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ABSTRACT In this article, a 5G compact millimeter-wave dipole antenna with high gain and its array
filter-antenna is proposed, following a theoretical discussion is proposed. To increase the gain and focused
mainbeam, the double dipole is inserted at the ground plane. The results show that the proposed antenna
has an impedance band-width (IBW) of around 7.14% and 6.7 dBi gain at 28 GHz. Next, a 5G filter is
proposed with 4% IBW and lower than 0.6 dB gain insertion loss. A simple phase-shifter with 2-bit structure
is designed in an 8-elemens array filter-antenna with 0.35λ spacing between the two elements which uses a
meander-line to reduce mutual-coupling. First, the phased-array filtenna (filter-antenna) is fabricated to meet
the analog beamforming challenge. The IBWs of the array filter antenna are approximately 3.5% with a high
gain of 15 dBi. Second, a novel machine learning method is proposed as an alternating direction method of
multipliers and Bayesian Optimization (ADMM-BO) is used in the hybrid beamforming for such partially-
connected phased-array structures. Simulation and measurement results show that the proposed antenna and
its array have a high gain in analog and hybrid beamforming and acceptable data rates. The data-rates of this
array reach 100 Mb/s in SNRs higher than 10 dB. The amount for 0 dB SNR is 75 Mb/s. These results also
indicate that the mainbeam shift is in the range of [−50◦, 50◦] with a gain in variations of around 1.5 dB and
side lobe level (SLL) of about −10 dB at 50◦.

INDEX TERMS Microstrip patched antenna, 5G communication, mmwave filter, phase shifter, phased array
filter-antenna, analog and hybrid beamforming, ADMM-BO.

I. INTRODUCTION
To keep pace with the progress in telecommunications, it is
essential mobile devices to have a bandwidth with more
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frequencies and higher data rates. The fifth-generation (5G)
mobile communication system can meet these challenges.
These 5G mobile networks have some extra advantages over
the 4G network, like beamforming, coverage growth, bet-
ter energy efficiency, and cost-saving [1], [2]. The most
important use of massive multi-input multi-output (MIMO)
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in 5G mobile systems is beamforming. It changes the direc-
tion of the antenna power for various purposes, such as
null steering and direction of arrival (DOA) [3], [4]. There
are several analog and digital beamforming methods; how-
ever, the active-phased array is the best to apply in analog
form [3], [4]. Nevertheless, low geometrical size is more con-
venient for designing RF devices. Therefore, the millimeter
wave (mmWave) frequencies (30-300 GHz), unlike centime-
ter wave (CMW) frequencies (1-30 GHz), seem to present a
highly suitable solution. Due to their short wavelength, anten-
nas that work on this spectrum have small dimensions. In the
USA, the licensed frequency spectrum for 5G is 27.5-28.35
(GHz), and for the UK and Europe, this spectrum is 24.25-
27.5 (GHz). The frequency spectrums 27.5-28.25 (GHz),
24.25-27.5 (GHz), 26.5-29.5 (GHz), and 24.5-29 (GHz) are
licensed for Japan, China, Korea, and India, respectively.
Therefore, designing an innovative low-size active array
filter-antenna (filtenna) for mmWave beamforming could be
a very potential goal in 5G communication systems [5].

A. RELATED WORKS
Various antennas for 5G applications have been proposed [5],
[6], [7], [8], [9], [10], [11]. A dual-band planar 5G mmWave
antenna is proposed in [5]. This antenna has high gain and
Impedance band-width (IBW), low side lobe level (SLL),
and compact size. Furthermore, theoretical discussions are
included in this paper, based on the equivalent circuit model.
Another dipole antenna with four modes is presented in [6].
The benefits of this antenna are the high gain in its different
modes and the fact that it works in dual frequency bands.
Unfortunately, the dimensions of this antenna are very large
and no theoretical discussions are proposed in this work. A
1 × 4 planar array antenna was suggested, benefiting from
several advantages such as high gain, around 11 dBi, low cost,
compactness, and fan-beam [7]. The authors in [8] proposed
a 5G array antenna in 28-GHz with a CMOS direct conver-
sion transceiver for a wireless cellular mobile system. This
antenna achieves a high gain (almost 13 dBi) and compact
size for 5G indoor applications.

Not covering European standards is a disadvantage of
this apparatus. A compact mmWave multi-layer microstrip
Rotman lens is proposed in [9]. One of the applications
of the Rotman lens is beamforming. This work achieves
14.5 dBi gain and provides different angles of beamspace.
However, it has a thick substrate and does not cover the
European licensed spectrum, either. In [10], an mmWave
flexible 5G antenna for wireless applications with a wide
frequency bandwidth is suggested, that covers both European
and USA standards but has large dimensions. Another single
antenna with an omnidirectional beam and an appropriate
frequency bandwidth (27-28.5GHz) for the 5G applications
is recommended in [11]. This work releases very low gain
(around 2 dBi) and is not compact.

Several designs of filters are proposed in [12], [13], [14],
[15], and [16]. The authors in [12] propose a dual band filter

with applications on mmWave 5G. The merits of this filter
are high out of band rejection and low thickness. However,
this design has high insertion loss (IL) and large dimension.
Another CMW filter with high out of band rejection and low
IL is proposed in [13]. A disadvantage of this filter is its
great thickness. A half mode substrate integrated waveguide
(HMSIW) mmWave filter with high IBW, low IL, and high
out of band rejection is proposed in [14]. In the above works,
theoretical aspects of the filter are not discussed. The authors
in [15] propose a substrate integrated waveguide (SIW) sub-6
5G filter with low IL, high out of band rejection, and support
the proposal with theoretical discussion. However, this filter
is very thick. A dualbandmmWave 5Gfilter with low IL, high
out of band rejection, and theoretical discussions based on an
LC-equivalent circuit is proposed in [16].

The demand for high BW on the 5G frequency bands
and the requirement of a large stopband on the non-desired
frequencies invite us to use filters integrated with an antenna
as filtenna [17], [18]. In [17], the authors propose anmmWave
microstrip filter with high out of band rejection, and low IL.
This filter is not compact and is thick. The antenna proposed
in [17] has sufficient gain and IBW. However, the dimen-
sions of this antenna are pretty large. In [18], an mmWave
microstrip filter is proposed with high out of band rejection,
very low IL, and high IBW for 5G systems. Unfortunately,
this filter has large dimensions. The antenna proposed in [18]
has a large IBW and high gain. The dimension of this antenna
is large, too.

Analog beamforming method uses analog phase-shifters
(PSs), which enforce a fixed amplitude constraint on the
antenna elements. This limitation imposes analog beamform-
ing and offers poor performance in comparison to the fully
digital beamforming schemes [19], [20], [21]. In conventional
fully digital beamforming, any antenna element needs one
radio frequency (RF) chain which adds exponential com-
plexity in 5G mmWave systems due to the large number
of antenna elements in the array antenna [22], [23]. Hybrid
beamforming divides the total complexity between the two
analog and digital parts which decreases the number of RF
chains while achieving appropriate data rates and beamform-
ing gain [20], [21], [22], [23].

B. MAIN CONTRIBUTIONS
The acronyms used in this article are presented in Table 1.
In this paper, the contributions can be listed as follows:

• An initial equivalent circuit for an mmWave filter
is proposed. Based on this equivalent model, an ini-
tial filter is designed with a resonance frequency
near 28 GHz. To achieve the desired passband and
transmission zeros (TZ), the equivalent circuit is mod-
ified. Stubs are added to the filter. The effect of the
design parameters on the resonance frequency is inves-
tigated. Based on this investigation a reconfigurable
design is achieved. The final filter has low dimensions
(3.64 × 6.32 mm2), low insertion loss (0.6 dB), and
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TABLE 1. Acronyms and definitions.

high out of band rejection (45 dB). The final design is
fabricated on a Rogers RT/duroid 5880 substrate (εr =

2.2, h=0.32 mm).
• An initial equivalent circuit for an mmWave antenna

is proposed. A monopole antenna based on this equiv-
alent circuit is designed. Then, to control the reso-
nance frequency, antenna gain, and antenna beam, a U-
shaped bend slot and dipoles on the ground plane are
added. The effect of one of the design variables on the
antenna’s operation band is investigated. The proposed
antenna has a 6.5 dB maximum gain on the operation
band, 5 % IBW, and more than 90 % radiation effi-
ciency. This antenna is comparedwith some other state-
of-the-art equivalents. The dimension of this antenna
is smaller than most of them. This antenna also has
a thinner substrate than most. This antenna is fabri-
cated on a Rogers RT/duroid 5880 substrate (εr = 2.2,
h=0.32 mm).

• A design 5G active phased array filter antenna is dis-
cussed. It contains the proposed filter and an 8-element
antenna with an inserted two-bits phase-shifter based
on delay lines, which provides a phase shift around 90◦,
180◦, 270◦. The array has 1% IBW, a 15 dB maximum
gain, and 16 dB SLL. Analog beamforming is evalu-
ated with the proposed 5G phased array filtenna. This
beamforming system can steer the beam between -50◦

and 50◦. At the beam 50◦, the peak gain drops by only
1.5 dB, but the SLL becomes -9.6 dB.

• A novel machine learning method is defined as
ADMM-BO and is employed in solving the hybrid

beamforming problem of the Euclidean distance error
between transmitted and received signals, which con-
tains combining and channel matrices for a pro-
posed partially-connected two-bits phase filtenna array.
To ensure low complexity, the analog beamformer
matrix is optimized row-by-row by the ADMM-BO
learning method. The comparative experimental results
are presented in terms of spectral efficiency (SE) and
BER performance, which verify the performance of the
proposed hybrid beamforming method and capability
of the suggested phased filtenna array.

• Complete comparisons are set out in two tables with
state-of-art 5G filters, 5G antenna, and 5G array fil-
tenna in order to investigate the main advantages of
the proposed 5G collection. All electromagnetic sim-
ulations are performed by a high-frequency structure
simulator (HFSS) [19].

C. ORGANIZATION OF THE PAPER
In what follows, section II describes the filter design. The pro-
posed single antenna and theoretical discussion are presented
in section III. In section IV, the phase shifter performance and
proposed phased array filtenna are shown. The conclusions of
the research are described in section V.

II. FILTER DESIGN
Fig. 1a) and Fig. 1b) represent the geometry of the proposed
5G filter and circuit model, respectively. The proposed filter
is fabricated on a Rogers RT/duroid 5880 substrate (εr =

2.2, h = 0.32 mm). The Rogers RT/duroid 5880 substrate
is chosen because it is one of the most popular and effi-
cient substrates in the mmWave band. The thickness of the
substrate is set to 0.32 mm to reduce the number of free
parameters in the design of the filter and achieve a thin design.
The red parts of Fig. 1a) show the initial design of the filter.
The blue and green parts are stubs added in the second and
final steps of the design, respectively. The equivalent circuit
is made on the basis of LC equivalent circuits [5], [16],
[25], [26], [27]. C1 and C2 are capacitance representing the
l1f ×w5f and

(
l1f − l10f

)
×(w5f −w8f ) rectangles respectively.

L1 illustrates the inductance of the L-shape feed line. The
impedance of the L-shape feed line can be written as follows:

Zf
1 =

1
j2π fcC1

||
1

j2π fcC2
||j2π fcL1 (1)

Cc is the coupling between the triangular and L-shape parts
and is derived from [22]:

Cc =

− (C3 + C4) +

√
(C3 + C4)

2
− 4C3C4(1 − C−2

k )

2
(2)

where C4 = C1||C2, and Ck =
1

√
Q1Q2

. Q1 and Q2 are

the quality factors of Zf
1and Zf

2 respectively. The equiva-
lent capacitance and inductance of the triangular part of the
filter are C3 and L3 respectively. Z2, which represents the
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FIGURE 1. a) Geometry of the initial 5G mmWave triangular filter, red,
green, and blue parts are on the onboard plane and the yellow part is the
substrate; b) The equivalent circuit of the proposed filter with the SMA
model; c) The equivalent circuit of Zf .; d) The simplified circuit of the
proposed circuit on b).

impedance of the triangular part, can be defined as follows:

Zf
2 =

1
j2π fcC3

||j2πfcL3 (3)

The input impedance of the filter is calculated as follows:

Zf = 2Zf
1 + Zf

2 +
2

j2π fcCc
(4)

Cco and Lco on Fig. 1b) represent capacitance per unit length
and inductance per unit of length of coaxial cable, respec-
tively. Rco and Gco are resistance per unit length and conduc-
tance of the dielectric per unit length of coaxial cable. For
a lossless cable, we consume Rco = Gco = 0. The SMA
connector model is RF 132134-10. In order to calculate Zin
from the initial design, a simplified circuit is proposed in
Fig. 1d) with respect to the symmetric design of Fig. 1b),
and low loss of coaxial cable (Rco = Gco = 0), and then,
to achieve Zin, voltage sources are turned to short circuit. The

TABLE 2. The equivalent LC-circuit components of the proposed 5G filter.

Input impedance of the initial design is calculated from:

Zin = Zf ||
0.5

j2π fcCco
||0.5 (j2π fcLco) (5)

The resonance frequency accrues when Zin becomes zero.
Fig. 2a) represents the S-parameter of an equivalent circuit
in the initial design for different C3 values, while others are
constant. It is obvious from this result, that changing the
C3 value can significantly affect the resonance frequency.
In Fig. 1a), to achieve a suitable value for C3 the ellipse part
and triangle parts (l3f, w2f) are subtracted from the rectangle
part (l3f, 2w2f+w1f). By changing the size of these parts, C3
can be tuned. Note that, L2 is dependent on C3 and changing
the value of C3,changes L2 also.
L-shape feed lines have a 50 � impedance match which

makes this filter suitable for 5G applications such as filtennas.
This initial design has 0.4 dB attenuation on the pass-band.
However, the out of band rejection of the initial filter (shown
in red in Fig. 1a)) is low. In order to increase the rejection
on the lower cut-off frequency, two blue stubs (shown in
Fig. 1c) as OCS3, OCS6) are added to Fig. 1a). These stubs
create high rejection in the 20 GHz-25GHz band. But adding
these stubs has the effect on the main resonance of shifting
it. To omit this shift in main resonance frequency purple
stubs (shown in Fig. 1c) as OCS1, OCS4) are added. Finally,
to increase the rejection at a higher cut-off frequency, green
stubs (shown in Fig. 1c) as OCS2, OCS5) are added to the
filter design. Fig. 2b) represents the S-parameter of the circuit
equivalent model of the final design. The responses of the
equivalent circuits are made possible by means of ADS V.19
software. The optimized values of the equivalent LC-circuit
components are given in Table 2.
Fig. 2c) and Fig. 2d) show the simulated S-parameter of the

filter for the initial, second, and final designs. From Fig. 2c),
adding blue stubs caused small resonance to be omitted on
the 21 GHz frequency, and consequent attenuation on this
frequency from −5 dB to −50 dB. Adding green stubs,
is caused by rising attenuation on the 30 GHz frequency from
−5 dB to −40 dB. Fig. 2e) compares the theoretical and
simulation results. They are found to differ in the location of
the nulls and bandwidth of the filter. The main reason for this
difference is the loss of stubs, microstrip lines, and dielectric.
The equivalent circuits help us to understand the effect of the
design parameters and avoid test-trial designs. However, this
method cannot supply the true bandwidth of the filter which
lead us to use electromagnetic simulators like Ansoft-HFSS.

Fig. 3a) and Fig. 3b) propose the real and imaginary parts
of the input impedance of the filter, respectively. It can
be understood from this results that the initial design has
a resonance in 21 GHz but the blue stubs change it to
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FIGURE 2. a) The S-parameter of the equivalent circuit of the initial filter for different C3 values. b) The S-parameter of the equivalent final design
of the 5G filter. c) The S11 of the proposed 5G filter. d) The S12 of the proposed 5G filter. e) Comparison between theoretical results (T) and
simulation results (S).

anti-resonance (a zero imaginary part and a very big real
part) in 23-25 GHz band. The green stubs provide the con-
dition to create zero transmission between frequencies of
30 and 31 GHz frequency.

We tried to trap the current on this stub in this fre-
quency band, a point which will be further discussed in
connection with Fig. 6c). With respect to 3GPP SRIT pro-
ponent (Doc. 5D/1216-E) which is approved by International

Telecommunication Union (ITU) in IMT2020, a determined
BW for each user can be selected from 50, 100, 200, and
400 MHz in mmWave bands. In the case of carrier aggrega-
tion, 400 and 800 MHz are assigned to each user at 28 GHz
carrier frequency [2]. With respect to the ITU specifications,
this filter should have a great bandwidth of approximately
0.5 GHz. Hence, the width of the resonatormicrostrip and gap
overlap part should be reduced. It makes a wider bandwidth,
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FIGURE 3. Impedance and group delay of the filter for three designs.
a) real part. b) Imaginary part. c) The simulated group delay over the
period (T) of the proposed filter versus frequency.

but at the same time causes lower stopband suppression.
The final structure should have low L1 and C3 in order
to secure wider bandwidth and resonance at 28 GHz. The
optimized value of the filter design parameters is proposed
in Table 3, and the dimensions of the stubs are as follows:
OCS1 = OCS4 = 0.16 × 0.86 mm2, OCS3 = OCS6 =

0.16 × 2.35 mm2, and OCS2 = OCS5 = 0.26 × 5.65 mm2.
This filter has a low profile (0.34λ o×0.59λo) and 1% BW on
the 28 GHz operating frequency, which is consonant with the

FIGURE 4. S11 of the proposed 5G filter for different l6 values.

FIGURE 5. a) Proposed filter with varactor diode, b) The S11 of the
proposed 5G filter for different Cr values. WC is the abbreviation for
‘without capacitor’.

ITU standards. In the initial filter (Fig. 2a)), the out of band
attenuation is lower than 15 dB, and in the final design it is -
50 dB and -40 dB for the lower and higher cut-off frequencies,
respectively. The group delay over the period (T) of the
proposed filter versus frequency is illustrated in Fig. 3 c).
Where, T = 1/f, is the period of signal in each frequency.
In the 28 GHz frequency, the group delay is 7.5 times T.

The BW of the equivalent circuit is bigger than the BW
of the 5G mmWave filter, and the 3 dB BW of the equiva-
lent circuit is smaller than the proposed 5G mmWave filter;
this is due to assuming low loss microstrip lines on the
equivalent circuit model. Table 4 compares the proposed
filter with some other filters. The proposed filter has smaller
dimensions than [12], [17], and [18]. Our design is not as
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FIGURE 6. Surface current for the proposed 5G mmWave filter in various
frequencies, a) 28 GHz, b) 21 GHz, c) 30 GHz.

TABLE 3. Design parameters of the proposed 5G filter.

thick as that proposed in [17]. The IL of the proposed filter
is lower than those presented in [12], [14], [16], and [17].
The rejection of our filter is higher than all the compared
designs. With respect to theoretical discussions, in order to
change the passband of the filter, the value of C3 should be
changed. In order to change this value, there are two kinds of
solution:

A. DYNAMIC RESONANCE FREQUENCY
The dimension of the filter should be changed. Fig. 4 shows
the impact of l6f on the S-parameter of the filter. Decreasing
this value increases C3 and thereby decreases the resonance
frequency. However, it is not practical to change the filter
dimension in a 5G device.

B. RECONFIGURABLE FILTER WITH A PARALLEL
VARACTOR DIODE
As an alternative solution, a parallel capacitor, Cr, is added
to the filter as Fig. 5a). In fact, this capacitor is parallel
with C3, and will lead to an increase in the value of the
capacitance part of Z2. Fig. 5b) depicts the effect of Cr on
the S-parameter of the filter. Changing this value can change
the resonance frequency with 100 MHz resolution. However,
this reconfigurable filter is not fabricated in this paper. It only
mentioned as an alternative solution for those who need this
filter in another operation frequency. The simulated surface
current distribution of the filter on CW mode can be seen in
Fig. 6, which shows the filtering performance for the 28 GHz,
21 GHz, and 30 GHz frequencies. It can be seen that the
surface current of the filter is transmitted from one port to
another on the 28 GHz frequency.

However, the surface current is trapped on the OCS3 and
OCS2for the 21 GHz and 30 GHz frequencies, respectively.
In the 28 GHz frequency, most parts of the filter are red
(which shows the highest simulated current surface). This
shows how current flows from one port to the other. But
in Fig. 6b) only the OC3 stub becomes red and other parts
of the filter are dark blue (which shows the lowest surface
current). Similarly, in Fig. 6c) only the OC2 stub becomes
red. This shows that OC3 and OC2 stubs have transformed
the open circuit into a short circuit at 21 GHz and 30 GHz,
respectively., and, therefore, that most of the current flows
in these stubs. This transformation in these frequencies looks
like a trap that prevents the current from flowing between the
ports.

III. MATH SINGLE ELEMENT STRUCTURE
The initial frontal geometry of the monopole antenna in
Fig. 7a), is assumed for this research. This structure is
inspired by the monopole antennas proposed in [28], [29],
[30], and [31]. The substrate of these monopole antennas is
changed so that loss on themmWave band is low. Amonopole
antenna is fabricated on a Rogers RT/duroid 5880 substrate
with a thickness of h = 0.32 mm. The size of the monopole
antenna is reduced in comparison to those in [28], [29], [30],
and [31], in order to increase the resonance frequency. This
monopole is divided into 3 microstrip lines as depicted in
Fig. 7a). The monopole antenna is tuned to have a resonance
frequency on 45 GHz and the resonance frequency of the
monopole antenna is decreased with a U-shaped slot at the
front and two directors on the ground plane to achieve a reso-
nance frequency on 28 GHz. This leads to a low-dimensional
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TABLE 4. Comparison table of the proposed 5G filter and other recent filters.

FIGURE 7. a) Monopole antenna structure, b) monopole antenna
equivalent circuit. c) monopole antenna and SMA connector equivalent
circuit.

resonance frequency on the desired band. In addition, these
directors help to provide high gain and a directive beam,

since the proposed antennas in [28], [29], [30], and [31]
have low gain and an omnidirectional pattern. The theoretical
discussions of the proposed antenna are given by equivalent
circuits [5], [25], [26], and [27]. Each line can be modeled
by a serial inductance, resistance, and a shunt conductance
with a shunt capacitance. Z0 investigates the characteris-
tic impedance of the microstrip line. In a situation where
R ≪ 2π fcL, and G ≪ 2π fcC, the microstrip line is consid-
ered a low loss line. In high frequencies, these conditions are
fulfilled easily [25], [26]. Capacitance per unit of length of
a microstrip line with a width of w on a substrate with εr
permittivity and thickness of h is defined as follows [27]:

C =


εe

60c×ln
(
8h
w +

w
4h

) w
h ≤ 1

ε0εe

{
w
h + 2.42 − 0.44 h

w +

(
1 −

h
w

)6}
w
h ≥ 1

(6)

where εe is the effective impedance of the substrate and cal-
culated as εe =

εr+1
2 +

εr−1
2

(
1 +

12.h
w

)
. εr and ε0 stand as the

relative permittivity of the substrate and free air, respectively.
c shows the speed of light and ε0 equals to 10−9

36π [26]. The
inductance of the microstrip line is defined as follows:

L =
1

j2π fc

(
Z2
0 (G + j2π fcC) −R

)
(7)

Fig. 7 b) shows the equivalent circuit of the monopole
antenna. The final calculated input impedance of the
monopole antenna based on the equivalent circuit in
Figure 7 c) can be written as:

Zmonoin =

((((
1

j2π fcC3
+j2π fcL3

)
||

1
j2π fcC2

)
+j2π fcL2) ||

1
j2π fcC1

)
+j2π fcL1 (8)
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TABLE 5. Optimized parameters of equivalent circuits.

Zin = (Zmonoin ||
1

j2πfcCco
) + j2π fcLco (9)

Resonance frequency accrues when the imaginary part of
Zin ges down to zero. The reflection coefficient is defined
as S11 =

Zin−Z0
Zin+Z0

. The calculated S11 of the monopole is
given in Fig. 8e), based on the optimized parameter of the
equivalent given in Table 5. In the next step, the dimensions of
the feedline are the same as the proposed monopole antenna.
However, the size of the dipole and the directors should
be optimized. Fig. 8a) and Fig. 8b) shows the geometry
of the proposed U-shaped bend antenna with its equivalent
circuit. The equivalent circuit of the directors and the dipole is
depicted in Fig. 8c) and Fig. 8d), respectively. These models
are designed according to the method proposed in [27]. It can
be seen C4, L4, and L5 show the capacitance and inductance
of the U-shaped radiator. L6 indicates the induced inductance
of the U-shaped slots. The input impedance of the equiva-
lent circuit for the dipole antenna that is shown in Fig. 8d),
is defined as follows:

Z1 =
1

j2π fcC6
||j2π fcL8

Z2 =
1

j2π fcC5
||j2π fcL7

Z3 =
1

j2π fcC4
||j2π fcL4||j2π fcL5||j2π fcL6

Z4 =
1

j2π fcC3
|| ((Z1 + Cc1)||Z2 + Cc2) ||Z3

(10)

where Cc1 and Cc2show the coupling between the first and
second director, and the coupling between the first director
and U-shape radiator, respectively. These parameters derived
from (2). L7 and C5, and L8 and C6, are the inductance and
capacitance of the directors, respectively. Two parameters l7,
and l8 on Fig. 8a), should usually be smaller than 0.5λ 0, and
w7 − w8 should be smaller or equal to 0.05λ 0 [32]. λ0is the
wavelength of the operating frequency

Z5 =

(
1

j2π fcC1
||

((
1

j2π fcC2
|| (Z4+j2π fcL3)

)
+j2πfcL2

))
+j2πfcL1 (11)

Zin = (Z5||
1

j2π fcCco
) + j2π fcLco (12)

Resonance frequency accrues when the imaginary part of Zin
drops to zero. The optimized values of the circuit parameters
given in Table 5 are o operate at 28 GHz as the resonance
frequency. The dimension of the U-shape radiator and direc-
tors are achieved by means of (6) and (7). This antenna has

TABLE 6. Structural parameters of proposed 5G array filtenna.

compact dimensions (48.26 mm2), high gain, and appropri-
ate frequency bandwidths. The substrate of the antenna is a
Rogers RT/Duroid TM 5880 (εr = 2.2, and tanδ = 0.0009,
h = 0.32 mm). The optimized parameters of the proposed
5G antenna are given in Table 6. Figure 9a) shows the return
loss of the single antenna element for different l7values.
The parameter l7 can tune the resonance frequency without
BW change. Thus, by increasing the parameter l7 different
5G-band spectrums can be covered [27], [28]. The BW of the
antenna is 1.5 GHz which complies with the ITU standards.
Figure 9b) illustrates the simulation and measurement radia-
tion efficiency results of the proposed antenna. The proposed
antenna displays high and stable efficiency on the operating
band. The maximum simulated efficiency on the rating band
reaches 96.7% at 27 GHz. The measurement value is not
very different from the simulation. The maximum measured
radiation efficiency is 94 % in 28 GHz. The surface current
distribution of the antenna is proposed in Figure 9c) and
Figure 9d). The mismatch of the measurement and simula-
tion results is the result of the solder which connects the
SMA-connector and the antenna or filtenna. This solder can
be modeled as a parasitic capacitor (PC) with the capaci-
tance of Cin. For example, for the proposed antenna, input
impedance is rewritten as follows:

Znew
in =(

1
2π fcCin

||Zold
in ) (13)

where Zold
in is the input impedance calculated on equation

(12). This PC has an effect on resonance frequency, BW,
and Gain. A fabricated model of the 5G proposed design
is displayed in Fig. 10. The SMA connector model is RF
132134-10 and has the same SMA connector as is used for
the 5G mmWave filter (loss of frequency 28 GHz is compen-
sated by higher input power). Fig. 11 indicates the simulation
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FIGURE 8. The geometry of the proposed U-shaped antenna: a) front,
b) back, c) the equivalent circuit of the directors, and the equivalent
circuit of the dipoles, d) the equivalent circuit of the antenna, and e) S11
of the equivalent circuit.

and measurement S11 and Gain for l7 = 0.45 mm. Both
simulated and measured outcomes show that the proposed

FIGURE 9. a) S-parameter of the proposed antenna for different values of
l7, b) Radiation efficiency of the simulation and measurement results,
c) Antenna surface current distribution of onboard, d) Antenna surface
current distribution of the ground plane.

antenna has sufficient bandwidth (about 1.5 GHz) to cover
the 27-28.5 GHz frequency spectrum, and the consonance
with the ITU standards is high enough for 5G applications.
Furthermore, the maximum gain of the antenna is around
6.5 dBi for the 28GHz frequency. Fig. 12 shows themeasured
and simulated E-plane and H-plane, and, as can be seen, the
measured results agree with the simulation ones. The antenna
pattern shows the half-power bandwidth (HPBW) of 60◦ for
both the E- and H-planes.

IV. FILTENNA ARRAY WITH USE-CASES
To test the analog and hybrid beamforming methods,
a 2-bit phase shifter is proposed. The proposed mmWave
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FIGURE 10. The geometry of the fabricated proposed 5G antenna with
SMA connector: a) front b) back.

FIGURE 11. The simulation and measurement outcomes of the single
antenna element: S11 and gain values.

FIGURE 12. Radiation patterns of the simulation and measurement
results: a) E-plane, b) H-plane.

phase shifter can provide phase shifts around 90◦, 180◦,
and 270◦. The optimized parameters of the proposed array
filtenna are given in Table 6. The fabricated phase shifter on
an 8-element linear array is shown in Fig. 13. The design of
this phase shifter is based on the delay lines, and the SMA
connector model is 52-10-TGX, which is suitable for arrays.
However, this SMA connector is used for lower frequencies
(up to 26.5 GHz), its loss being calculated on 28 GHz and
it compensates for the transmitted power at source. If the
phase of each element current changes, the amplitude remains
constant.

Moreover, Fig. 13 shows the array filtenna with total
dimensions of 33 × 19.2 mm2; it is composed of

FIGURE 13. The geometry of the array filtenna: a) front view, b) back
view, c) prototype of the beamforming array filtenna, d) geometry of the
2-bits phase shifter.

8 phase-shifters and 8 antenna elements. This array antenna
is designed to allow analog beamforming. The proposed
filter is added to the first transition line, and leads to strong
suppression on the non-desired bands. Omitting non-desired
signals on non-desired band in turn helps to reduce the
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FIGURE 14. a) S11 performance of the 5G array filtenna in simulation and
actual measurement, b) Maximum gain of the array filtenna beamforming
in the simulation and measurement results. c) Simulated mutual coupling
of the proposed filtenna array.

complexity of further operations such as noise-cancellation,
and interference-lighting, while only a passive filter is used
for all of these operations, and reducing both complexity and
cost.

The maximum gain of this array is 13 dBi at angle 50◦

beam steering. Planted slots are placed among dipoles on the
back of the array to decrease the coupling between the array
elements. The directors applied on the ground plane provide
a high and narrow gain. Array elements are spaced in 0.35λ .
This amount was chosen to increase gain and reduce the size
of the array. Furthermore, as shown in Fig. 13b) ls ×ws stubs
are added on the ground plane to reduce mutual coupling. The
simulated return loss of the array antenna and array filtenna
with themeasured return loss of the array filtenna is presented
in Fig. 14a). Going by these results, the bandwidth of the
array filtenna is around 0.5 GHz, which is sufficient with
respect to the ITU standards. Fig. 14b) shows the simulated

and measured gain of the array filtenna and array antenna,
which is almost 15 dBi at 28.5 GHz.

The surface currents of the proposed 5G array filtenna are
plotted at different frequencies, namely, 28, 30, and 36 GHz
in Figure 15. It can be seen that the transferred current to
the array antenna is decreased by the stopband suppression
in the proposed filter. Table 7 compares the proposed antenna
and some other antennas. The proposed antenna has smaller
dimensions than those in all the papers, except [34], [36],
and [42]. The proposed antenna is not as thick as the most
often compared designs, except for [10] and [18]. The real-
ized gain of the antenna is higher than those described
in [17], [34], and [35]. The radiation efficiency of this antenna
is higher than those proposed in [5], [10], and [42]. Only in
[7], [17], [34], and [35], and our paper was an array proposed.
The array gain of the present proposed array antenna is higher
than that shown in any other paper.

The filtering effect of the proposed filter in the
filtenna-array is visible in Fig. 14 a). Where, two resonances
of the array, 18 GHz and 30 GHz, are omitted by the filter.
In addition, the filtering effect of the proposed filter is observ-
able in Fig. 14 b). Where in the stop band of the proposed
filter the realized gain of the proposed filtenna array is much
less than the array (without filter). Fig.14 c) shows the mutual
coupling of the proposed filtenna-array.

The filtenna array has a mutual coupling of less than 20 dB
in the 20-30 GHz frequency band. Fig. 15 illustrates the sur-
face current distribution of the proposed filtenna-array for in-
band and out-of-band frequencies. 28 GHz frequency is in the
pass-band of the proposed filter and 30 GHz and 26 GHz fre-
quencies are in the rejection band of the filter. So as demon-
strated in Fig. 15 the current distribution of the filtenna-array
elements in 28 GHz frequency is much higher than 26 GHz,
and 30 GHz. This demonstrates the filtering effect of the
proposed filter in the filtenna-array.

V. USE-CASES: ANALOG AND HYBRID BEAMFORMING
A. ANALOG BEAMFORMING
Fig. 16a) exhibits the measured results of the beam-steering
patterns from different angles. In analog beamforming, the
gain patterns are nearly constant in a range of [-50◦, 50◦]
with variations around 1.5 dB using only an 8-element phased
array filtenna. In Fig. 16b), the beamforming performance of
the proposed phase array filtenna in the terms of SLL and
peak gain is displayed in graphic form. It can be seen that
at beam 50◦ the peak gain drops only 1.5 dB, but the SLL
becomes − 9.6 dBi. These experimental results show that the
proposed 5G phase array filtenna can be applied to upcoming
communication systems.

B. HYBRID BEAMFORMING
To support ahigh data-rate for many users in the 5G base sta-
tion, it is necessary to employ beamforming, but this increases
SE. However, digital beamforming is a very challenging solu-
tion for massive MIMO mmWave communications due to its
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TABLE 7. Comparison table of the proposed antenna and other mmWave antennas.

low energy efficiency (EE). Therefore, hybrid beamforming
is one of the best solutions because it increases the SE and EE
metrics simultaneously. Here, a hybrid beamforming system
setup is prepared, based on using PS with two bits in the
proposed 8-element array filtenna and a horn antenna as a
UE. A codebook of the possible beamforming angles and
their corresponding phase matrix related to a phase of PSs
can be prepared. A processor can recall this codebook from
its memory after receiving direction of arrival (DoA) and can
make a decision about the bias of diodes across the desired
angles. This matrix can be obtained by various optimal and
sub-optimal methods [37], [38], [39]. The hybrid beamform-
ing problem with phased uniform planar array (UPA) with
limited bits of PS can be represented as follows

min
Frf ,Fbb

∥∥s− ŝ
∥∥2
F

s.t.
∥∥FbbFrf

∥∥2 ≤ 1∣∣∣[Frf
]
i,j

∣∣∣2 = 1, ∀i, j; (14)

where s is the training pilot samples which are transmitted
from theUE (horn antenna), and ŝ related to estimations of the
transmitted signal. The phase of the

[
Irf

]
i,j equal to hybrid

analog and digital beamforming are displayed with Irf and
̸

[
Irf

]
i,j =

2π
λ
d (m sinϕl sin θl + n cos θl). Moreover, the

Ibb matrices at the BS (proposed filtenna array). The min-
imization problem (14) can be reformed as presented in [40]
due to the elimination of s. Therefore, the final nonconvex
problem can be rewritten as

min
Irf ,Ibb

∥∥I − FbbFrfH
∥∥2
F

s.t.
∥∥FbbFrf

∥∥2 ≤ Pt∣∣∣[Frf
]
i,j

∣∣∣2 = 1, ∀i, j; (15)

where H =

√
NtNr
Nl

∑Nl
l=1 αlar (ϕl, θl) aHt (ϕl, θl), and where

αl shows the complex gain with path loss of the l th path
between UE and the UPA which is provided by the pro-
posed filtenna array with post processing (as investigated in
Fig. 17). The angles of arrival and departure (AoAs/AoDs)
variables are denoted by ϕl ∈ [0, 2π ] and θl ∈ [0, π]
respectively of the l th path. ar (ϕl, θl), and aHt (ϕl, θl) are
respectively indicated as the antenna array response matrices
at the BS and UE,. Here, aHt (ϕl, θl) = 1, ϕl = π

/
4, and

θl = π
/
6. In this experiment, the line-of-sight (LoS) channel

is the only one to be considered because it can be test in
a chamber room and the signal-to-noise ratio (SNR) can be
established using a noise generator PE85N1008. In this paper,
a learningmethod is proposed to provide the correct PS angles
for beamforming, which is defined as ADMM-BO in order
to solve the beamforming problem in an iterative structure.
The minimization problem is presented as an Nt sub-array
problem as follows:

F(φ) =

∑N t

i=1
f i(φ) (16)

where φ =
2π
λ
d (m sinϕl sin θl + n cos θl) for UPA and

f i(φ) =
∥∥I i − f ibbFrf (φ)H

∥∥2

2. Thereby, a multi-objective
optimization problem (MOOP) can be defined over a finite
angle space. To solve these sub-problem, two steps should be
considered:

• A digital beamformer should be calculated with a fixed
analog beamformerFrf (φ), whichcan be solved by least
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FIGURE 15. The surface current distribution of the proposed 5G array
filtenna for in-band and out-of-band frequencies.: a) 28 GHz (in-band),
b) 26 GHz (out-out-band), c) 30 GHz (out-out-band).

square (LS) solution f ibb =
(
Frf (φ)H

)t, where (·)t

means the moore-penrose pseudo inverse, and f ibbmeans
the ithrow of the digital beamformer matrix.

• An analog beamformer should be solved with respect to
the power limit

∥∥FbbFrf
∥∥2 ≤ 1 and amplitude of PS

(
∣∣Frf

∣∣
i,j ∈ {0, 1}).

In order to solve this MOOP, (17) should be reformulated
in this form with Nt supplementary variables, which means
one variable per constraint function in

∑Nt
i=1 1(I (φ) > 0) as

follows:
These two unknown objectives in the sub-problems can be

solved with iterative ADMMBO learning method as follows:

min
φ,ϒ1,...,ϒNt

∑N t

i=1
f i (φ) +

∑Nt

i=1
1 (I (ϒ i) > 0)

FIGURE 16. a) The normalized measured beam steering patterns of the
proposed phased array filtenna for different angles, b) The measured SLL
and peak gain of the beam-steering patterns of the proposed phased
array filtenna for different angles.

s.t. φ = ϒ i, i = 1, . . . ,Nt (17)

where (φ) =
∥∥FbbFrf

∥∥2, 1( (φ) > 0) shows the indicator
function with one for (φ) > 0 and otherwise becomes zero.
Then an iterative ADMM structure for (17) at the kth iteration
is processed as shown below.

φk+1 = argmin
φ

f i (φ) +
ρ
2

∥∥∥∥φ − ϒk
i +

ωk
i

ρ

∥∥∥∥2
2

ϒk+1
i = argmin

φ

1 ( (ϒi) >0) +
ρ
2

∥∥∥∥φk+1 − ϒk
i +

ωk
i

ρ

∥∥∥∥2
2

ωk+1
i = ωk

i + ρ
(
φk+1 − ϒk+1

i

)
,∀i = 1, . . . ,Nt

(18)

The unconstrained objective function is minimized with
respect to φ related, to impose the iterative solution that leads
to a feasible region. The second one finds the feasible point
of constraint which is used by the optimal sub-problem and
indicates the feasibility sub-problem [41].

• ADMM iterative procedure.
• BO iterative procedure to solve two optimality and fea-
sibility sub-problems

• Expected improvement EI (·) used to solve
sub-problems.
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FIGURE 17. A practical 5G mmWave system Setup which contains one UE and 32-element antenna array (4 × 8-elements): a) The LoS scenario (chamber
room), b) The LoS scenario (real channel).

FIGURE 18. Spectral efficiency versus SNR for 5G mmWave channel
achieved by different beamforming algorithms when
Nr = 16, Nsub = 4 and K = 4, Nt = 1.

The main advantage of the EI (·) factor is its simplicity in
comparison to the stochastic gradient descent optimization
method. It can be applied at any angle. As presented
in [41], f i (φ) can be modeled in a Gaussian process

(GP) as an unknown function, besides the second term
ρ
2

∥∥∥∥φl − ϒk
i +

ωki
ρ

∥∥∥∥2
2
is assumed to be a constant and known

function due to the fixed amount of ϒk
i , ωk

i and any assumed
φ. Therefore, u(φ) can be written as

uk (φ) = f i (φ) +
ρ

2

∥∥∥∥∥φ − ϒk
i +

ωk
i

ρ

∥∥∥∥∥
2

2

(19)

For the given data =
{(

φl,f i (φl)
)}n
l=1, the new sample

set data from (19) is collected as k . The standard EI (φ) is
achieved as follows:

EI (φ) = Euk |U k

[
max

(
0, uk+ − uk (φ)

)]
(20)

where uk+ shows the best objective amount of uk (φ), and the
GPmodel of uk (φ) becomes p

[
uk (φ)| k

]
. Fig. 17 shows the

details of the experimental system setup with block diagram
for 5G communications. It can be seen the 5G mmWave
testbed in an anechoic chamber has analog and digital com-
ponents. In this test, one UE (horn antenna) is assumed to
consider the throughput experiments in the LOS mmWave
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Algorithm 1 ADMMBO for Hybrid Beamforming
Input: ρ, n,m,ϒ1

i , ω1
i ,N t ,K,N j ,Nq, ε; ∀i = 1, . . . ,N t , ∀k = 1, . . . ,K

Generate random sample sets
{
φl ∈ (−π, π)

}n
l=1 ,

{
ϒl,i ∈ (−π, π)

}mi
l=1

Initialize: k = 1, 1
=

{(
φl , f

i (φl ))}n
l=1

, I1
=

{(
ϒl,i,

(
ϒl,i

))}mi
l=1 ,S = 0

While k ≤ K , S = = 0 do
for j = 1, . . . ,N j do

Compute j
=


φl , f

i (φl ) +
ρ
2

∥∥∥∥∥φl − ϒ1
i +

ω1
i
ρ

∥∥∥∥∥
2

2


n

l=1
GP posterior updating p

[
u(φ)| j

]
argmax
φ∈(−π ,π )

EI(φ) → φj , j+1
=

j ∪
{
φl , f

i (φl )}
n = n+ 1

end for

φk+1 = argmax
φ∈

Nj
f i (φ) +

ρ
2

∥∥∥∥∥φ−ϒ1
i +

ω1
i
ρ

∥∥∥∥∥
2

2

k+1
=

Nj

for i = 1, . . . ,N t do
for q = 1, . . . ,Nq do

Compute Vqi =


ϒk

l,i,1
( (

ϒk
l,i

)
> 0

)
+

ρ
2

∥∥∥∥∥φk+1 − ϒk
l,i

+
ωki
ρ

∥∥∥∥∥
2

2


mi

l=1
GP posterior updating p

[
v(ϒk

i )|V
q
i

]
argmax
φ∈(−π ,π )

EI(φ) → ϒ
k,q
i , I

q+1
i = I

q
i ∪

{
ϒ
k,q
i ,

(
ϒ
k,q
i

)}
mi = mi + 1

end for

ϒk+1
i = argmax

ϒK
i ∈INq

f i (φ) +
ρ
2

∥∥∥∥∥φk+1−ϒk
i +

ωki
ρ

∥∥∥∥∥
2

2

Ik+1
i = INq

ωk+1
i = ωki + ρ

(
φk+1 − ϒk+1

i

)
δk+1
i = φk+1 − ϒk+1

i
1k+1
i = −ρ

(
φk+1 − ϒk+1

i

)
end for
if

∥∥∥δk+1
i

∥∥∥
2

≤ ε and
∥∥∥1k+1

i

∥∥∥
2

≤ ε then
S = 1 end if
k=k+1

end while
if S = 1 then

φopt = φk+1
else

φopt = argmin
φ∈ K∪FK1 ∪...∪FKNt

E
F| K [F (φ)] s.t. p

[
(φ) < 0

]
≥ 1 − ϕ

end if

channels. In this test, the partially-connected structure is con-
figured with a 1× 4 digital baseband beamformer matrix and
a 4× 8 analog RF beamformer matrix for an 8× 1 mmWave
channel on any side of the USPA. Data packets are received
from an antenna with Nr = 16,Nsub = 4 with USPA
equipped for K = 4 users with Nt = 1 antenna. The
mmWave channel parameters are established as Ncl = 4 clus-
ters, Nray =3 rays. First, the SE performance versus SNR is
investigated with various algorithms when the number of RF
chains is the same as the data streams shown in Fig. 18.
Here, the partially-connected structure is employed

because the proposed 5G mmWave filter-antenna array for
various beamforming algorithms is being tested. It can be
seen the proposed ADMMBO learning method provides bet-
ter performance gains over state-of-art methods as presented
in [39], particularly at higher SNRs. This is generally because

FIGURE 19. Simulation and measurement result of data-rate versus the
SNR with QPSK for the LOS channel in both the proposed ADMM-BO
hybrid beamforming and the phased filtenna array setup system.

this method searches for the nearest point by an effective
search strategy to the optimum point that relates to the
feasible answer set. Fig. 19 investigates the simulation and
measurement result of the experimental 5G mmWave setup
with respect to data-rate versus SNR with QPSK modulation
for LOS channel at ϕl = π

/
4, θl = π

/
6 in 28 GHz

with 100 MHz BW. Specifically, the black solid line and the
black dotted line show the appropriate and compatible per-
formance of the proposed ADMM-BO hybrid beamforming
which is tested by the suggested phased filtenna array in the
PC structure form of a mmWave setup system.

VI. CONCLUSION
In this paper, a high gain double up-down U-shaped bend
antenna and its array filtenna for the 5G communication sys-
tems with theoretical discussion is proposed. A double dipole
is inserted at the ground plane to control the gain and focusing
of the main beam. The results indicate that the proposed
single 5G antenna has an IBW of around 7.14% and a gain
of about 6.7 dBi at the frequency of 28 GHz. The proposed
5G filter has 4% IBW and lower than 0.6 dB attenuation
on the passband. The filter has small dimensions and a thin
substrate. Moreover, a simple 2-bit structure involving an
mmWave phase-shifter is designed with a shift phase around
90◦, 180◦, and 270◦ in order to have beam-steering. Finally,
a linear phase array filtenna is proposed using 8 elements of
the single 5G with 0.35λ spacing between any two elements
and using a stub-line to reduce the mutual coupling and the
5G- mmWave filter before the first power divider. The phased
array filtenna is fabricated for use in the 5G array beamform-
ing. The measured results show the IBW at approximately
3.5% with a high gain of 15 dBi. The proposed 5G phased
array filtenna can scan the main beam in the range of [-50◦,
50◦] with variations in gain of around 1.5 dB and a minimum
SLL of about -10 dB at angle 50◦. Finally, a novel hybrid
beamforming is proposed, named the ADMM-BO learning
method, in order to increase the SE and the data-rate which is
experimentally tested with the suggested phase filtenna array.
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