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ABSTRACT In this paper, analytical equations drawn from previous literature on Franklin antenna designs
are combined to provide a single solution with an objective of increasing the bandwidth and impedance gain.
We adopt the method of a collinear planar antenna as realized in the Franklin antenna, which can reduce the
dimensions of the antenna. The main advantage of using the Franklin antenna is that it has a high gain due
to the structural characteristics of an array, but it results in a narrow bandwidth. Therefore we combine the
Franklin array technique with the proximity couple feeding that can eliminate radiation scattering and can
provide large bandwidth. The combined application of the two techniques aims to increase the impedance
bandwidth and gain, jointly verified through simulation and measurement with similar results. A stringent
full-wave solution is used to evaluate the suggested model, and an experimental antenna prototype is devel-
oped. The results for bandwidth and gain from the equations are found to be very similar to those from the
simulation andmeasurement results. Specifically, from the simulation the largest bandwidth is 8.39GHzwith
a frequency range of 26.96 - 35.35 GHz and a gain of 11.55 dBi at the frequency of 28 GHz, while the largest
measured bandwidth is 9.34 GHz spanning a frequency range of 21.96 - 31.06 GHz. The difference between
the analytical model proposed by simulation and measurement is less than 5%. This also shows that the
microstrip Franklin antennawith proximity coupled feed (MF-PCF) is a strong candidate for 5G applications.

INDEX TERMS Franklin antenna, proximity coupling feed, wide bandwidth, high gain, millimeter-wave,
5G, microstrip antenna.

I. INTRODUCTION
The development of 5G technologies that support the demand
for enhanced mobile broadband (eMBB), ultra-reliable and
low latency communication (uRLLC) in around 2017-2024
is estimated to cover low-band (<1GHz), mid-band (1-
6GHz), and high-band (mmWave). The mmWave frequency
is predicted to be used in fixed wireless access (FWA), back-
hauling, and network slicing services which acquire 12 dBi of
gain [1], [2], [3]. Customer premise equipment (CPE) avail-

The associate editor coordinating the review of this manuscript and

approving it for publication was Tutku Karacolak .

ability is highly considered and responded to by smartphone
vendors by releasing FWA devices [4]. The Federal Commu-
nication Commission (FCC) proposes 5Gwireless broadband
frequencies starting from 3.5-6 GHz [5], 27-40GHz, and 64-
71 GHz bands [6].

One of the technologies that have wireless applications
nowadays is 5G mobile communications. 5G wireless mobile
communications that employ millimeter-wave offers high-
speed wireless information transfer [7].

The use of millimeter-wave frequency impacts a decrease
in mobile phone antenna dimensions. The conventional
antennas were replaced with a microstrip antenna structure
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[8]. Microstrip antennas (MA) are supposed to be highly rec-
ommended candidates due to their simplicity, high reliability,
and compact geometry [9], [10]. Microstrip Antenna (MA) is
awidespread type that is very easy to build. On the other hand,
it produces narrow bandwidth and low gain, representing the
weakness of MA conventional [11], [12]. An array technique
is needed [13]. The arrangement of antennas in an array can
increase the gain and directivity of an antenna [14] so that the
direction of the antenna beam becomes more directional.

Several previous studies have used the parasitic patch
method to increase bandwidth and gain [15], [16], [17], [18],
[19]. Two methods underlie the parasitic patch method: the
coplanar technique and the stacked technique. In the coplanar
technique, different patches are joined on top of the substrate,
and one patch between different radiator patches is given an
excitation called the main patch. In contrast, in the stacked
technique, one patch is used on top of another patch by replac-
ing the dielectric layer allowing two or more patches to be
distributed to each other aperture area [20]. The weakness of
the parasitic patch method is that the antenna design occupies
more space which will cause big problems when designing a
compact-size broadband antenna, and the results of using the
parasitic patch method will produce multiband frequencies,
so it is not suitable for being applied to research that focuses
on one frequency range [21].

Another study reported a gain enhancement technique
using the electromagnetic bandgap (EBG) method, which
was combined with the air layer on the microstrip patch
antenna using a coaxial probe feeder the design resulted in
a gain of 6.5 dBi [22], [23], [24].

Some researchers tried to combine the proximity-coupled
method with other antenna methods to increase bandwidth,
the combination of the proximity-coupled method with tun-
ing stubs to increase the bandwidth by about 8.4% [25],
a dipole antenna-based proximity couple using coaxial feed-
ing [26], a 6 × 5 proximity coupled planar array has been
made for 5G applications with a 9.8% bandwidth and 21 dBi
gain [27], novel proximity-coupled-fed patch antenna with
increased impedance bandwidth [28]. The advantage of the
proximity coupled method is that it has a channel that can
eliminate radiation spread and provide very high bandwidth
due to the increase in the overall thickness of the microstrip
antenna [29].
Previous research has combined the proximity couple

method with a patch array microstrip antenna. The result of
this combination is a significant increase in the performance
of a broadband microstrip antenna without increasing the
complexity of the antenna design, size, and cost [30].

Research on the dipole array antenna, which is the basis
of the Franklin antenna, was carried out to see the array
performance using dipole element multiplication and array
factor [31]. Franklin originated the concept in 1924 [32].
First, he developed a collinear array (CoA) from a long wire
with λ/4 U-shaped sections to produce a phase shift in order
to preserve in-phase feeding of straight λ/2 portions of the
wire (Figure 1). Nishimura first introduced the microstrip

FIGURE 1. The basic structure of the Franklin antenna.

line antenna that applies the Franklin method. In principle,
Nishimura utilizes a curved path as a non-radiating path,
which results in an out-phase reflection [33].

By utilizing non-radiating quarter-wave stubs, Franklin
changed the initial out-phase current distribution into an
in-phase one on the collinear segments (solid red arrows in
Figure 1), producing a single primary radiation beam. The
high gain resulting from the antenna array structure is a fun-
damental advantage of this arrangement, but the simplicity of
the single feeding point is preserved. The proximity-coupled
feeding approach, which is one of the non-contact feed-
ing methods [34], offers greater bandwidth (as much as
13%) than other feeding strategies that require direct contact
between the feed line and the radiating patch, such as the
probe-fed and edge-fed systems.

The conventional microstrip Franklin (MF) is based on
CoA principle, composed of a series of radiating elements
provided with an in-phase feeding that offers high-gain
performance [35], [36], [37]. Several papers reported mod-
ifications of the Franklin antenna arrays to achieve high gain
[38], [39], [40]. However, CoA has its critical limits, namely
narrow-band and single-frequency operation.

A modified microstrip Franklin array (MFA) is a com-
pact 2-D array where the conventional CoA principle has
intentionally deviated to realize multiple resonances at the
millimeter-wave spectrum. Such a technique has been shown
to produce a gain of 13.5 dBi at 29 GHz even with a very
simple geometry [41], whereas a multiband MFA produces
1.16 GHz bandwidth spanning 20.34-21.5 GHz [42] and a
modified MF yields a wide bandwidth of 9.4 GHz covering
23.6-33 GHz [10].

The proximity coupled feeding (PCF) is recommended for
use in MFA due to its bandwidth enhancement and match-
ing features proven. For instance, a compact mmWave array
antenna with PCF yields a gain of 14.8 dBi-15.6 dBi and
bandwidth enhancement of 6.98% [30]. A typical increase in
gain due to PCF ranges from 16% [43]. While [29] shows the
application of PCF on an array MA that successfully yields a
measured bandwidth of 11.5 GHz, proximity couple method
can increase bandwidth by 13% according to [44].

With the above considerations, this paper adopts and mod-
ifies the concept of the collinear planar antenna arrangement
exhibited by the Franklin antenna to reduce its size. The main
advantage of using this is the high gain characteristic of an
array arrangement, although the Franklin structure results
in a narrow bandwidth. We combine the Franklin technique
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TABLE 1. Specification of the substrate used.

with the PCF to compensate for the narrow-band nature to
eliminate radiation scattering and provide wider bandwidth.
This is due to the increased overall thickness of the microstrip
antenna and the easier matching process. The increases in
gain and bandwidth are demonstrated by simulation and mea-
surement.

The following are our contributions:
1) Previously, Franklin antenna modifications focused

only on one parameter, namely gain.We develop a basic
design of microstrip Franklin antenna that incorporates
the proximity coupled feed (MF-PCF) to achieve high
gain and bandwidth at the same time. The superior per-
formance of our design is demonstrated by simulation
and measurement. The novelty can be described by
Fig. 2 in the paper, in which part (a) representsmodified
conventional Franklin that has been proposed before,
while part (b) shows the new proposed design in the
form of MF-PCF structure. The superior performance
of the new design compared to the previous designs is
given in Table 6 in the paper.

2) Since previous studies have not yet provided a com-
plete set of expressions for geometry of the structure
of Franklin antenna, in this paper we give the nec-
essary expressions unified from various literatures,
which is given by equations (1)-(13). We also pro-
vide a procedure to find the geometric structure of
the MF-PCF using the expressions, as described in
Section II (Design Method).

This paper also draws from previous Franklin antenna design
papers [42], [43], [44], [45], [46], which individually provide
the mathematical formulation of different parameters of the
Franklin, which are combined herein to obtain the desired
MF-PCF antenna design.

The remaining sections of this paper are structured as
follows: In Section II, the mathematical equations from the
previous literature and the antenna design are reviewed.
In Section III, the antenna design is analyzed parametrically,
whereas in Section IV the fabrication details of the antenna
prototype and its performance assessment are shown. Finally
in Section V conclusions are given.

II. DESIGN METHOD
The antenna consists of two substrate layers with six Franklin
elements arranged linearly with a space of 0.5 λo from the top
layer, where λo denotes the free space wavelength. In this
modified design, the patch is removed because the trans-

mission line has taken over its role in the lower layer, but
later on in this section an expression related to the patch
is still needed because the results of the patch width (Wp)
are used to find the slot length of Franklin element (Ls) and
the width of the antenna ground (Wg). The substrate is a
dielectric material that has a constant dielectric value (εr),
thickness (h), and loss tangent (tan δ). These three parameters
affect the designed antenna performance, such as the working
frequency, bandwidth, gain, and efficiency. Table 1 provides
information related to the substrate used in the research.

We use a resonant frequency of 28 GHz. To calculate
the dimensions of the designed antenna, we use reference
calculations from [45]. To determine the wavelength λd in
the substrate, we apply:

λd =
c

fr
√

ϵr
(1)

where c represents the speed of light 3.00 × 108 m/s, εr
denotes the relative dielectric permittivity of the substrate,
and fr represents the resonant frequency. In the proposed
antenna design, the element uses a stub consisting of two
lengths of 0.25 λ0(Lst ) and stub widthWst = Ws + 2Carm.
We use a λ/4 line impedance transformer, one of the

Chebyshev impedance transformer methods to calculate the
slot width [46], having an impedance of:

Zt =

√
ZlZ0 (2)

where Z0 denotes the characteristic impedance of the trans-
mission line and Zl denotes the un-matched load impedance.
In our case, Zl is 2 × Z0 = 2 × 50 = 100 �.

Next, we apply the expression for total radiation conduc-
tance to calculate the size of the slot and Carm on the Franklin
element stub [47],

G =
1
45

[
W
λo

]2
(3)

w = λ0

√
45
Zt

(4)

Ws =
w
nF

(5)

Carm =
Ws
2

(6)

where w represents the total width of the slot on the Franklin
element stub, using six elements the resulting total slot width
is 8.5 mm. The size of each the slot width (W s) which can be
obtained using (5). Which in turn is used to calculate the slot
length (Ls) and the total length (Ltf ) contained in the Franklin
antenna elements,

Ls = 2Lst +Wp (7)

Ltf = Ls + 2Carm (8)

The total length Lfe of all Franklin elements, a total of six in
this study, can be calculated using

Lfe = nFLp + 2nFCarm + nFWs (9)
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FIGURE 2. (a) modified conventional Franklin antenna structure, (b) MF-PCF modified Franklin antenna structure.

In calculating Lp we apply [48],

Lp = λo/2 (10)

where the total number of Franklin elements used are denoted
by nF , whereas Lp denotes the inter-element spacing. Fur-
thermore, to calculate the length Lg and the width Wg of the
ground from the antenna we use

Lg = Lfe + nFh (11)

Wg = Wp + 2(Lst + Carm) + nFh (12)

In the original Franklin antenna design, the patch line width
is denoted byWp. Although our design, to be described later,
does not use such a patch line, the calculation of the patch
line width is needed to obtain other parameters. Herein it is
found for a patch line impedance of 50

√
2

� by applying [49],

Wp =
2h
π
[B− 1 − ln(2B− 1) +

εr − 1
2εr

]

× [ln(B− 1) + 0.39 −
0.61
εr

]

B =
60π2

Zo
√

εr
(13)

To calculate the width Wf and the length Lf of the 50 �

proximity transmission line, we use [50],

Wf < 0.25λd (14)

Lf = 0.5
(
Lg − Lp

)
+ (RpLp) (15)

where:

Rp = X1h1λd 3 + X1h1λd 2 + X1h1λd + X4 = 4.34

X1 = 73.75εr − 834.9εr + 3129 = 1454.47

X2 = −149.9 − 257.1e−0.1708εr 2 = −262.38

X3 = 0.2772εr 2 − 2.489εr + 8.502 = 4.367

X4 = 0.89

h1λd =
h1
λd

= 0.217 mm

The parameters of the Franklin antenna are obtained
through the following steps:

TABLE 2. Resonator parameters of the equivalent circuit.

(i) Assign the resonant frequency fr , i.e., by calculating the
free-space wavelength λo.

(ii) Next, calculate wavelength of the material λd using (1)
(iii) Width of the slot Ws and the width of the Franklin

element Carm are calculated using (3)-(6).
(iv) Use 0.25 λ0 for stub length (Lst ), the Franklin element

spacing (Lp), width (Wg), and length (Lg) of the ground
plane (10)-(12).

A. MF-PCF ANTENNA STRUCTURE
HFSS is used to carry out modelling, simulation, analy-
sis, and numerical evaluation of the antenna with geometry
obtained by applying equations (1)-(15). The proposed mod-
ified Franklin structure is based on a collinear array structure.
We calculate the stub, slot, Carm, and Franklin element spac-
ing. See Table 3 for the parameter values of the antenna
obtained from the equations. Figure 3 shows the MF-PCF
antenna structure, including (a) the 2D sketch of theMF-PCF,
(b) the 3D sketch, (c) the equivalent circuit model, and (d) a
comparison in reflection factor of the equivalent circuit and
simulation based on the mathematical equations.
The structural design of the MF-PCF antenna has two

substrate layers. The first substrate layer consists of a ground
plane on the lower side and a feedline on the upper side
of the layer, while the second on the upper side consists
of Franklin elements which in this study are six in total.
The two substrates are stacked and referred to herein as
the first and the second substrate layers. From a circuit
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FIGURE 3. (a) 2D sketch of the MF-PCF structure, (b) 3D sketch of the MF-PCF structure, (c) the equivalent circuit model, (d) comparison of
reflection factor of the equivalent circuit and simulation based on the mathematical equations.

perspective, the MF-PCF can be modelled as an RLC parallel
resonator in series with an equivalent circuit of the feed
section. In Figure 3(c), six series of R, L, and C are used as
resonators to produce a curve similar to the results of applying
the equations. The values of L and C determine the resonant
frequency. We use the equation below [51], [52].

fr=
1

2π
√
LC

(16)

Figure 3(d) illustrates the comparison of the equivalent
circuit versus the results from the HFSS simulation of the
calculated model, revealing a high degree of similarity. The
patch RLC circuit is entirely defined by the resonant fre-
quency [53], and the design carried out in this study is based
on previous mathematical calculations to produce a Franklin
antenna structure. T.Line in Figure 3(c) represents the 50 �

transmission line.

B. DIRECT LINE vs PCF
The simulation results of return loss from the six-element
Franklin based on the equations are shown in Figure 4.We can
see the antenna simulation results for the direct line-fed
Franklin and the MF-PCF. Taking −10 dB return loss as a

FIGURE 4. Simulation of Franklin Direct Line and MF-PCF.

reference for bandwidth calculation, the direct-line Franklin
(dotted line) works best at 28.8 GHz with a total bandwidth
of around 2.77 GHz, while the MF-PCF (solid line) shows
that the best frequency is 27.8 GHz with a total bandwidth of
around 8.54 GHz. It can be seen that there is a very significant
increase in bandwidth from the use of proximity-coupled
feeding compared to the use of feeding direct line. That is,
properly adding the proximity-coupled method can result in
a significant increase in bandwidth.

As seen in Figure 5 (a) and (b), at 28 GHz the gain of direct
line-fed antenna is 9.59 dBi, whereas for the MF-PCF it is
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FIGURE 5. (a) Gain 3D for Direct line (b) Gain 3D for MF-PCF (c) Gain
Direct line vs MF-PCF.

11.55 dBi. Figure 5 (c) shows the superimposed curves of
direct line-fed and MF-PCF maximum gain over the spec-
trum of interest. Figure 4 also shows that not only does the
addition of the proximity-coupled feeding technique increase
the bandwidth, but it also increase gain, in agreement with the
previous research [30]. Table 4 shows simulation results for
the two excitation methods.

Figure 6 shows the formula-based radiation patterns at ϕ =

0◦ and 90◦ with direct-line feed and PCF at 28 GHz. It shows
that there are more than one major lobe generated by the
radiation pattern. The emission of multiple major lobes is
probably affected by the element spacing LP.

III. PARAMETRIC ANALYSIS OF MF-PCF
A. NUMBER OF ELEMENTS
Figure 7(a) shows the return loss of the MF-PCF antenna.
It can be seen that the largest bandwidth is obtained with
a six-element antenna design, namely a total bandwidth of

TABLE 3. Antenna dimensions obtained from mathematical equations.

TABLE 4. Simulation results using two excitation methods.

13.14 GHz.With the best resonant frequency that is closest to
the calculation is 27.8 GHz. Furthermore, Figure 7(b) demon-
strates that the highest gain, which is 11.55 dBi, is certainly
obtainedwith the largest number of elements, i.e., six of them.
Hence, it can be concluded that the number of elements in the
MF-PCF antenna affects both bandwidth and gain.

B. ELEMENT SPACING
In Figure 8(a) it can be seen that changing the element spacing
LP can result in a reduced HPBW value when the element
spacing gets smaller. The gain of each element does not
change even if the spacing changes. As a conclusion, the
HPBW increases according to the number and spacing of
the elements, whereas the gain value increases according to
the number of elements used. Figure 8(b) shows the E-plane
HPBW for center frequencies of 23, 25, 27, 28, 29, 31,
33 and 35 GHz. It can be seen that the highest HPBW occurs
at 25 GHz and the lowest at 35 GHz.

Fig. 9(a) reports optimization result for element spacing
LP. It is apparent that the element spacing affects the varia-
tion of return loss against frequency in the band of interest.
The previous spacing of 5.35 mm produces return loss of
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FIGURE 6. Radiation pattern at 8 =0◦ and 8 =90◦ at 28 GHz (a) Direct
line (b) MF-PCF.

−32.2 dB at 27.8 GHz. Changing the element spacing from
λo/2 to λo/2.21 and finally to λo/2.46 results increase in
the return loss, the least of which is −29.6 dB occurring at
22.1 GHz.

In Figure 9(b), the pattern is observed on the y-z plane
when the element is positioned along the y axis. With half-
wavelength spacing, a radiation pattern is obtained with two
main lobes in the ±60◦ direction and a smaller lobe in
the 0◦ direction with a magnitude of around 5 dB below
the peak. When the spacing is reduced, the two major
lobes shift closer to one another while the smaller lobe at
0◦ fades. The appearance of the two major lobes is ben-
eficial to capture as many scattered waves coming from
various directions as possible, as well as to compensate
for scan-loss due to reduction in effective aperture at large
angles.

C. NUMBER OF ELEMENTS PASSED BY FEED LINE
Figure 10 demonstrates surface current of 1-element and
6-element antenna at 28 GHz. A high current density is
observed in the antenna feedline and each stub element

FIGURE 7. MF-PCF performance with different number of elements in
(a) return loss and (b) gain.

FIGURE 8. Variation of E-plane HPBW with respect to (a) Element Spacing
at Frequency 28 GHz and (b) Frequency at element spacing λo/2.

through which the feedline passes. However, one stub ele-
ment not traversed by the feedline has a low value for current
density; this implies that the current density will increase if
the feedline crosses the stub element. three major lobes are
generated in this case to produce a multi-lobe, which can
be obtained by setting the distance from LP. This antenna
is designed to be operated in the frequency band of interest.
and can be integrated into cellular 5G. The antenna with
the proposed dimensions is the strongest candidate for the
technology, as it gives high bandwidth and gain.
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FIGURE 9. Effects of variation in element spacing LP on (a) return loss and (b) radiation pattern at 28 GHz.

FIGURE 10. Surface current distribution on a single element: (a) the element and feedline layers, (b) the element, feedline and ground layers
superimposed and on a six-element Franklin (c) the elements and feedline layers, (d) the elements, feedline and ground layers superimposed.

FIGURE 11. Radiation efficiency vs frequency of proposed antenna.

D. ANTENNA MATERIALS
As shown in Figure 11, the radiation efficiency of the pro-
posed antenna is 0.9774 at 28 GHz. The radiation efficiency,
i.e., the ratio of the antenna radiated power to the input

port supplied power, taking into account the material dielec-
tric loss from copper and substrate antenna materials is
acceptable. Nonetheless, the reflection loss associated with
the mismatch in the real antenna matching circuit is not
accounted for. Mismatch and reflections can be fine-tuned
throughout project execution in order to optimize a variety
of performance trade-offs.

IV. ANTENNA MEASUREMENT
We fabricate and measure the antennas to validate the
impedance bandwidth and radiation pattern of the proposed
antenna through measurement using the R&S ZVA67 net-
work analyzer. Figure 12 shows the fabrication results of
the MF-PCF antenna using a Rogers 5880 substrate with a
thickness of 1.57 mm. At the time of measurement, we use
a 4-hole SMA female type port connector with a frequency
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FIGURE 12. Microstrip antenna MF-PCF design obtained from the
mathematical equations fabricated on Rogers 5880 materials.

FIGURE 13. Return loss of six-element MF-PCF: simulation and
fabrication.

of up to 40 GHz. From the measurement, it can be seen that
the total length of the antenna is 58.32 mm, and the width is
24.12 mm, stacked between the first and second substrates.

A. IMPEDANCE BANDWIDTH
Figure 13 compares the return loss profiles of a six-element
antenna obtained from the simulation and measurement
results. We also carry out simulations by crossing the sub-
strate at layer 2. The intersection is intended for placing
ports on the feedline in the fabricated antenna. The reflec-
tion coefficient is shown in dotted blue line. The resulting
incompatibilities are mainly due to fabrication imprecision
and connector effects. Also, the mutual coupling associated
with the gap between the patches, the feed line dimensions,
and the folded stub gap is important for optimizing the return
loss. See Table 5 for the comparison.

B. RADIATION PATTERN
Figure 14 shows similarities between simulation results and
measurements. Namely, they both have three major lobes,
each of which has a different direction. In the case of
millimeter-wave frequency use, high gain is required to over-
come path loss in LoS and NLoS environments.

In the process of measuring the radiation pattern, the place-
ment of the transmitting and receiving antennas is such that
the far field is achieved for the shortest wavelength, which
can be calculated by

R ≥
2D2

λmin
(17)

FIGURE 14. (a) Antenna measurement configuration setup (b) Simulated
and measured normalized radiation patterns of the MF-PFC at 28 GHz.

TABLE 5. Simulation vs measurement results for 6-element MF-PCF.

where R is the distance between the transmit antenna
and the receive antenna (m), D the largest dimension
of the antenna (m), and λmin the shortest operating
wavelength (m).

Table 6 compares the features between the proposed
antenna and similar others. The comparison indicates that,
among the antenna designs, the proposed MF-PCF antenna
structure has several advantages, i.e., compact size, large
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TABLE 6. Comparison of various antenna performance indicators.

bandwidth, high gain, and simple structure, making it a strong
contender for use in 5G technology.

V. CONCLUSION
This paper presents a Franklin microstrip design based on a
series of equations drawn from many previous works into a
single solution for a modified Franklin microstrip antenna
using the proximity-coupled feedline (MF-PCF) technique.
The application of both the Franklin technique and the PCF
seeks to increase the bandwidth and gain impedance propor-
tions with high precision. The proposed equivalent circuits
and equations allow a simple but accurate model to be built
for MF-PCF. The model is validated by measurement at
millimeter-wave frequency. The resulting bandwidth and gain
of the new MF-PCF design obtained from applying the equa-
tions are very similar to the simulation and measurement
results. Specifically, from the simulation results, the largest
bandwidth of 8.39 GHz is obtained with a frequency range
of 26.96-35.35 GHz and gain of 11.55 dBi, while the largest
bandwidth from measurement is 9.34 GHz with a frequency
range of 21.96-31.06 GHz. Similarity in antenna radiation
patterns is also observed from the simulations and measure-
ments. Further comparison shows the advantages offered by
the MF-PCF over other contending designs for 5G applica-
tions.
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