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Abstract: The allocation of part of the UHF band to 4G and 5G services has generated the appearance
of channel interferences over the digital terrestrial television frequency band. In order to reduce these
interferences, this work presents a novel and efficient band-stop filter implemented using microstrip
technology. The filter, designed with rectangular split-ring resonators etched in the ground plane,
provides a cutoff frequency above channel 48 (694 MHz), a high roll-off rate of 44 dB in 56 MHz and
a rejection bandwidth of 250 MHz that covers the upper UHF band occupied by 4G and 5G with
rejection levels close to 35 dB. The filter is manufactured entirely over a printed circuit board without
lumped elements to reduce production costs, fine tuning after the assembly stage and maintenance.
Moreover, it presents a compact subwavelength size of only 0.07 A x 0.17 A to facilitate installation,
whether at the input of the TV terminal or integrated with the balun at the rooftop antenna.

Keywords: 5G filter; digital dividend; digital terrestrial television; split-ring resonator

1. Introduction

The analog television switch-off and its replacement by the digital terrestrial television
(DTT) started a spectrum reassigning of the UHF band (470-862 MHz). The use of this
band by a more spectrum-efficient broadcasting technology, joined with good propagation
conditions, motivated the release of the upper part of the UHF V band [1,2] and its allocation
to 4G long-term evolution (LTE) and 5G cellular mobile systems.

From the point of view of DTT, the handicap of the coexistence of LTE and DTT
technologies in such close frequency bands is the apparition of interferences on the DTT
signal and the overloading of DTT receivers [3-5].

Different studies [6-14] analyzed the compatibility of DTT and LTE and the impact
of LTE interferences on DTT’s signal quality. They presented values of the ratio required
between the DTT signal and the LTE interference to guarantee a certain quality level at
the DTT receptor (i.e., protection ratios). Three different DTT reception scenarios were
considered: fixed outdoor, portable indoor and mobile. In these scenarios, the interference
level depends on the distance between the LTE emitter and the DTT receiver, as well as
other factors such as the DTT technology [8,15-19], the DTT tuner technology [20,21], DTT
receiver desensitization [22], the LTE traffic load [7,8,23] or even LTE channelization [7,8].

Several works [11-14,24] proposed several approaches to minimize this problem. A
straightforward solution is increasing the frequency distance between the LTE interfering
signal and the desired DTT channel. Different analysis [20,21,25] showed that lower
protection ratios were needed when interference and DTT signals were further away in
frequency. However, UHF channel 48 and the lower part of the LTE uplink are only
separated by a 9 MHz guard band (GB). Increasing this GB can be a solution, but with
important policy limitations and the counterpart of scarifying some part of the spectrum,
which does not represent a spectrally efficient solution [8].

We have to consider that the farther the interference emitter, the higher the signal-to-
interference ratio. Thus, guaranteeing a certain minimum physical distance between the
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LTE emitter and the DTT receiver should be a solution that would minimize interferences.
For example, the authors of [7,8] proposed, for indoor portable scenarios, separation
distances between 6 and 8 m to reach the required protection ratio (i.e., assure the received
signal quality). The handicap of this solution is that LTE user equipment (UE) is mainly
employed by moving users not aware of how near or far they are from the DTT receiver.

A third option to solve this problem is filtering the LTE interferences. This filtering
can be done at the antenna, properly designed with a bandwidth limited to the DTT band-
width [24,26]. This is a good solution for new installations. However, for already deployed
installations, it can be expensive since it requires the antenna’s replacement. A better
option is LTE filtering at the DTT antenna output or even at the receiver input. This in-line
insertion of anti-LTE filters is the most simple and practical solution [6-8,11-14,24,27], since
it enables the reuse of existing infrastructure (e.g., the antenna and receiver). The authors
of [24] presented an overview of different existing filter technologies for individual or
communal antenna systems. In [3,4,7,28], different commercial anti-LTE filters manufac-
tured through traditional techniques were analyzed: discrete inductances and capacitances,
ceramic resonators and cavity filters.

In this paper, we opted for a different design and manufacture method, taking into
account not only the technical aspects of its filtering response, but also other economic
and technical benefits related with the manufacturing, installation and maintenance. The
proposed filter is based on microstrip technology, a mature technology that facilitates the
design and manufacture of economic filters in a reliable way. The traditional techniques
for microstrip filter design (e.g., coupled lines, gaps, high-low impedance contrast) are not
valid in these frequency bands because of their large physical dimensions. Moreover, the
quality factor of the commercial substrates in these frequency bands is not high enough to
obtain the desired rejection levels with these topologies. Alternative filter design techniques
have gradually appeared, modifying the strip shape, nonuniform transmission lines [29,30]
or the ground plane, etching continuous [31] or periodic patterns [32] (electronic band
gaps (EBG)). In both cases, the resultant effect is the modification of the characteristic
impedance. However, one common handicap of these techniques is that they provide
electrically large structures.

Metamaterials represent a good alternative to overcome this handicap. Although
they are usually periodic structures too, their compact design (tenths of wavelengths — A)
provides smaller unit cells than EBG. The split-ring resonator (SRRs) and its complementary
version, the CSRR, are two of the most representative metamaterial structures [33]. The SRR
and CSRR, properly excited, provide negative permeability and permittivity, respectively.
This behavior, joined with its compact size (A/20), makes SRR or CSRR suitable for the
design of filters when placed near the microstrip line [34,35].

In this work, the authors present the design, characterization and experimental verifi-
cation of an anti-LTE filter based on microstrip technology combined with CSRRs. One of
the contributions of this paper is the analysis of some issues of the coupled CSRR microstrip
filters not previously analyzed, such as the use of multi-ring CSRR or the influence of
the CSRR shape on the filtering response. CSRRs are generally presented with circular or
square shapes, but to the authors” best knowledge, the ratio between the ring side lengths
and the relative orientation of rectangular CSRRs with respect to the microstrip line are not
analyzed elsewhere.

Another important contribution of this paper is its immediate applicability in 5G
interference filtering for commercial purposes. Thanks to the use of metamaterial particles,
this band-stop filter reduces the channel interferences coming from the upper UHF band
allocated to 4G and 5G (694-862 MHz) with a high roll-off rate and large rejection levels.

Compared with existing anti-LTE filters [3,4,7,28], the proposed filter presents several
benefits. First, compared with LC filters, it avoids the microphony effect thanks to its
integrated design without lumped elements. In this way, it avoids variations of the electric
response of the filter due to mechanic vibrations requiring less maintenance. This lack
of lumped elements also avoids any additional adjustment to compensate deviations
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in the cutoff frequency or in the insertion losses, due to the tolerances of the lumped
components (i.e., the filter manufacturing is cheaper). Second, compared with cavity filters,
the compact filter size (due to the small dimensions of the CSRR) facilitates its installation
as an independent device connected to the input of the TV receptor or integrated in the
PCB joined to the antenna balun. In both cases, due to its design, it allows DC current
bypass to feed, if necessary, an active UHF antenna.

2. Microstrip Filter with CSRRs

The proposed filter merges a microstrip transmission line with modified CSRRs to
develop compact band-stop filters in a simple and economical way. The operation principle
of the filter is based on the negative permittivity response of the CSRR [33]. When excited
with an axial electric field provided by the microstrip line, the CSRR behaves as an electric
dipole with a negative effective permittivity ¢, [36]. Near the resonance frequency, with
& < 0, the propagation is inhibited, providing the required band-stop filter behavior. Here,
we propose the use of rectangular resonant split rings (Figure 1a), as this geometry allows
us to group in a smaller surface a higher number of CSRRs than the circular one and in a
more suitable position than the square one. In each CSRR, the rings are defined by the side
lengths [; and I; of the outer ring, the gap g, the ring width c and the separation between
rings d. In the filter (Figure 1b), the microstrip line width is wys and the separation
between consecutive CSRRs is s;. Rogers RO4003C has been chosen as the substrate, with
its main electrical parameters being &, = 3.55 and tan J = 0.0027 with a 1.524 mm high and
35 um thick copper cladding. Table 1 presents the values of the geometrical parameters of
the filter shown in Figure 1a, used to perform the different simulations and to construct
the final prototype. The simulations were carried out with the commercial electromagnetic
software Dassault Systemes CST Studio Suite [37] using the frequency domain solver (finite
element method).
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Figure 1. Schematic of the (a) two-ring CSRR and its geometrical parameters and (b) the preliminary

version of the filter with two CSRR elements etched on the ground plane (the substrate is removed
for better visualization).

Table 1. Numerical values of the geometrical parameters of the filter displayed in Figure 1a.

Parameter Value (mm) Parameter Value (mm)
I 21.30 c 0.40
I; 11.30 S1 0.50
g 0.30 So 3.00
d 0.30 W50 1.63

In this section, we analyze the preliminary version of the filter presented in Figure 1b.
The equivalent circuit model of a CSRR-coupled microstrip filter was presented and vali-
dated in [38,39]. Each section of the filter can be modeled as a lumped-element circuit (see
Figure 2a), where the microstrip line is modeled through L, C and the CSRR by means of L,
and Cy. Moreover, the electric field coming from the microstrip line that excites the CSRR is
modeled through the capacitance C. (i.e., coupling between the line and resonator). Mean-
while, the coupling between the adjacent CSRRs is modeled through Cy. In this paper, the
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circuit model is used as a qualitative tool to identify and understand key aspects of the
circuit model. In fact, the model does not take into account the dielectric or ohmic losses.
We have identified three key issues that will be analyzed in the following subsections: the
CSRR design, the coupling between the line and CSRR and the coupling between CSRRs.
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Figure 2. (a) Equivalent circuit model of one section of the CSRR-coupled microstrip filter [38].
(b) Equivalent circuit model of a two-ring CSRR [33].

2.1. CSRR Design

The authors of [33] presented the equivalent circuit model of a two-ring CSRR as the
combination of an inductor L, with a capacitance Cy (Figure 2b). The resonant frequency
of the CSRR f is obtained through Equation (1). The current distribution in the ground
plane in the quasi-static limit at f is presented in Figure 3. At this frequency, in each half
of the CSRR—divided following the symmetry axis drawn in Figure 3—the current flows
through the metallic strip, as indicated by the red arrows, from one gap to the other:

1
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>

Figure 3. Surface current distribution on the ground plane around a two-ring CSRR.
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The values of these L and C elements depend on the CSRR dimensions. The slot
width ¢ governs the distributed capacity, while the separation between slots d controls the
distributed inductance. In both cases, the total capacitance and inductance depend on the
ring size (i.e., l; and I;). Thus, the reduction of the resonance frequency can be achieved
by means of its geometrical parameters, mainly by placing rings closer within the limits
of the etching machine or making them larger. The handicap of this last method is clear;
a lower resonance frequency requires a larger CSRR. In this paper, we follow a different
and novel method to reduce the resonance frequency without increasing the CSRR size
by means of increasing the total inductance L,. Bilotti et al. [40] showed that inserting
more rings in an SRR increased the total capacity. In our CSRR case, we propose etching a
larger number of rings (Figure 4a) to increase Ly. Following the Babinet principle [41], the
total inductance and capacitance can be obtained from those presented in [40]. For a better
understanding of the influence of the inductances in this multi-ring CSRR, we present in
detail the modeling of the individual inductances and its equivalent circuit model.

N
= — = Cesrr
[ I I
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) " 12/2 23/2 34/2
|
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Figure 4. (a) Multiple CSRR with N = 4 rings. The blue arrows reflect the current directions at the
transmission zero frequency. (b) Equivalent circuit model of the multi-ring CSRR.

In Figure 2b, the inductances Ly/2 model the two metallic strips formed between
the ring slots that join both “gaps”. These inductances are in parallel, and thus the total
inductance Ly = Lg/4. In a similar way, in the multi-ring CSRR (Figure 4a), the inductance
of a pair of consecutive rings, such as rings 1 and 2, is modeled by two inductances in
parallel L1, /2. In turn, this pair of inductances is in series with the one formed by the next
pair of rings (2 and 3), named Lp3/2 and so on successively. Thus, the total inductance in
the equivalent circuit model of a multi-ring CSRR, presented in Figure 4b, is formed by the
series combination of the inductances of each pair of consecutive rings. Equations (2) and
(3) represent the inductances of the first pair of rings (1 and 2) and between the rings n-1
and n, wherein Ly, represents the inductance per unit length a coplanar strip line [33].

Lip/2 = (ll —d+1— d)Lpul )

Lip—1)n/2 = L1 —=2[(n —1)d + (n — 1)c]L,u (©)

The total inductance (Equation (4)) shows that a CSRR with a higher number of rings
presents stronger inductive coupling. However, although the total inductance depends on
the number of rings N, as the rings get smaller (i.e., larger N), their inductances are lower
and contribute in a smaller proportion to the total inductance Ly:

N N
Le=Y. (L12 —2[(n—1)d+ (n— 1)c]Lpu,) = NxLip—2Y [(n—1)d+ (n—1)c]Lu @)
n=1 n=1

Figure 5 shows the 3 dB cutoff frequency f. of the filter, with CSRRs composed by a
number of rings ranging from 2 to 8 and two geometries, square rings and rectangular
rings. From these results, we could observe a downward frequency shift of about 180 MHz
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in the filter response when increasing the number of rings from 2 to 6. This effect was
equivalent to a 45% reduction of the area required by a two-rectangular ring CSRR with
a ratio between ring sides r = [;/I; = 1.9. It is worth mentioning that with more than six
rings, the response did not present significant changes. In these situations, the inner rings
were much smaller than the outer ones and presented a low inductance that contributed
very little to the total inductance Ly. Thus, for a given cutoff frequency, a number of rings
between 4 and 6 is recommended to obtain smaller CSRRs. With this consideration, we
selected CSRRs with four rings because the size reduction obtained with the six-ring CSRR
of less than 10% was not significant enough in comparison with the possible additional
tolerance errors that could be introduced when etching two additional rings.

Ssod T T T T T
N — O —Square rings (r = 1)
800k N — O — Rectangular rings (r = 1.9)] |
N
AN
2 N N
- 750 ‘O\ _
=) RN o~ -~
Z 700} N ~ 1
\ ho¥ O~ _ -
650 o ~ O-—- O
50 |- Q== _ _
o O--=---0
- —~
600 |- O~ _ i
! L I Q- i O ettt ©
2 3 5 6 7 8
Number of rings (N)

Figure 5. Cutoff frequency as a function of the number of rings in the CSRR. The blue line represents
the square rings (r = 1), and the red line represents the rectangular rings (r = 1.9).

Due to this miniaturization of the CSRR, we could combine a higher number of
elements or decrease the area required to implement the circuit. In fact, the number of
CSRR elements that the filter includes has a great influence over its frequency response
and its filtering capabilities. We can observe in Figure 6 that the increase of the element
number did not modify the filter frequency cutoff frequency f. but enlarged the band-stop
bandwidth (i.e., increasing the number of stages provided higher rejection levels). The use
of four elements was a good trade-off between a convenient filter response and its size.

0 T T | T T
, =
-10 = : -
a 20) ~
2
R i : ———2CSRR| |
———3 CSRR
4 CSRR
40 5 CSRR | 7
6 CSRR
-50 1 i 1 1 1 I I i i

0.7 0.72 0.74 0.76 0.78 0.8 0.82 0.84 0.86 0.88 0.9
Frequency (GHz)

Figure 6. Filter response with a different number of elements (CSRR) with ratio 7 = 0.5. Low coupling
between CSRRs is considered with separation s; = 10 mm.

2.2. Coupling between the Microstrip Line and CSRR

When the reactance of the branch formed by C, in series with the L,Cy circuit
(Figure 2a) is zero, the transmission of the signal is derived to the ground so there is
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no propagation of the signal to the output, thus providing a transmission zero. It is easy to
find that the transmission zero occurs at the frequency f;, as described in [38]:

1

L T (S

On inspecting Equation (5), it is clear that this frequency does not only depend on the
CSRR itself but also on the coupling between the line and the resonator, modeled by the
capacity C, in the equivalent circuit model of Figure 2a. This coupling can be modified by
either changing the distance between the line and the CSRR (i.e., the substrate width) or
changing the material between both metalizations [42].

In this paper, we propose a novel method that consists of the use of tailored rectangular
rings to modify the line-CSRR coupling. In CSRR-based microstrip filters, the rings are
etched in the ground plane and centered under the microstrip line, where the electric field
is confined [33]. In contrast to circular or square rings, we propose the use of rectangular
rings tailored and shaped to be placed just in the areas with higher electric field values. To
evaluate the advantage of using rectangular rings, we analyze the influence of the ratio
between their ring sides r = [;/I; on the filter response but maintain a constant perimeter
length of the rings (i.e., 2(I; + ;) = constant).

Figure 7a presents the module of the Sy; parameter for different side ratios. It is
important to note that the ratio value modified the orientation of the CSRR with regard to
the microstrip line, as shown in Figure 7b—d. When the ratio was lower that one, the CSRR
rings were placed with the shorter side parallel to the transmission line. This geometry
enclosed a small surface underneath the line but also an area far from the line. Thus, very
different electric field levels were present along the surface enclosed by the rings. However,
for r > 1 (i.e., rectangular rings placed with the longer side parallel to the transmission line),
the area of the CSRR was mainly located in the area underneath the microstrip line, where
the highest values of the electric field were present. With this ring shape modification, a
higher coupling between the microstrip line and the CSRR was expected (i.e., an increment
of C,), and thus, following Equation (2), a lower f,. This fact can be checked in Figure 7
where, at a first glance, we can observe that when increasing the ratio, the transmission
zero frequency shifted downward. Moreover, on inspecting Figure 7 in detail, we can
observe that this variation was not linear with r; in fact, as we can see in Figure 8, the cutoff
frequency presented an exponential decay. As an example, modifying the ratio r from 1 to
0.5 increased the value of f. by about 80 MHz, while a variation of r from 1 to 1.9 resulted
in a decrease of 50 MHz.

From a practical point of view, the proposed geometric arrangement and its relative
orientation can be also seen as a way of miniaturizing the filter size. For example, the effect
of changing r from 1 to 1.9 was equivalent to reducing the perimeter of the square CSRR by
about 8%. Here, it is worth to mention that increasing r also enlarged the filter size, so it is
important to select a trade-off between the stopband width and the filter size.

On the basis of these results, the selection of the most suitable ratio value is key for
defining the stopband bandwidth, the cutoff frequency and the physical size of the filter.
Ratios between 1.5 and 2 are recommended to obtain a wide stopband bandwidth and a
low cutoff frequency.

®)

2.3. Coupling between the CSRRs

A third issue that has to be considered in the CSRR microstrip filter design is the
coupling between the resonators. The results of previous sections were obtained with the
resonators distanced far enough (10 mm) to produce a negligible coupling between them.
However, from a geometric viewpoint, a large separation also requires a large filter size,
something incompatible with the objective of a compact design. In this subsection, we
analyze the influence of the inter-resonator coupling on the filtering response by modifying
the distance between CSRRs. Moreover, we also evaluate the dependence of this coupling
on the length of the CSRR side facing the neighboring CSRR. Thus, the influence of the
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aspect ratio of the CSRR is also analyzed, considering three different ratios: 0.5, 1 and 1.9.
Figure 9 shows the module of the Sy; parameter for three different coupling levels: high
coupling with s; = 0.5 mm, moderate coupling with s; = 5 mm and negligible coupling
with s; = 10 mm for three different ratios: r = 0.5 (a), 1 (b) and 1.9 (c). We observed that
the main impact of the inter-resonator coupling was reflected in the stopband bandwidth.
As the CSRRs were closer, the cutoff frequency kept constant, but the other end of the
stopband shifted to higher frequencies, making the stopband wider. From an inter-CSRR
coupling point of view, we observed that the ring ratio only affected small ratios (r < 1) and
small distances (s; < 1 mm). In the example in Figure 9a, with r = 0.5, the stopband for
s7 = 0.5 mm was modified with respect to the other CSRR separations.

Based on these results, separation between CSRRs is a good way of controlling not only
the total filter size but also the stopband bandwidth without degrading other parameters,
such as the cutoff frequency or insertion losses. Special care should be taken into account
when using the combination r <1 and s; < 1 mm.
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Figure 7. (a) Module of Sy; as a function of the ratio between ring sides (r) where the separation
s; =10 mm and N = 4. Below that is graphical representation of the orientation of the CSRR with
regard to the microstrip line for (b) r <1, (c) r =1 and (d) r > 1.

0.75 . :

Cut-off frequency (GHz)

0.55 L L L
0.5 1 1.5 2 25

Sides ratio (r)

Figure 8. Cutoff frequency as a function of the ratio between the ring sides (r), where the separation
s;7 =10 mm and N =4.
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Figure 9. Module of Sy; (dB) of the filter with four CSRRs formed by four rectangular rings with
different ratios: (a) r = 0.5, (b) 1 and (c) 1.9. For each ratio, three different coupling levels were
considered: high coupling (s; = 0.5 mm), moderate coupling (s; = 5 mm) and negligible coupling
(s7 = 10 mm).

3. Compact CSRR Anti-LTE Filter

The proposed filter was designed to remove the unwanted signals generated by 5G
technology that use the 694-862 MHz UHF band since the implantation of the first and
second digital dividends. Taking this into account, the filter design objectives were the
following: a 3 dB cutoff frequency of the filter at the end of channel 48 (this is 694 MHz), a
sharp cutoff response (high roll-off rate) and a rejection band above 694 MHz of at least
168 MHz, with rejection levels of about 30 dB. In addition, the filter should be physically
small to facilitate its installation on the DTT antenna, rooftop or portable, or at the input of
the DTT receiver.

Based on these prerequisites and on the analysis presented in the previous section,
we designed a filter with four CSRRs, each formed by four rectangular rings with a ratio
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r=1.84. This proportion between the side lengths placed the rings with the long sides
parallel to the strip line. To reduce the length of the filter, we modified the layout of the
transmission line, transforming the straight microstrip line into a U-shaped line as pre-
sented in Figure 10a. The values of all the geometrical parameters are presented in Table 1.
For the experimental characterization, we manufactured several samples (Figure 10b—c) by
a laser etching technique with an LPKF Protolaser S, with an etching resolution of 2 pm.
All the measurements were carried out using an Agilent N3383A PNA Series network
analyzer from 400 MHz to 1100 MHz with 3201 points.

(b)

Figure 10. (a) Proposed filter (top view), not to scale, with the substrate layer hidden to facilitate the
view and the manufactured filter’s (b) bottom view and (c) top view.

Figure 11 shows the module of the S11 and Sp; parameters, normalized to 75 (), compar-
ing the results obtained from the simulations and measurements of the filter. Here, we can
see a good agreement between both results with the specified cutoff frequency at 694 MHz
and a rejection band of about 250 MHz. It is important to notice that only one transmission
zero was needed to obtain the required stopband to filter the UHF frequency band allocated
to 4G and 5G (694-862 MHz). Furthermore, it presented a deep stopband level, with a
maximum attenuation of 45 dB in the simulations and 35 dB in the measurements. In
the passband, the filter introduced very low attenuation, with insertion losses lower than
0.5 dB. Above the cutoff frequency, the module of the Sy; parameter fell off rapidly, with a
roll-off rate of 44dB in 50 MHz. The discrepancies observed in the values of S; | in the
passband and |S;; | in the stopband may have been due to possible inaccuracies in the
substrate characterization at these frequencies.

0
-5
-10
-15
20
-25
-30
-35
-40
-45

0 i ; 1
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Frequency (GHz)

1S,,1,1S,, 1 (dB)

Figure 11. Module of the S1; and Sy; parameters of the proposed filter, with a comparison between
the simulations (solid) and the measurements (dots).
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Moreover, the filter size was only 35 x 65 mm, 0.07 A x 0.17 A, with A being the
wavelength at 600 MHz, a compact subwavelength layout for a band-stop filter with such
a frequency response. This size facilitated its installation at the input of the TV receiver or
its integration at the antenna sharing the PCB with the balun.

Figure 12 represents the magnitude of the surface current distributions on the ground
plane at the transmission zero frequency. Although this filter presents a reciprocal behavior,
in this simulation, the transmitter was connected at Port 1 (i.e., this port would be connected
to the antenna), and Port 2 was connected to the receiver (i.e., it would be connected to the
DTT receiver). The first CSRR—the one next to Port 1—received the unfiltered signal and
thus presented the highest current amplitude levels. As the signal propagated through the
stages of the filter, it was attenuated. Therefore, as can be seen in the figure, the current
levels in the CSRR were rapidly decreasing, reaching values near zero at the fourth CSRR.

Afm

= ——
[ TS il

Figure 12. Current distribution in the microstrip filter ground plane at the transmission zero fre-
quency. The dashed line represents the microstrip line.

4. Conclusions

In this paper, we have presented an anti-LTE filter based on microstrip technology
that integrates particles with negative permittivity (CSRR). The novelty of the filter lies
in its previously unreported design, with a U-shaped transmission line and rectangular
CSRRs etched underneath the microstrip line in the ground plane. The importance of
the relative alignment of the rectangular CSRR with respect to the microstrip line and its
side length ratio for obtaining an efficient coupling has been demonstrated. In addition
to the filter size reduction, the arrangement of the resonators in a rectangular lattice also
enhanced the coupling among CSRRs from orthogonal directions, in contrast with the
in-line distribution. This design provides a high roll-off rate and a high rejection level in a
small device (only 35 x 65 mm) to facilitate its installation, whether at the input of the TV
terminal or integrated with the balun at the rooftop antenna. The filter is manufactured
entirely on a PCB without lumped elements to reduce the cost of manufacturing, fine-tuning
and maintenance.

The validity of the proposed design was demonstrated by comparisons between the
simulated and measured results, which showed good agreement. In the passband, the
insertion losses were lower than 0.5 dB, while in the rejection band, the attenuation reached
up to 45 dB. Moreover, it showed a very good roll-off rate in the transition between both
bands, where f. = 694 MHz. Although the filter was designed for ITU Region 1, it can be
easily modified for other ITU regions.

As a result, a fully functional small-size filter has been obtained. Compared with
other filter structures (e.g., lumped elements and resonant cavities) this filter provides low
fabrication and tuning costs, along with response reliability due to the lack of lumped
elements (i.e., component tolerance problems). Moreover, the proposed filter can be
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used either in indoor or outdoor systems without any modifications due to its band-
reject response, which is its capability to allow DC bias current passthrough to the roof
components. Finally, this work shows a general way to miniaturize microstrip-based filter
structures, achieved using coupled resonator clusters in the ground plane along with a
U-shaped transmission line in the signal plane.
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