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Abstract: Combining a microwave filter with an antenna results in a low-cost, efficient, and small-size
selective radiator called a filtering antenna or filtenna. In this work, a compact filtering antenna is presented
to radiate within the 5G mid-band frequencies along (3.6-3.8 GHz) with strong rejection for the frequencies
outside this range. The proposed filtering antenna consists of a crescent-shaped planar monopole antenna
that is electromagnetically coupled with a reduced-size capacitively loaded loop (CLL) microwave band-
pass filter. The miniaturization of CLL is achieved by utilizing a single ring CLL structure instead of
two rings to reduce the filter size to half without affecting the filter performance. The filtering antenna
in this work is fabricated on a Rogers RT5880 substrate with dimensions equal to 24.2 x 27 x 0.8 mm?3.
Good congruence between the measurements and the simulation results, and both verify the antenna’s
perfect operation along the 5G mid-band frequency range. The simulated and measured peak realized
gain values of the proposed structure are 2.24 dB and 2.2 dB, respectively. Furthermore, the power pattern
of the designed filtering antenna is omnidirectional, which is very convenient for portable 5G mid-band
devices. Compared to other works, it is found that in spite of the small dimensions of the filtering antenna
(24.2 x 27 x 0.8 mm?®), the antenna has a bandwidth that covers the range 3.6-3.82 GHz with a maximum
gain value equal to 2.2 GHz and omnidirectional pattern which makes the antenna very suitable for 5G
mid-band applications.

Keywords: filtering antenna; band-pass filter; monopole antenna; reflection coefficient

1. Introduction

With the emergence of wireless transmission and to attain a wide wireless connection
of data, the antenna was invented as an element that provides an interface between the
guided electrical signals and the electromagnetic waves [1]. However, most of the designed
antennas have an effective out-of-band radiation, such as the antennas utilized for cognitive
radio applications [2,3], Radio Frequency Identification (RFID) applications [4,5], Wireless
Local Area Network (WLAN)/Worldwide Interoperability for Microwave Access (WIMAX)
applications [6,7], C and X-band applications [8,9] and 5G applications [10,11]. Therefore,
many microwave band-pass filters (BPFs) were proposed to suppress the unintended
out-of-band radiation. BPF is a device that provides a suppression for signals whose
frequencies are outside a certain frequency band. Many planar BPF have been proposed
to be compatible with the planar printed circuit antennas such as stub- loaded multiple
mode resonator [12,13], tapped feeds hairpin filter [14,15], dual-band stepped-impedance
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resonator (SIR) BPF with enhanced selectivity [16,17], and capacitively loaded loop (CLL)
filter [18,19].

In response to this, researchers have directed their focus toward designing a single
element that combines the antenna feature and the selective filter behavior, and this com-
bination is called a filtering antenna or simply filtenna. In [20], the authors attached a
I'-shaped antenna to a compact filter with three poles for WLAN applications. A filtering
antenna for cognitive radio was also presented to achieve selective radiation during the
communication mode of the system [21,22]. Fourth and fifth order filters were terminated
by the cavity-backed antenna to cancel the undesired back radiation [23]. The circularly
polarized filtering antenna was also utilized for X-band satellite applications [24]. In [25],
the filtering antenna was used as a wearable antenna for ethanol detection. It is worth
mentioning that the filtering antennas can also be presented for wideband applications
with band notches to avoid interference with some critical applications, such as the designs
proposed in [26,27].

This work presents a miniaturized CLL filter terminated with a crescent-shaped planar
monopole antenna to form a filtering antenna for 5G sub-6 GHz applications (3.6-3.8 GHz).
The compactness in the filtering antenna size is mainly attained by using a single arm of the
CLL filter, and then it is electromagnetically coupled with the antenna to obtain an antenna size
equal to 24.2 x 27 x 0.8 mm?3. Rogers RT5880 is used as a substrate of the proposed design.
The simulation and measured results of this design show a perfect coverage for the intended
frequency band with good gain value and an omnidirectional power pattern suitable for 5G
mid-band portable gadgets. The rest of the paper is organized as follows. Section 2 is a literature
review of some related works. The dimensions and the overall structure of the proposed
filtering antenna are presented in Section 3, while Section 4 studies the steps that were followed
for combining the CLL filter with the crescent-shaped antenna. The effect of some important
parameters on the performance of the antenna is demonstrated in Section 5, whereas Section 6
includes the measured results of the fabricated version of the proposed filtering antenna. Finally,
the paper is summarized by a brief conclusion in Section 7.

2. Related Works

Many researchers have preferred the design of a filtering antenna to provide a radiating
element with filtering capability in one element. Different designs have been proposed to
meet the requirements of the filtering antenna structure. A I'-shaped antenna was attached
to a three poles compact filter to serve the WLAN application [20]. Filtering antennas were
also exploited for cognitive radio applications to achieve a selective communication mode
as well as a selective sensing mode of operation [21,22]. A filtering antenna with fourth
and fifth-order filters and cavity-backed antenna for back radiation reduction purposes
was proposed in [23]. The circularly polarized filtering antenna in [24] was designed for
X-band military satellite applications. In [25], a wearable filtering antenna was used as an
Ethanol detection sensor. In addition, the filtering antennas were also used in the front
end of the wideband applications with band notches to eliminate the interference with
some critical applications that intervene in the desired application operational band [26,27].
An end-fire filtering antenna was presented in [28] with a complex stacked structure to
emulate the operation of Yagi-Uda antenna. A large size filtering antenna was introduced
in [29] with defected ground plane and a slotted rectangular patch to operate for WLAN
applications with high performance. In [30], a defected ground plane was utilized as a
filter for 4 x 1 array of annular-shaped antenna to provide selective communication for
Ku-band applications. A dual-band filtering antenna structure was designed in [31] using
a dual-band planar band-pass filter with a conventional rectangular planar monopole
antenna to limit its operation within the WiMAX and WLAN applications. In [32], a stacked
structure with a complex substrate integrated waveguide (SIW) was utilized for 5G sub-6
GHz applications.

All the aforementioned works either tolerate the dimensions of the filtering antenna
to get reasonable antenna gain or tolerate the antenna gain for the sake of the antenna
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size reduction. Therefore, it is important to make a balance between the gain value of the
filtering antenna and the reduction in the filtering antenna size. This work is focused on
filtering antenna has a relatively reduced size with reasonable gain value along the 5G
mid-band range of frequencies, as will be explained in the next sections.

3. Antenna Structure

The proposed monopole crescent-shaped antenna and the single ring CLL band-pass
filter are combined together as a single module and fed by a 50 () microstrip line. Figure 1
reveals the dimensions of each part of the proposed filtering antenna. The substrate
proposed module is Rogers RT5880 with a relative permittivity of e, = 2.2. The loss tangent
of the substrate is equal to 6 = 0.0009, while its height is equal to i = 0.8 mm. The overall
size of the filtering antenna is 24.2 x 27 x 0.8 mm?>. The best values of the parameters of
the filtering antenna are given in Table 1.
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Figure 1. Structure of the proposed filtering antenna: (a) top view; (b) back view (the white color
represents the dielectric and the yellow color is the conductor).

Table 1. The best design parameters of the proposed filtering antenna.

Parameter Dimension (mm) Parameter Dimension (mm)
L 24.2 Ly 2.49
Y% 27 Ls 1.2
Lg 13 Lg 3.05
Wf 24 L, 5.09
R 3 d 3.8
R, 3 L 0.7
Lq 3.6 Wi 1
L, 0.6 Wy 2.8
L3 8.09 W3 9

4. Design Steps

As mentioned earlier, the design in this work consists of a compact CLL-based filter
that is electromagnetically coupled with a planar monopole antenna. Consequently, the
design steps can be concluded by demonstrating the design of the compact CLL filter
and then studying its effect after attaching it to the monopole antenna. It is important to
mention that the simulation results are obtained using CST Microwave Studio suite [33].
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4.1. Design of CLL-Based Filter

The band-pass filter used in this work is a combination of two square-shaped capacitively
loaded loop (CLL) [19]. Figure 2 shows that each CLL arm is a half wavelength resonator. A
50 Q) microstrip feed line is used to feed each arm of the CLL-based filter. The center frequency
of this filter is intended to be at 3.7 GHz, and its bandwidth is intended to cover the 5G
sub-6 GHz range (3.6-3.8 GHz). The dimensions of the filter are 27 x 24.2 x 0.8 mm?, and the
total length of each CLL-element is around 35.7 mm based on Equation (1) given below [1]:

j=Ms_ e )
2 Zfr \/Ere ff

where A, represents the guided wavelength, f, represents the resonant frequency, ¢ denotes
the speed of light in free space. ¢,.¢s denotes the effective relative permittivity, which can
be related to the relative permittivity e, by Equation (2) below [1]:

&+1 e —1 n 1?2
feff =5t [1“2%]

@

where W), represents the width of the microstrip line, and / denotes the height of the
dielectric substrate.
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Figure 2. Structure of the CLL-based BPF (all dimensions are in mm (the white color represents the
dielectric and the yellow color is the conductor).

CLL filter has two different resonant frequencies. To give a reasonable interpretation
for the generation of the two resonant frequencies, the equivalent circuit of the CLL filter
is analyzed at the plane of symmetry (T-T") as shown in Figure 3, which represents the
equivalent circuit of the filter based on its T and 7t equivalent networks explained in [34].
The circuit has a low resonant frequency as [35]:

fo= 1/{2n[L(c + cm]%} 3)

where T-T" is a short circuit to form the odd mode. Besides, the higher resonant frequency
of the circuit is given by [35]:

fo= 1/{27‘([L(C — cm]%} @)

where the plane of symmetry plane T-T” is in the even mode (open circuit).
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Figure 3. The circuit diagram of CLL-based BPFE.

Figure 4 illustrates the current distribution of the CLL-based filter to verify both of its
operation modes. At the lower (odd) resonant frequency (3.65 GHz), the current of each ring is
in phase with that of the other arm. Therefore, the current is maximum at the boundary T-T”
with zero voltage, equivalent to a short circuit case (see Figure 4a). In adverse, the even mode
appears at the frequency of 3.76 GHz, as illustrated in Figure 4b, where the current of each
ring flows in the opposite direction with respect to that of the other ring. As a result, current
cancellation occurs at T-T’, which is equivalent to an open circuit.
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Figure 4. Current distribution of proposed CLL based BPF: (a) odd-mode; (b) even-mode.

The S-parameters of the CLL-based filter are illustrated in Figure 5. The reflection
coefficient (S11) reveals two overlapped resonant modes for the antenna where the resonant
frequency for each mode is 3.65 GHz and 3.76 GHz. The filter bandwidth is 220 MHz which
occupies the range of (3.6-3.82 GHz). Besides, the transmission coefficient (S;1) of the filter
exhibits a flat response at the pass band of the filter. In addition, the insertion loss of this
filter is less than 1 dB along the pass band with two deep transmission zeros (3.25 GHz and
4.4 GHz) in the stop bands.

It can be noticed that the dimensions of the above filter are relatively large, so the re-
sulting filtering antenna that is obtained from this filter would certainly be large. Therefore,
it is essential to make some modifications to miniaturize the filter size before attaching it to
an antenna. As discussed in the previous subsection, the CLL-based filter holds two arms
that are electromagnetically coupled to each other [19]. One of the rings is canceled in this
work for size reduction purposes. The idea of reducing the filter size to half by getting rid
of one arm of the CLL has come up with by the fact that “the two half-wavelength arms
of the CLL-based filter are presented to ensure the symmetry of the filter in terms of the
forward (S71) and reverse (S12) transmission coefficients”. It is known that the filtering
antenna has only a single port, so one arm of the CLL is enough to perform the filtering
function of the proposed design. As a result, the crescent-shaped monopole antenna shown
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below in Figure 6 is attached to a single ring of the CLL-based filter to form the filtering

antenna shown previously in Figure 1.
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Figure 5. Simulated transmission and reflection coefficients of the CLL-based BPF.

4.2. Design of Filtering Antenna
For comparison purposes, Figure 7a shows the simulation reflection coefficient of
the antenna without a filter and the proposed (antenna + filter) model. It is clear that the
monopole antenna has a large out-of-band matching which causes significant interference
with adjacent applications. However, the filtering antenna results in a sharp reflection
coefficient of almost stable value along the operational bandwidth, and strong suppression
for the out-of-band signals. The resulting filtering antenna bandwidth is equal to 220 MHz
extending from 3.6 GHz to 3.82 GHz, which is very close to the 5G mid-band application
(3.6-3.8 GHz). To verify the energy transmission between the filter and the antenna,
Figure 7b exhibits the current distribution at 3.7 GHz. It is clear that the current flows from

the filter to the antenna to be radiated through it.

> oo L i
(|
A\
S
L
£
£
E
-
LE
W,
I
(a) (b)

Figure 6. Structure of the crescent-shaped monopole antenna: (a) top view; (b) bottom view (the
white color represents the dielectric and the yellow color is the conductor).
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Figure 7. (a) Reflection coefficient of the monopole antenna and the antenna after attaching it to a
CLL-based BPF; (b) current distribution of the proposed filtering antenna at 3.7 GHz.

5. Parametric Study

The simulated reflection coefficient of the filtering antenna for different values of L, is
depicted in Figure 8. Changing L, greatly modifies the impedance bandwidth of the present
design because it operates as a tuning stub to manipulate the filter-antenna coupling, which
results in controlling the locations of the two resonant frequencies. L, = 5.09 mm represents
the suitable length that results in impedance matching for 5G mid-band frequency range.

5
-10
s
[ui]
z
: -20 L
o L3 - -La=3.09mm
a |l
-25 I
| e la=4.09mm
30 I
: —La=5.09mm
35 {
=+ la=6.09mm
-40
25 3 35 4 45 5

Frequency (GHz)

Figure 8. The designed filtering antenna reflection coefficients with Ly = 13 mm, L, = 0.7 mm, and
different values of L.

As illustrated in Figure 9, the matching between the feed line and the filtering antenna
is strongly affected by tuning the distance between the filter and the antenna L. This is be-
cause the separation between the CLL band-pass filter and the antenna determines the strength
of the coupling of the filtering antenna. It can easily be found that L, = 0.7 mm results in
impedance bandwidth extended over the band (3.6-3.82 GHz), which perfectly occupies the 5G
mid-band applications.
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Figure 9. The designed filtering antenna reflection coefficients with Lg = 13 mm, L, = 0.7 mm, and
different values of L,.

The reflection coefficient of the filtering antenna after varying L, which represents
the length of the ground plane is shown in Figure 10. It is obvious that L¢ has a subtle effect
on the first resonant frequency, but the second resonant frequency is effectively influenced
by the ground plane length. L= 13 mm is very convenient to make the design cover the
desired bandwidth of the 5G mid-band applications.
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-30
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-50
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Figure 10. The designed filtering antenna reflection coefficients with L, = 5.09 mm, L, = 0.7 mm, and
different values of Lg.

6. Measurement Results

The front and the back views of the fabricated version of the designed filtering antenna
are exhibited in Figure 11, while the reflection coefficient measurement and radiation pat-
tern measurement setups are demonstrated in Figure 12a,b, respectively. The measurements
were acquired using Amitec VNA40 network analyzer. As mentioned in Section 2, the
overall dimensions of the filtering antenna are 24.2 x 27 x 0.8 mm?, and it is fabricated
on Rogers RT5880 dielectric substrates with a relative permittivity of e, = 2.2, a thickness
0.8 mm, and a loss tangent equal to 0.0009.
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Figure 11. (a) Top view and (b) bottom view of the fabricated version of the filtering antenna.

Figure 12. The measurement setup for the presented filtering antenna by using Amitec VNA (a)
reflection coefficient measurement and (b) power pattern and gain measurement.

The reflection coefficient (simulated and measured) of the proposed design is illus-
trated in Figure 13. The simulated bandwidth of the proposed filtering antenna is 220 MHz
extended over the band (3.6-3.82 GHz), whereas the bandwidth of the measured reflection
coefficient is equal to 240 MHz covering the range (3.56-3.8 GHz). The difference between
the simulation and measurements may be referred to the imperfection of the engraving
machine, the SMA connector imperfect soldering, and the irregular variation of the value
of the relative permittivity with the frequency.

Figure 14 shows the simulated and measured gains as a function of frequency. The
simulated peak value of the gain is equal to 2.24 dB, whereas the measured peak value
is equal to 2.2 dB. The simulated and measured normalized power patterns at 3.7 GHz
in the E- and H-planes are illustrated in Figure 15. It is clear that the power pattern is
omnidirectional and very suitable for portable 5G devices. The fluctuations in the measured
power pattern and the gain results from the signals reflecting back from the surrounding
objects in the anechoic chamber of the laboratory.
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Figure 13. Reflection coefficients (simulated and measured) of the suggested filtering antenna.
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Figure 14. Simulated and measured realized gains of the suggested design.

As a matter of comparison, the performance of the filtering antenna in this work
compared with other important designs is listed below in Table 2. It is found that the
proposed design makes a good balance between the antenna size, bandwidth, and realized
gain. It is important to recall that the antenna gain value should exceed 0 dBi along the
antenna frequency band [1], so the miniaturization process should not result in a gain
value below the mentioned margin. This criterion has been met in this work because the
size reduction of the proposed filtering antenna does not reduce the gain value below
the threshold along the operational band of the antenna (see Figure 14). In addition, the
reduction in the gain value also comes from the omnidirectional pattern of the antenna,
which has lower gain than the directional antennas [1].

Table 2. Comparison between the filtering antenna of this work and some other important works.

References Frequency Coverage Gain (dB) Dimensions (mm?)
(GHz)
[19] 2.24-2.385 2.3 29 x 27
[20] 2.26-2.66 241 30 x 43
[22] 2.85-3.1 6.73 51.2 x 47.6
[23] 2.6-3.55 6.5 66.4 x 55.7
[24] 8.92-10.63 7.4 50 x 30

This work 3.56-3.8 22 24.2 x 27
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Figure 15. Simulated and measured power patterns of the designed filtering antenna structure at
3.7 GHz (a) E-plane and (b) H-plane.

It is important to mention that the proposed filtering antenna covers the frequency
range of LTE band 43 (3.6-3.8 GHz). Therefore, it is not suitable for systems that operate
for LTE bands 42 and 43, which require additional coverage for band 42 (3.4-3.6 GHz).

7. Conclusions

A compact 5G mid-band filtering antenna that is composed by combining a crescent-
shaped antenna and a single arm CLL band-pass filter has been designed in this paper. The
minijaturization of the design mainly resides in reducing the filter size by 50% in addition
to the compact size of the crescent-shaped antenna. In spite of its compact dimensions
(24.2 x 27 x 0.8 mm?), the proposed filtering antenna perfectly covers the 5G mid-band
frequency range of 3.6-3.8 GHz with acceptable realized gain along the band with strong
elimination for the frequencies outside the desired band. The measured maximum gain is
found to be equal to 2.2 dB with an omnidirectional power pattern that is convenient for
portable 5G sub-6 GHz gadgets. For future work, a MIMO version of the proposed filtering
antenna will be designed to be more compatible with 5G mid-band portable gadgets.
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