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Abstract: In this study, a periodic structure as a passband filter for differential input signals is introduced that suppresses the common-mode
noise with a high common-mode rejection ratio on a wide range of frequencies. The unit cell of the periodic structure consists of open-ended
stubs under common-mode and short-ended stubs under differential-mode excitation. The proposed design procedure introduced in this paper
can be exploited for different microwave frequency bands while the overall shape of the filter remains unchanged. To verify the design
approach, the authors designed and fabricated a filter at the centre frequency of 7 GHz on a Rogers RO4003 substrate with a dielectric constant
of 3.7 and a loss tangent of 0.0027. Their studies show that for a three-unit-cell structure with the overall size of 18 mm x 40 mm
(0.75245% 1.664,), a differential fractional bandwidth of 8.6% and a rejection ratio over 55 dB are achieved while the differential in band

insertion loss is around 2 dB.

1 Introduction

Common-mode (CM) noise is an unavoidable challenge of
microwave circuits and systems. Specially, as the circuits and
systems become more complicated and integrated, susceptibility
to the environment noise increases. Varieties of methods have
been introduced for suppressing CM noise at GHz ranges. These
methods are predominantly based on using defected ground struc-
tures (DGS) [1-7], CM resonators [8, 9], hybrid multimode reson-
ator and multilayer transitions [10, 11], balance coupled resonators
[12—-15], stepped impedance resonator (SIR) [16-19], split ring
resonator or other metamaterial structures [20-24] and coupled
transmission line and stubs [25-30]. On one hand, the efforts are
to widen the stopband of CM while decreasing the implementation
costs and miniaturising the structures. On the other hand, since
bandpass filters (BPFs) are an essential block of RF and com-
munication circuits, several structures are introduced with embed-
ded differential BPFs and CM suppression filters.

In [19], a DGS is used with folded SIR resulting in high selective
differential passband filter with enhanced CM suppression.
However, DGSs are influenced by the shielded enclosure and its
performance is distorted [20]. In [10, 11], multilayer structures
that provide wideband differential passband with high CM sup-
pression are introduced, but multilayer filters require more
complex and costly fabrication. The two-layer filters based on
coupled resonator and SIRs reported in [12-16, 18, 19] are designed
at the passband frequencies below 5 GHz. Filters introduced in
[25-30] have several benefits such as ultra-wideband and high
selective differential passband with low insertion loss; however,
they suffer from low CM suppression (<20 dB). In [31], a dual pass-
band filter at higher frequency with improved CM suppression is
introduced based on substrate integration waveguide.

According to our best knowledge, this is the first effort to miti-
gate CM noise on a differential pair based on periodic structures
with loaded stubs and coupled resonators. The main aim of this
paper is developing a new design approach for such filters. This
concept can pave the way for further investigations in this field.
Periodic structures have an intrinsic characteristic to filter micro-
wave signals [32]. Although, in theory, the periodic structure is
considered to have infinite number of unit-cells, sometimes the
desired results can be achieved by cascading a small number of
unit cells [32]. For example, in our previous work [33], a three-layer
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periodic structure with five unit cells is introduced which provides a
passband filter with a high CM rejection.

In this work, a design approach based on a novel concept is intro-
duced that can be utilised for any microwave frequency band
in which the conventional microstrip technologies can be easily
employed in practice. To verify the design concept, some filters
with two, three and five unit cells are designed and the one with
five unit cells is fabricated. The filter suppresses CM noise in a
wide range of frequencies and passes differential signals on a
specific passband. In the next section, the idea behind the filter
and the design considerations will be discussed. Then, the simu-
lation results including simulated dispersion diagrams and full-
wave simulations will be presented. Section 4 covers the measured
results and finally, the paper will be concluded in Section 5.

2 Proposed structure
2.1 Principle of operation

A transmission line that is periodically loaded with coupled
half-wavelength uniform impedance resonators can be presented
by a distributed equivalent circuit with a single unit-cell as
depicted in Fig. 1. The unit cell consists of an admittance 7
circuit in the middle and two equal transmission lines on the left
and right sides. The electrical length of the unit cell is equal to a
quarter of guided wavelength, A./4, i.e. the phase shift along the
unit cell is kP=6=n/2, in which k is the wave number of
the unloaded line and P is the unit-cell’s length. According to
Fig. 1 and assuming g=P, the transmission matrix can be derived
as [32]
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Fig. 1 Unit-cell equivalent circuit for a transmission line periodically
loaded with reactive elements with physical length of P
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where y; and y, are lossless admittances normalised by the char-
acteristic admittance of the line, Yy. Assuming that y; =jb; and
y,=jb,, dispersion relation of the periodic structure can be
expressed as
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In order to have stopband or passband, proper values of b; and b,
should be chosen. The normalised susceptance of b, which is a
gap capacitance is a positive value between 0 and 1 (0<b,<1) at
the frequency range of interest. If b; is chosen as |b;|<1-2b,,
right side of (3) becomes >1 and a stopband will be guaranteed.
However, by choosing b, near —1, right side of (3) might have a
value between —1 and 1, which causes a passband.

By employing a pair of half-wavelength resonators, the signal
can be transmitted through the unit cell at the resonance frequency
while having the required short circuits and open circuits near the
signal line. This can generate a small positive b; for CM noise
and a by near —1 for the desired differential mode (DM) signal.
The input admittances of open circuit stub (Yoc) and short circuit
stub (Ysc) are [32]

Yoc(D) = jYg tan (B']) (42)
Ysc(D) = —jYg cot (B1) (4b)

where /, §’ and Y, are the length, the propagation constant and the
characteristic admittance of the stubs, respectively. With a proper
impedance matching and due to the unit-cell symmetry, the
signals at the coupled lines at each side of the unit-cell symmetry
plane have a similar phase which causes an even-mode coupling.
Thus, f’' and Y, are the even-mode propagation constant and char-
acteristic admittance of the coupled lines, respectively.

The proposed structure is a differential pair of microstrip
line consisting of five unit cells that the top layer of which is
depicted in Fig. 2. A split with size of g in the centre of each unit
cell forms a gap capacitance. The differential lines are connected
together at both sides of the split. These interconnects with
the length of S and the width of ¢ form both the coupled half-
wavelength resonators and the required stubs at the resonance
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Fig. 2 Top layer of the proposed filter structure

frequency (short circuit stubs for the DM excitation and the
open circuit stubs for the CM excitation). Therefore, the stubs’
length (/) is equal to §/2—A4,"/2 (see Fig. 3). The width of the differ-
ential pair lines is equal to /¥ and P is the length of the unit cells. By
selecting a proper S, the desired conditions will be guaranteed. The
symmetric line between the differential pair is a virtual perfect elec-
tric conductor for the DM and a virtual perfect magnetic conductor
for the CM excitations.

2.2 Design procedure

As already mentioned, under CM excitation, /b,| should be <1-2b,.
Considering (4a), this can be achieved if the length of / is small
enough. Hence, S/2 is chosen to be a bit longer than 1,72 and
numerical value of 5; under CM excitation can be derived from

b = tan(B") )
0

Under DM excitation, b, should be near —1. Moreover, due to the
length of /, the short-ended stubs cause large admittance values.
However, by minimising the ratio of the line admittances to stubs
admittances, i.e. Yy'/Y,, by will be near —1. Numerical value of b,
under DM excitation can be obtained from

ﬁ:—%ww% (6)

Applying (3) and assuming a negative value of b, lower and upper
cut-off frequencies are as follows, respectively:

1 Y, 1
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in which ¢ is the speed of light in free space and &/ is the effective
relative permittivity. From (7a) and (7b), the desired band can be
determined. Additionally, Bloch impedance of the structure is [32]
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The design procedure can be shortened in four steps:

(i) Assuming an initial value for the design respective to the
centre frequency of the band.
(i) Making sure that b < 1 — 2b,.
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Fig. 3 Stubs created by the vertical lines
a Under CM excitation
b Under DM excitation

(iii) Choosing proper values for S, the ratio of (Y,'/Yy) and b, to
create the desired band, according to (7a) and (7b).

(iv) Using (8), re-evaluating b‘li and b, so that Zg and the port im-
pedance are matched.

Since in each step, the parameters cannot be independently set, a
simple iteration approach is needed to evaluate the parameters in
steps (ii)—(iv). Therefore, by selecting reasonable initial values
and after a few iterations, a desired band with the minimum reflec-
tion (Sgqq11) can be obtained.

3 Simulation results and discussion

Based on the concept described in the last section, a filter, as
a prototype, is designed with a centre frequency of 7 GHz and frac-
tional bandwidth of 8.6%. By assuming a P near a quarter of the
guided wavelength and sweeping the other design parameters, the
best Sqq12 (DM transmission) is achieved. The optimised parameters
are W=3, §=28, r=0.2, g=0.2 and P=6 mm. With these dimen-
sions, the gap capacitance is 0.3 pF, ;=24 mm, A,'=27.2 mm,
Y5=0.041 S and Y,'=0.0135 S.

The dispersion relations of the filter with infinite numbers of unit
cells have been simulated by HFSS for both CM and DM propaga-
tions. As is shown in Fig. 4, B.ommon remains zero over all of the
frequency range. This means there is a cut-off for CM propagation
around the centre frequency. Under DM excitation, however, there
is a passband between 6.5 and 7.5 GHz. In addition, three-
dimensional full-wave electromagnetic simulation of the structure
has been performed by using HFSS.
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Fig. 4 Dispersion diagrams for DM and CM propagations

This is an open access article published by the IET under the Creative Commons

Attribution License (http:/creativecommons.org/licenses/by/3.0/)

Short-ended

Short-ended
stub

S/2

PEC

As predicted from the dispersion diagrams, CM signal is rejected
by a suppression level larger than 60 dB.

As mentioned before, this method of design can be applied to dif-
ferent microwave frequency bands only through modification of the
design parameters while not changing the overall structure shape.
This means that by using the previously introduced design steps,
the desired bandpass can be achieved in different frequency bands.
If the structure is scaled homogeneously, the bandpass decreases pro-
portional to the scaling factor with the same Fractional Bandwidth
(FBW). This is due to the fact that the ratio of Y’ /Y, remains con-
stant by scaling of the structure [34]. In addition, although b, is
affected by changing the dimensions, as it is very smaller than 1,
its variation does not have a considerable effect. Thus, according
to (7a) and (7b), fi and fy are inversely proportional to S.
Furthermore, the Bloch impedance, according to (8), shows a differ-
ent behaviour and scaling the structure would degrade the matching.
However, for scaling factors between 0.5 and 2, the filter almost
retains at the same Bloch impedance. The prototype filter is designed
for centre frequency of 7 GHz and it is scaled by factors of 2, 0.7 and
0.5. In order to perform the scaling, all parameters of W, S, ¢, h, p and
g are simply multiplied by the scaling factor.

As is shown in Fig. 5, the centre frequency of the differential
bandpass varies inversely by the scaling factor and occurs in 3.5,
10 and 14 GHz, respectively. Although the matching is good
at 10 GHz, in 3.5 and 14 GHz it is degraded. However, their
in-band Syq;; are still lower than —15 dB. Therefore, the scaled
structure is an appropriate initial solution and it can be easily opti-
mised by following the design steps in Section 2 to obtain an
acceptable matching. It should be noted that only the filter with
7 GHz centre frequency is numerically optimised in this work
and the scaled designs are used with no further tuning.

On one hand, in-band insertion loss of the differential signal is
proportional to the number of unit cells due to the discontinuities
along the signal’s path. On the other hand, the common suppression
improves as the number of the unit cells increases. Thus, there is a
trade-off between CM suppression level and in-band differential
insertion loss. As it is depicted in Fig. 6, for a bigger number of
unit cells, both CM suppression and in-band insertion loss
would increase.

4 Experimental results

In order to obtain a high CM suppression, a five-unit-cell structure
is fabricated with the centre frequency of 7 GHz. The overall size
of the filter is 30 mm x 40 mm, equal to 1.254, X 1.664, where 4,
is guided wavelength at the centre frequency of the differential
passband. The substrate used is a 20-mil-thick Rogers RO4003C
PCB with a relative dielectric constant of 3.7 and a loss
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Fig. 5 Simulated S-parameters
a Original prototype

b Filter scaled by a factor of 2
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Fig. 6 Comparison of simulated results of insertion loss and CM suppression of the structures with two, three and five unit cells

tangent of 0.0027. The photograph of the fabricated filter is shown
in Fig. 7. Ports 1 and 3 form the differential input while the differ-
ential output is established by ports 2 and 4. Using an Agilent
PNA-E8363B and two 50 Q loads, single-mode S-parameters for
four ports are measured. Then, the single-mode measurements are
converted to the mixed mode S-parameters.

Fig. 8 shows the simulation and experimental results of the DM
and CM signal’s propagations through the filter in frequency range
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of 5-9.5 GHz. The CM suppression is over 60 dB and the differen-
tial passband is at the centre frequency of 7 GHz with FBW of
8.6%. In fact, the CM suppression is limited by imperfections in
the PCB fabrication process and the measurement facilities.

Fig. 9 demonstrates the simulated and measured in-band differen-
tial insertion and reflection losses. In-band insertion loss is 3.5 dB
in simulated results and 3.7 dB in measurement results. Both simu-
lated and measured differential reflection losses are lower than
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Fig. 9 Reflection and insertion losses of the differential signal in the
passband

—15 dB which shows a good consistency between the simulation
and the measurement results. In Table 1, our results are compared
with those of some two-layer structures previously published in
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Table 1 Results of our work in comparison with those of some previous
works

Ref fos» FBW,% In-band CM suppression Size
GHz IL, dB in the DM (Ag X Ag)
passband, dB
[15] 2.93 6.9 2 30 0.21x0.2
[16] 245 9.8 2.55 25 0.41x0.37
[19] 2.5 10 1.57 34 0.15x0.21
[24] 1 10 2.8 25 0.1x0.25
[29] 2.49 8 2.64 51 1x0.14
this work, 7 8.6 2 55 0.75%1.66
three unit cells
this work, five 7 8.6 3.7 60 1.25x1.66
unit cells

the literature. The highest CM suppression is achieved in our
filter with five unit cells. Even our filter with three unit cells
provides a CM suppression more than 55 dB with only <2 dB
in-band differential insertion loss.

5 Conclusion

An embedded differential passband and CM suppression filter
based on periodic structures, in which the unit-cell consists of a 7
circuit and two equal transmission lines, is introduced. The
shunt elements of the =z circuit are A/2-type resonators that
provide short-circuit stubs under DM excitations and open-circuit
stubs under CM excitations. This causes a passband for differential
signals and a stopband for CM signals. Design steps described
in this paper can be utilised for other frequency bands, too. Easy
design, simple structure, via-free layout, low cost implantation
and high CM rejection level over a wide range of frequencies are
the main benefits of our filter.
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