci-
tance and DC-blocking capacitance cannot be simply treated
as capacitor in RF circuits. Considering their typical char-
acteristics, both equivalent circuits of the varactor and the
DC-blocking capacitor consist of a resistor, an inductor and a
capacitor in series, as shown in Fig. 13a. According to [35],
the chosen varactor MA46H120 effectively has an internal
resistance Rv = 2 �, an inductance Lv = 0.05 nH and a
variable capacitance Cv ranging from 0.12 to 1.3 pF, whereas
the DC-blocking capacitor equivalently shows a capacitance
Cc = 22 nF, a resistor Rc = 0.3 � and an inductance Lc =
0.2 nH [36]. Because Cc is much larger than Cv, it can be
in principle omitted when simplifying the equivalent circuit.
The equivalent resistance Rs, capacitance Cs and inductance
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FIGURE 12. Simulated |SCC 21| of the filter with and without the island
pads required for biasing the varactors.

FIGURE 13. (a) The equivalent circuit of a varactor and a DC-blocking
capacitor in series and (b) its simplified model.

Ls for the in-series varactor and by-pass capacitor can be
obtained as follows: Rs = Rv + Rc = 2.3 �, Cs = Cv and
Ls = Lv + Lc = 0.25 nH, as depicted in Fig. 13b.

By replacingCv in Fig. 5 with this series equivalent circuit,
a new overall equivalent circuit is formed, as shown in Fig. 14.
Because the varactor and the by-pass capacitance lie within
the slot of the DGS, their equivalent circuit is in parallel
with the DGS equivalent capacitor in the schematic level
simulation in ADS.

FIGURE 14. Equivalent circuit for the CM of the final reconfigurable filter.

As shown in Fig. 15, ADS simulation of this circuit model
leads to results that are in good agreement with the ones
obtained from HFSS for Cv = 0.12 pF, i.e., in the high
frequency response range. However, there exists a small dis-
crepancy in the low frequency performance, that is, the CM

FIGURE 15. Simulated |Scc 21| of the proposed reconfigurable filter using
ADS and HFSS, when Cv = 0.12 and 1.3 pF respectively.

TABLE 2. equivalent LC parameters of each DGS cell under different
varactor conditions.

FIGURE 16. Simplified equivalent CM circuit of the final reconfigurable
filter.

bandstop calculated from ADS is slightly lower than that
from HFSS by around 200 MHz. The main reason is most
likely the idealized assumption that the parasitic inductance
and internal resistance of the varactor are constants. The
assumption of constant inductance is most likely not accu-
rate. To understand this, the circuit model shown in Fig. 14
is further simplified as an LC circuit which consists of an
equivalent DGS inductor in parallel with an equivalent DGS
capacitor, as shown in Fig. 16. The values of the calculated
equivalent lumped components are shown in Table 2. When
the varactor capacitance is increasing, the DGS equivalent
capacitance Ceffi(i = 1, 2, 3) follows the trend, while the
equivalent DGS inductances Leffi(i = 1, 2, 3) are found to be
decreasing, which confirms that the assumption of constant
inductance is only an approximation. As a result, the res-
onance frequency of the filter simulated in ADS is lower
than that obtained from HFSS, as governed by (5). It is also
noted that the Ceffi values are very similar to that of the
varactors, because the varactor capacitance is dominant in the
circuit.
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FIGURE 17. Full-wave simulated |Scc 21| of the proposed reconfigurable
filter when Cv1 = Cv2 = Cv3 = 0.12, 0.2, 0.5 and 1.3 pF respectively.

FIGURE 18. Simulated and measured CM transmission coefficients of the
proposed reconfigurable filter.

D. BIASING VOLTAGE CONFIGURATION
This section investigates whether the use of more than one
power supply to individually bias the three varactors is
required for seamless coverage of a large range of frequen-
cies. Figure 17 shows the full-wave simulated CM transmis-
sion coefficients of the proposed reconfigurable filter for the
case where all the varactors are controlled by one power
supply. According to these results, it is observed that the
filter is able to provide a minimum CM-suppression level
of 15 dB over its operating frequency range, when all the
varactors are of the same capacitance. This implies that, with
only one power supply to bias the three varactors, the filter is
readily able to provide a satisfactory tunable CM suppression
performance.

III. EXPERIMENTAL RESULTS
To validate the proposed filter design, a prototype has been
fabricated on a 381-µm thick Rogers TMM3 substrate with a
relative permittivity of 3.27 and a loss tangent of 0.002. The
overall dimensions of the PCB for the filter are 65× 45 mm2.
The fabricated filter with the bias circuit integrated is illus-
trated in Fig. 19. The filter prototype is measured using a
vector network analyzer N5230A.

Comparison between the simulated and measured |Scc21|
results is shown in Fig. 18. The simulated CM suppression

FIGURE 19. The reconfigurable CM-suppression filter prototype: a) top
view and b) bottom view.

range (defined for a CM transmission coefficient less than
−15 dB) extends from 1.8 to 2.9 GHz centered at 2.35 GHz
when all Cv = 1.3 pF. This range can be continuously tuned
to reach 3.0 to 7.8 GHz centered at 5.4 GHz when all
Cv = 0.12 pF. This compares favorably with the measured
results, where the same range is obtained for the highest
capacitance and a slightly shifted range of 3.0 to 8.1 GHz was
predicted for the lowest capacitance. The measurements gen-
erally agree well with the simulations at the lower frequency
range, while in the higher frequency range, the measured
results exhibit a lower signal attenuation level and a slightly
wider stop band. Overall, a good agreement between HFSS
simulation and measurement is attained. The discrepancy
between them can be mainly explained by the following
reasons. First, the lumped RLC parameters of the varactor and
the DC blocking capacitor are set constant in HFSS, however
these values are frequency-dependent and can change in a
small range. Second, in order to facilitate testing with SMA
connectors, the gap between the differential lines needs to be
increased at the two terminals (as visible in Fig. 19). This
arrangement leads to a slightly increased DM impedance
and a slightly decreased CM impedance and thus small
variations in the impedance matching of the whole circuit.
Third, the parasitic capacitances formed between the soldered
lumped components and the ground are not considered in the
simulations. Finally, the imperfect materials and fabrication
tolerances also introduce the discrepancies. Overall, as shown
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TABLE 3. comparison among various reconfigurable filters.

FIGURE 20. Measured DM transmission and reflection coefficients for the
proposed reconfigurable filter with bias voltage of 0 and 18 V respectively.

in Fig. 18, the achievable tuning range covers 1.8 to 8.1 GHz.
In addition, the measured DM transmission coefficients
|Sdd21| are also shown in Fig. 20, where a very small insertion
loss is observed from simulations. That is, whenCv2= 1.3 pF,
the measured |Sdd21| parameter remains above −1 dB over
the whole operation band, and when Cv2 = 0.12 pF, it has a
drop capped at−1.4 dB in a narrow bandwidth between 7.2 to
7.4 GHz. The measured |Sdd11| is below −10-dB within the
frequency range from 0 to 8.1 GHz. These results imply that
the filter performance in the DM is insensitive to the bias
status. This can be understood considering that, since the
differential signals propagate in the odd mode, the currents
returning through the ground plane are negligible.

A comparison between the proposed reconfigurable
CM-suppression filter and recently reported differential tun-
able filters adopting DGS cells is summarized in Table 3.
Since there exist only a few reports about the design of
reconfigurable CM filters, we extend the comparison table to
include filters with other functionalities, i.e., reconfigurable
band-stop filters and a reconfigurable band-pass filter. While
direct comparison is not appropriate, the collected data is

illustrative of achievable performances in various config-
urations. The minimum and maximum bandwidths of the
proposed filter are 1.1 and 4.8 GHz respectively, which is
more than that of the other filters. Furthermore, the fractional
bandwidth of the proposed filter is 78.7%, which is only
slightly less than that in [29], however, the area of the latter
is about twice the area of the proposed filter. Compared
with [23] and [29] which are other reported reconfigurable
CM filter, the proposed filter has a wider bandwidth for CM
noise suppression.

IV. CONCLUSION
A continuously reconfigurable DGS-based CM-suppression
filter adopting varactors has been presented. Simplified
equivalent circuit models for the presented passive and recon-
figurable filters have been developed and utilized for prompt
filter design and analysis. By changing the bias voltage to
the varactors, the frequency range (defined by the CM trans-
mission coefficient being less than −15 dB) of the proposed
filter is measured to be continuously tunable from a range
of 1.8 - 2.9 GHz to a range of 2.9 - 8.1 GHz. This leads
to an effective tuning range from 1.8 to 8.1 GHz. Addi-
tionally, the DM transmission coefficient |Sdd21| is mainly
less than −1 dB, offering excellent DM performance which
is an essential requirement for CM-suppression filters. To
the authors’ best knowledge, this filter exhibits the largest
tuning range and widest bandwidth in the stop band, among
the reported CM-suppression filters in the open literature.
All these findings indicate that the proposed reconfigurable
filters based on varactor-loaded DGS is promising for a wide
range of devices in high speed digital design and microwave
devices.
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