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Abstract—A novel system composed of a circular aperture
slot antenna and a Common-Mode (CM) noise rejection filter is
presented. This antenna is differentially fed by microstrip cou-
pled transmission lines. In order to eliminate CM noise, a notch
filter based on three non-periodical defected ground structures
(DGS) was implemented. The whole system achieves a fractional
impedance bandwidth of about 127%. Radiation patterns in E and
H planes for different frequencies were obtained for the system.
Finally, measurements in the transversal plane show attenuation
up to 13 dB when the system with filter was compared against
one without it. Good agreement between simulated and measured
results can be observed.

Index Terms—Microstrip antennas, microwave filters, noise
measurements.

I. INTRODUCTION

MONG the diversity of microwave devices, differential

systems have been target of great interest. Their advan-
tages include the ability to reject the effect of cross-talk cou-
pling, their higher gain due to the usage of differential am-
plifiers and the capability of signals to travel longer distances
when twisted pairs are used [1]. However, they can also guide
Common-Mode (CM) currents which will contribute to the elec-
tromagnetic noise even more than Differential-Mode (DM) cur-
rents [2]. In digital applications efforts have been made in order
to eliminate CM currents without affecting DM signal at high
frequencies [3]-[7]. In [6] and [7], defected ground plane struc-
tures (DGS) below a pair of coupled microstrip transmission
lines have been used.

On the other hand, in fields such as radioastronomy there are
many applications that require very wide operational bandwidth
(BW) in excess of 100% [8], [9]. These applications demand
a very broad band for observation and decreased noise within
those ranges. Large antenna arrays are often used to receive sig-
nals in a specific range [8]-[11] where every single element op-
erates at the same frequency. Thus, each element can also ra-
diate undesirable power within the operational bandwidth which
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can couple in the form of CM noise to adjacent antennas [2]. For
broad band arrays, antennas such as Vivaldi [12] may be fed by
differential signal delivered by a rat-race coupler [13]. How-
ever, by doing this, a component of CM current is inherently
induced as noise, so a balun is necessary to cancel CM currents.
In [14] and [15], it is shown that the effect of CM currents can
be clearly observed in the cross-polarization radiation pattern.
In order to detect this effect, some modifications to their original
designs were made so that the balanced currents properly feed
the antennas by two coaxial cables. In [16] and [17] an array of
several elements was needed to observe the effect of CM radia-
tion noise. In [18] a system made by a microstrip antenna with
a BW of 10% and a CM rejection filter is reported, but as well
as [16] and [17], a multilayer configuration is needed.

In this paper, a balanced system (filter-antenna) with CM
noise rejection for a wide band around 127% from 2.4 to 10
GHz is presented suitable for radio astronomical observations
[19]. The system was made entirely in two layers of 2D tech-
nology and it was built from two components, namely: a differ-
entially-fed circular aperture slot antenna (CASA) and a novel
filter based on DGS technology with measured BW of about
133% from 2 to 10 GHz. It will be shown that in this subsystem
the CM attenuation is below —10 dB throughout the band, de-
creasing transversal radiation up to 13 dB near the center fre-
quency. Moreover, unlike those prior works [14]-[18], an orig-
inal form to prove the efficiency of an antenna with CM noise
rejection is now proposed, where the in-phase currents are atten-
uated by a filter which leads to a reduction of radiation emitted
by the antenna in a transversal plane. It is obtained experimen-
tally in a straightforward way following the noise theory de-
scribed in Section II.

The paper is organized as follows. Section II is about theory
of CM noise. Section III describes the design procedure of the
slot antenna. Its principal characteristics are described and a
schematic of the novel element is presented. Simulated results of
the reflection coefficient and radiation patterns are also shown.
In Section IV the DGS filter is presented with its simulated
and measured results. In Section V implementation of the an-
tenna-filter system is described. Simulated and measured ra-
diation patterns in E and H planes are presented. Section VI
presents radiation patterns in a transversal plane to compare ra-
diation produced by CM currents with filter and without it. It is
evidenced that significant attenuation is achieved with the filter.
Finally, conclusions are given.
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Fig. 1. Electric field lines produced by CM currents in nearby wires.

II. COMMON-MODE NOISE RADIATION IN
DIFFERENTIALLY-FED ANTENNA

The ubiquity of CM noise makes difficult to design electronic
circuits at high frequencies [2]. Fig. 1 shows a schematic of
two radiating wires where CM currents produce electric fields
in an omnidirectional mode, transversal to the direction where
the transmission lines are placed [2].

An electric field produced by a wire conductor can be calcu-
lated by the half-wave dipole (L = A/2) theory. If two wire
conductors are placed close each other, the total electric field
is the product of superimposing the field of each metallization.
This situation can be seen as the array factor of a two element
linear array, where the total electric field (E) is the sum of the
individual ones (1)

Er = FE+ Fs. (1)

Equations for the magnitude of maximum emissions for DM
and CM currents are given by (2) and (3)

E - Ip|f?Ls

| Dmam| =1.316 x 10—14% (2)
E = Ic|fL

|Ecmas| =1.257 X 1()45& 3)

d

where I'p and I are differential and common mode currents,
f is frequency in Hz, L is the length of the conductors, s is the
separation between the conductors and d is the distance where
the field is measured [2].

It is worth noting that Common-Mode electric field increases
linearly to the frequency. In addition, it does not depend on
the separation of the conductors (although a small separation
is implied) and the first term of the right side in (3) is larger
than that of the differential field in (2), which indicates that the
total E is dominated by CM current rather than DM current.
More importantly, CM radiation covers an omnidirectional re-
gion whereas DM has a maximum within the plane of the con-
ductors, which otherwise would be zero [2]. Then, CM currents
must be avoided in systems which are used in the vicinity of
other electricity conductors as in arrays of balanced antenna ar-
rays. Based on that, the transversal plane to the transmission
lines has to be tested in order to find the amount of radiation
that CM current can produce around it.
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Fig. 2. (a) Diagram of CASA. (b) Detailed description of one half of top met-
allization (up) and ground plane (bottom).

TABLE I
DIMENSIONS OF DETAILED FIGURES
DIMENSION | DIMENSION
LETTER BRIEF DESCRIPTION
(mm) (2q)
A Radius of major quarter 25 0.83
B Radius of minor quarter 20 0.66
C Rectangle C 20x5 0.66x0.16
D Rectangle D 2x1.5 0.16 x 0.05
E Rectangle E 13x1 0.43 x 0.03
F Minor base of ground plane 5.7 0.19
G Radius of curved slot in 89 03
ground plane
i Height until curved slot of 11 037
ground plane
I Major base of ground plane 20.5 0.68

III. CIRCULAR APERTURE SLOT ANTENNA (CASA)

Tapered slot antennas (TSA) are used in applications that re-
quire a very wide operational bandwidth [20]. In this work a
novel CASA is proposed. In order to maintain narrow beam in
the E plane, two quarters of circles with different radii were
used to build the aperture as it is shown in Fig. 2(b), (A and
B). The rectangle labeled with C is used to fill the space due
to the difference of radii. On the other hand, to obtain differ-
ential current between ports P1 and P2, the width and separa-
tion of microstrip coupled lines (rectangle E) were calculated
to obtain 50 €2 for odd-mode propagation. The optimization of
lines required a rectangle D on each line. The ground plane was
modified to a curved profile with 8.9 mm of radius on each side
(letter G). All the optimizations were done in a full-wave sim-
ulator [21]. The final design is shown in Fig. 2 and dimensions
are detailed in Table I. The last column describes dimensions
referred to Ag = 30 mm at 6 GHz in Rogers Duroid 4003C
with a relative permittivity of 3.55 and thickness of 0.813 mm.

In order to obtain the reflection coefficient (S7144) for DM,
(4) is utilized [11] as

1
S11da = 5(511 — S12 — Sa1 + Sa2) 4)
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Fig. 3. Simulated results of CASA. (a) Reflection coefficient, (b) radiation pat-
terns at center frequency: E-plane: continuous line, H-plane: dashed line.

where the S-parameters are extracted of the two-port network
matrix obtained from ports P1 and P2. Simulated results
are presented in Fig. 3(a). From here it is seen that the op-
erational BW beneath —10 dB is about 127% from 2.4 to
10 GHz. There are two peaks above this limit at 3.5 and 5 GHz.
These shortcomings will be removed when the filter is added
in Section V. A remarkable advantage is the high level of
symmetry in radiation patterns on end-fire direction because
of the differential currents that are placed on the same plane,
unlike antipodal version of a Vivaldi, [22]. Moreover balanced
currents give lower cross-polarization levels than the antipodal
version [23].

The symmetry along maximum radiation (90°) can be clearly
appreciated in the results of simulation patterns on Fig. 3(b). As
it can be deduced from [20], E plane has a narrow beamwidth
less than 60° at 3 dB, whereas the H plane pattern is wider due
to relative short length in the Y axis of the antenna.

IV. DGS FILTER DESIGN AND IMPLEMENTATION

In this section the balanced filter concept is explained. In a
microstrip coupler transmission line, DM signal is propagated
by the odd-mode between top lines; therefore low return cur-
rent is flowing through the ground plane. On the other hand,
the return CM current related to the even-mode is transported
principally by the ground plane, so a DGS [24] will have a sig-
nificant effect on the CM signal ([6], [7] and [24]). Our filter
is shown in Fig. 4. Unlike [7] and [24] the structures used here
have hourglass form as their central slot is curved. Those gaps
were built by the approaching of two ellipses. These curved slots
increase the smoothness of the change in capacitance and the
BW can be extended beyond 100% as opposed as 87% and 53%
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Fig. 4. Filter with dimensions. Lighter gray is ground plane, dark one is top
metallization. Each port is indicated with its number.

obtained in [6] and [7], respectively. The narrowest spaces in
the middle of the slots are about 0.45 and 0.55 mm for side and
central shape, respectively. Another important difference from
the previous three-DGS works is that in our filter the shapes are
not periodic. Side DGSs have a height of 6.5 mm meanwhile
central shape has 35 mm; this latter structure is larger because
the lower rejection frequency is determined by it. The dimen-
sions and spaces between the three slots were optimized using
full-wave simulator [21].

The behavior of these filters is described principally by the
insertion loss for DM (S2144) extracted form (5) and insertion
loss for CM (S321c) obtained from (6) ([6] and [7]). But we
also calculate the reflection coefficient for DM (S7144) from
(4) given in Section III, so that the system can be fully charac-
terized [25]

6]
Q)

1
Sa1dq = 5(531 — S32 — S + Sa2)

1
So1ce = 5(531 + S33 + Sa1 + Sa2).

Note that S-parameters of the right side in (4) are extracted
from the two-port network matrix obtained from ports 1 and
2, as in previous section. 831 and Sga are the insertion losses
from port 1 and port 2 to port 3, meanwhile S4; and Sy
are the insertion losses from port 1 and 2 to port 4. The ports
are indicated with letter P and their corresponding number in
Fig. 4.

Implementation of the filter was made in the substrate same
as the simulated CASA in Section IIl. As it can be seen on
Figs. 5 and 6, simulated and measured results, obtained from
(4)to (6), are in reasonable agreement. A BW of about 133% (2
to 10 GHz) is achieved for a DM insertion loss less than 3 dB
and for CM insertion and DM return losses more than 10 dB.
A small ripple occurs at higher frequencies close to 10 GHz,
which is thought to be due to the discontinuity presented
between each SMA connector and microstrip transmission
line.

It is worth noting that simulated parameters of the filter re-
ported in [7] were extracted and included in the Figs. 5 and 6.
As it can be seen in Fig. 5, filter proposed in [7] covers only
about 63% (2.9 GHz to 5.6 GHz) for CM rejection larger than
10 dB. In addition in Fig. 6; the DM reflection coefficient of [7]
is limited until 7 GHz below —10 dB.
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Fig. 5. Simulation and measured insertion losses of the filter for Common-
and Differential-Modes. The simulated DGS filter response from reference [7]
is included for comparison.
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Fig. 6. Simulation and measured reflection coefficients of filter for Differential-
Mode. The simulated DGS filter response from reference [7] is included for
comparison.

50.5 mm

145.5 mm

Fig. 7. Photograph of the system (Filter-Antenna). (a) Top view, (b) Bottom
view.

V. ATTACHMENT OF CM-REJECT FILTER AND CASA

A. Filter Matching Characteristics

An image of the antenna-filter system is shown in Fig. 7. Im-
plementation of the antenna with the filter and a reference board
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Fig. 8. Matching transition between filter and CASA. Lighter gray is ground
plane, dark one is top metallization.
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Fig. 9. Reflection coefficients for the CASA: (a) Without filter, (b) With filter.
As it can be seen, differential signal is not affected by the filter along the band.

without it were made in the same substrate as the DGS-filter, the
complete subsystem fits on a rectangle of 145.5 mm x 50.5 mm.

The filter was included with no other modifications but the
elimination of tapered feeds marked as P3 and P4 in Fig. 4,
so that the antenna can be connected at that terminations. Since
the dimensions of transmission lines in the antenna are different
to those of the filter, a combination of step-tapered microstrip
line was used to match them (see Fig. 8). Moreover, the orig-
inal ground plane of antenna were slightly modified, F' and I
(Fig. 2) were decreased from 5.7 to 3.6 mm and from 20.5 to
9 mm, respectively. The microstrip couplings and ground plane
modifications were optimized in [21].

Measured and simulated results of differential reflection coef-
ficient for systems with filter and without filter are presented in
Fig. 9(a) and (b). A two-port single-ended matrix was obtained
from each system, and S1144 Was extracted from (4). Return
losses for simulations are always greater than 10 dB and for
measurements greater than 8.35 dB within a BW of about to
127%, for both systems.
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Fig. 10. Schematic ofthe union of rat-race coupler to system. = -input gives two
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Fig. 11. Radiation patterns with filter in E plane at (a) 2.9 GHz, (b) 4.3 GHz,
(c) 6 GHz and (d) 10 GHz. (Simulation: dashed line; measurement: continuous
line).

B. Radiation Patterns

In order to feed the antenna, the system needs to have a phase
shifting of 180° between the coupled transmission lines. For
this reason a rat-race coupler (RRC) was used as observed in
Fig. 10. This coupler has four ports and it was used as a power
divider. Port A was fed to obtain the split of one voltage at
the output ports, with 180° shifting between them. Port 3 was
loaded with 50 € [26]. Three different RRC’s based on [13]
were implemented to cover the whole BW of interest (as each
coupler’s BW is only about 50%). The first coupler covers from
2.5 GHz to 4.5 GHz, the second from 4.8 GHz to 7.3 GHz and
the third one from 6.5 GHz to 10.8 GHz. The same substrate of
the previous components was used.

Radiation patterns in E and H planes were obtained at four
different frequencies (2.9 GHz, 4.3 GHz, 6 GHz and 10 GHz)
and they can be observed in Figs. 11 and 12, respectively. Sim-
ulated and measured results are in good agreement.

The end-fire gain for DM is shown in Fig. 13. As it can be
seen, a maximum of 9 dBi is obtained at 4 GHz and along the
entire BW it is about 5 dBi, which is in line with this type of
antennas [20].
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Fig. 12. Radiation patterns with filter in H plane at (a) 2.9 GHz, (b) 4.3 GHz,
(c) 6 GHz and (d) 10 GHz. (Simulation: dashed line; measurement: continuous
line).
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Fig. 14. Radiation pattern in transversal direction to CM currents.

VI. COMMON MODE NOISE RADIATION

In order to quantify the transversal emission of CM fields
as shown in Section II, the radiation pattern in the transversal
direction, as depicted in Fig. 14, was measured. Using the setup
of Fig. 10, two in-phase currents derived from the X-port of the
rat-race couplers were input to the systems with and without
filter (a load was connected to the A-port).
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Fig. 16. CM-surface current density for CASA-filter system at 3 GHz. The
DGS resonance reaches a maximum of current at its borders which produce
radiation.

The measured radiation patterns with and without filter at
three different frequencies within the band of interest (3 GHz,
5.5 GHz and 7 GHz) are shown in Fig. 15. It is clearly seen that
transversal radiation is highly suppressed by the addition of the
filter. This suppression is in order of 13 dB at 180° and 230° for
5.5 GHz, where maximum cancellation is achieved. For 7 GHz
suppression reaches a maximum of 12 dB at 70°, and for 3 GHz
the highest attenuation is 12 dB from 90° to 110°. Nonetheless,
the level of radiation with the filter is higher than that without it
between 170° to 210° and from 300° to 350°. This is attributed
to a resonant effect of the largest DGS structure, therefore in-
creasing transversal radiation, as shown in Fig. 16.

VII. CONCLUSION

A new CASA with broadband CM noise rejection filter is pro-
posed in this paper. The system includes a CASA and a novel
filter based on three non-periodical DGS, on a 2D technology.
Simulated and measured results of the system were obtained
with accuracy within the broad BW of about 127% from 2.4
to 10 GHz. Several radiation patterns for E and H planes were
taken showing good agreement with simulated results. Finally,
the radiation due to CM currents was obtained by an innova-
tive measurement of the pattern in the transversal plane, which
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shows a maximum attenuation of 13 dB for the system with
filter. This element can be attractive to use in a dense array
of antennas given its low adjacent radiation and broad band of
operation.
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