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Abstract: This study aims to introduce a new phased array design with improved radiation properties
for future cellular networks. The procedure of the array design is simple and has been accomplished
on a low-cost substrate material while offering several interesting features with high performance. Its
schematic involves eight air-filled slot-loop metal-ring elements with a 1 × 8 linear arrangement at the
top edge of the 5G smartphone mainboard. Considering the entire board area, the proposed antenna
elements occupy an extremely small area. The antenna elements cover the range of 21–23.5 GHz sub-
mm-wave 5G bands. Due to the air-filled function in the configurations of the elements, low-loss and
high-performance radiation properties are observed. In addition, the fundamental characteristics of
the introduced array are insensitive to various types of substrates. Moreover, its radiation properties
have been compared with conventional arrays and better results have been observed. The proposed
array appears with a simple design, a low complexity profile, and its attractive broad impedance
bandwidth, end-fire radiation mode, wide beam steering, high radiation coverage, and stable char-
acteristics meet the needs of 5G applications in future cellular communications. Additionally, the
smartphone array design offers sufficient efficiency when it comes to the appearance and integration
of the user’s components. Thus, it could be used in 5G hand-portable devices.

Keywords: 5G; beam steering; cellular networks; linear phased array; smartphone applications;
substrate insensitive

1. Introduction

The current generation (4G) wireless cellular systems are not able to meet the demand
for a high data-rate transfer for future communications [1]. Therefore, the 5th generation
(5G) of mobile networks or wireless communications has been established to meet these
challenges and provide several enhanced services on the internet of things (IoT), mobile
broadband, massive multiple-input multiple-output (MIMO), machine-to-machine (M2M),
and ultra-reliable communications [2–4]. The 5G spectrum is categorized in two broad
regions as the Sub-6 GHz, ranging under 6 GHz frequency, and the millimeter-wave (mm-
wave) region in which frequencies 24 GHz and above are adopted. In 5G networks, the
mm-wave and sub-mm-wave spectrums play an important role in providing broadband
communications that can support multiple sensing devices to demonstrate the performance
of 5G service requirements [5–7]. Small antennas can be formed in linear or planar array
schematics to overcome high attenuation and propagation losses and provide point-to-
point communications. As represented in Figure 1, in the frequency range of 20–50 GHz,
several candidate bands, such as 22.25, 26, 28, and 42 GHz, were determined by academia
and industrial researchers to be considered efficient in 5G networks [8–12]. Apart from the
cited frequencies, several bands (beyond 10 GHz), such as 15 and 21 GHz, were studied
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for 5G applications [13–15]. It is also evident that compared with 4G, significant frequency
shifting to the higher bands is expended for 5G communications.
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Figure 1. (a) Frequency spectra of 4G, (b) some candidate bands for 5G.

Linear phased arrays with compact resonators and broad frequency operation are
desired for smartphone applications. Recently, several designs have been proposed to be
integrated into handheld platforms [16–18]. One of the challenges in antenna design is to
accomplish high-efficient antenna arrays which require careful consideration because it
could increase the complexity of the design and material and implementation cost [19,20].
Therefore, in order to address these limitations and challenges, we introduce here a simple
and straightforward design idea that can create high-efficiency and wide scanning radia-
tions on a single substrate material and can be easily applied for smartphone applications.
An additional selling point of the introduced design is its insensitivity to a wide range of
substrate materials. In particular, this is due to the air-filled loop-ring resonators used as
the radiation elements, which have a similar thickness to the FR4 substrate. Therefore, for
different substrate types, the air acts as the main substrate and provides constant radiation
properties with very low losses in terms of antenna gain and efficiency [21,22]. Unlike
the reported design which needs a multi-layer configuration or complex feeding or high-
cost materials, the proposed antenna array can be arranged on a single-layer cheap FR4
substrate and still provide sufficient radiations. The antenna elements can be easily fed
using discrete or microstrip-line techniques. The presented antenna array is designed using
the commercially available CST software package [23]. The array was manufactured on a
standard smartphone board with FR4 material, and the properties of the single element
have been experimentally measured. The design and fundamental characteristics of the
single radiator and its phased array are elaborated below.

2. Antenna Design

The presented phased array is designed on a low-cost FR-4 dielectric with properties of
hsub = 0.8 mm, permittivity (εr) = 4.3, and loss tangent (δ) = 0.025. The schematic diagram of
the design is represented in Figure 2. As depicted, eight elements of the air-filled/substrate-
insensitive elements are adopted to form a 1 × 8 linear array at the edge of the smartphone
board with an overall size of Wsub × Lsub = 55 × 110 mm2. The employed linear array has
a compact size of 8.5 × 43 mm2. In order to obtain full radiation coverage in 5G mobile
communication, another set of the presented phased array can be deployed at the bottom
edge of the mainboard. The parameter values of the array design are specified in Table 1.
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Table 1. Final dimensions of the 5G antenna parameters.

Parameter Wsub Lsub hsub W W1

Value (mm) 55 110 0.787 5.25 1.5
Parameter W2 W3 W4 L L1

Value (mm) 0.5 3.125 3.125 8.3 7.8

Figure 3a depicts an ideal system architecture that can be used for a linear phased
array antenna system. The feeding network of the phased array design is one of the critical
issues to obtain a functional antenna array set. A 1 × 8 uniform linear array could be
employed, on another thin substrate above the elements, for the presented array design.
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It should be noted that each antenna radiator must be excited with equal magnitude and
different phases [24,25]. The shape of the radiation beams can be defined by applying the
relative phase amplitudes to each antenna radiator as below:

ϕ = 2π (d/λ) sin θ (1)
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Figure 3. (a) Phased array architecture and (b) typical 1:8 feed network for the array design.

There are various techniques of feed network design for this purpose: parallel (Figure 3b),
series, etc. The power dividers (such as Wilkinson) divide the power equally 1: N and also
unequally by changing the input and output [26]. In general, in the microstrip-line power
dividers, the number of junctions from the input to each output is controlled for tapering
amplitude. Moreover, the overall performance of the power divider mainly depends on
the power-split level for each output; therefore, the design process can be simple, and the
fabrication sensitivity can be insignificant [27].

3. Single-Element Antenna

In general, the microstrip printed slot antenna is a resonator that can be easily
formed by cutting a thin slot in a metal-sheet plane. Its size is a half-wavelength (λ/2)
of the antenna operation frequency [28–30]. It can exhibit different polarizations (verti-
cal/circular/horizontal polarizations) depending on its placement, feeding, and antenna
configuration. This work has been started by designing a typical slot antenna operation
at 21–23.5 GHz. In this study, a rectangular slot radiator is converted into a rectangular
metal-ring radiator of the same thickness as the substrate in order to improve the radia-
tion performance and eliminate the impact of high-loss FR-4 dielectric (hsub). The design
evaluation and structures of the conventional slot and rectangular metal-ring antennas
are depicted in Figure 4a,b. It can be also observed that the discrete feeding technique is
employed to feed the radiator in the simulations.



Electronics 2022, 11, 2962 5 of 20Electronics 2022, 11, x FOR PEER REVIEW 5 of 21 
 

 

 
(a) (b) 

Figure 4. (a) Conventional 𝜆/2 slot resonator and (b) the configuration of the proposed metal-
ring/air-filled slot. 

As shown in Figure 5, the proposed design is flexible and by changing the size of the 
main radiator (L1), the antenna operating frequency can be easily tuned to the desired 
band. Figure 6a plots the distributions and densities of the surface currents at the 
resonating frequency in the top and back layers of the suggested antenna, respectively. It 
can be observed that the currents are significantly distributed around the slot resonator. 
Moreover, the embedded metal-ring loop appeared highly active with the surface currents 
flowing around it. The 3D radiation of the introduced design has been plotted in Figure 
6b. Observations have shown that the metal-ring/air-filled resonator provided good 
radiation, supporting substrate sides at the top and bottom. Moreover, the element pro-
vides a high gain level of 5 dB at 22.25 GHz. Furthermore, it is worth mentioning that the 
−0.35 and −0.38 (radiation and total) efficiencies are discovered for the element at the 
resonating frequency. 

 
Figure 5. Operation-frequency tuning of the designed antenna for different lengths of the slot 
resonator. 

Figure 4. (a) Conventional λ/2 slot resonator and (b) the configuration of the proposed metal-
ring/air-filled slot.

As shown in Figure 5, the proposed design is flexible and by changing the size of the
main radiator (L1), the antenna operating frequency can be easily tuned to the desired band.
Figure 6a plots the distributions and densities of the surface currents at the resonating fre-
quency in the top and back layers of the suggested antenna, respectively. It can be observed
that the currents are significantly distributed around the slot resonator. Moreover, the em-
bedded metal-ring loop appeared highly active with the surface currents flowing around
it. The 3D radiation of the introduced design has been plotted in Figure 6b. Observations
have shown that the metal-ring/air-filled resonator provided good radiation, supporting
substrate sides at the top and bottom. Moreover, the element provides a high gain level of
5 dB at 22.25 GHz. Furthermore, it is worth mentioning that the −0.35 and −0.38 (radiation
and total) efficiencies are discovered for the element at the resonating frequency.
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4. Characteristics of the 5G Smartphone Antenna Array

This section describes and examines the main properties and radiation parameters of
the represented array and its beam-tuning capabilities. The S parameters (S11~S81) of the
introduced linear array design are represented in Figure 7. As shown, the design offers
2.5 GHz operational bandwidth with a single resonance at 22.5 GHz, and with lower than
−17 dB couplings of the slot radiators. The current distribution at 22.25 GHz is plotted in
Figure 8. As can be observed, the currents have mainly concentrated on the top portion of
the mainboard. It can be seen that the employed metal-ring radiator is very active and the
current flows are mainly distributed around them [31,32].
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Figure 8. Current distribution at 22.25 GHz for 0◦ beam of the phased array.

Figure 9 shows the 3D beams of the introduced array radiations for various tuning
angles at 22.25 GHz. As can be noticed, the array beams exhibit a wide scanning property
over 0◦–70◦. On the other hand, we observe well-defined end-fire radiations and quite
sufficient gains and directivity over the scanning angles. As represented, the array offers an
end-fire radiation mode at the selected scanning angle (0◦, 15◦, 30◦,45◦, 60◦, and 70◦) which
could provide half-space radiation coverage with point-to-point scanning possibility at a
different desired angle. As mentioned earlier, to acquire full radiation coverage, another
set of the introduced antenna can be located at the bottom side of the mainboard PCB.

Figure 10 shows the simulated 2D-cartesian gain levels of the suggested array beam
steering at minus/plus scanning angles. It is shown that the antenna provides wide scan
and high-gain beam steering. At 0◦ to ±50◦ scannings, the array gains are almost constant
and offer greater than 11 dB gains. The critical characteristics of the design radiations,
such as the directivities and efficiencies for the various radiation beams of the suggested
smartphone array at 22.25 GHz, have been represented in Figure 11. Across the range of
0◦–60◦, the array efficiencies are greater than 90%. In addition, for the angles below ±50,
the directivity value varies from 10 to 12 dBi. The efficiency characteristics of the introduced
array in the operating frequency range at the 00 scanning angle are plotted in Figure 12. It
is discovered that the designed 5G smartphone antenna provides good efficiencies over the
frequency band. As represented, a more than −0.15 (97%) radiation efficiency and −1 (80%)
total efficiencies have been achieved for the array at the operation band of 21–23.5 GHz.
Moreover, the design exhibits sufficient gain values over the targeted frequency band. It
was realized that the maximum gain improves while moving to the higher frequencies.
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5. Comparison of the Proposed Design with the Conventional Arrays

In order to clarify the improved and higher performance of the introduced phased
array compared with the conventional arrays (such as patch and slot antenna arrays), the
main properties have been compared and discussed in this section. All designed arrays with
eight resonators and a distance of 6.75 mm (λ/2) are placed in identical smartphone main-
boards with FR4 substrate materials to operate at the target frequency of 22.25 GHz. The
radiations, beam steering, S parameters, and efficiencies are studied. Figure 13 illustrates
the schematics of the cited 5G array antennas.
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Figure 13. Side views of the smartphone mainboard with conventional (a) patch and (c) slot array
antenna, (b) the detailed (c) patch, and (d) slot array arrangements.

Both conventional arrays have been designed to resonate at 22 GHz. Figure 14 depicts
their S parameters. As shown, the antennas exhibit good behavior with sufficient couplings.
Compared with the S parameters of the proposed design (in Figure 7), the conventional
arrays provide sufficient and almost similar S-parameter results. Therefore, they can be
good candidates for radiation comparison. Figure 15 compares the radiation efficiency of
the designed arrays for various angles of 0◦ to 60◦. It can be seen that compared with the
conventional slot and patch array, the introduced array offers very high efficiency. It should
be noted that using x = 10log10k, the percentage (linear) value of the antenna efficiency
can be converted to dB (logarithmic) [33]. Therefore, as clearly observed, even though the
proposed antenna is designed on a lossy substrate (FR4), it offers a much higher efficiency
(almost 100%) compared to the conventional designs (80–85%). This is mainly due to the
employed design technique which eliminates the loss of the substrate material.
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Figure 16 plots and compares the 3D beam-steering radiations of the selected antenna
arrays with gain levels in the range of 0–60 degrees. As represented, compared with the
conventional antenna arrays [Figure 16a,b], the suggested array design offers improved and
almost constant radiation gains at various degrees. The simulations and efficiency/gain
calculations for each radiation beam were carried out using computer simulation technology
(CST) software. As shown, the efficiency values of the proposed design are better than
−0.5 dB (90%), while for the conventional design, the parameter is less than −1 dB (80%).
In addition, higher efficiency results are discovered for the proposed design. Despite the
fact that the conventional patch antenna is higher at 0 degrees, when moving the scanning
to higher levels, both conventional arrays (patch and slot) have significantly lower gain
levels. Moreover, for the patch array placed at the top side of the mainboard, the radiation
coverage will be limited, and achieving full coverage would be challenging. Meanwhile, as
shown in Figure 16c, the introduced array design generates end-fire beams with increased
radiation coverage. Therefore, using the proposed design technique and applying the
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air-filled metal resonators, the antenna’s critical properties can be improved for better
communications [34,35].
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6. Insensitivity Function of the Proposed Array Design

As mentioned above, the fundamental properties of the introduced array design are
insensitive to different substrate characteristics. The properties of the dielectric substrate,
including the permittivity and loss tangent, are critical parameters to control the radiation
and performance of the small antennas. In order to clarify this property, the array coefficient
reflection (Snn) for various dielectric constant (εr) values are studied in Figure 17. For the
conventional slot antenna array plotted in Figure 13b, when the value of the antenna
permittivity (εr) increases from 2 to 6, the resonating frequency of the conventional slot
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antenna (S11) decreases from 28 to 18 GHz. However, as can be observed from Figure 17,
unlike the conventional array design, the introduced air-filled array offers similar S11 results
for various values of the substrate permittivity. From this result, it can be concluded that
the array design is insensitive, and its reflection coefficient remains constant for various
types of substrates.
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The loss tangent (δ) is another substrate characteristic that should be considered for
the insensitivity function of the proposed array design [36]. It plays a vital role and can
affect both the cost and radiation characteristics of an antenna design. The fundamental
radiation properties of the introduced array design, including the realized gain, radiation,
and efficiencies at different scanning degrees at 22.25 GHz of the presented array design
for various loss tangent values, are illustrated in Figure 18. The studied loss tangent varies
from 0.005 to 0.5. As shown, changing the value of δ does not affect the radiation properties
of the phased array. The design exhibits similar behavior with high efficiencies. It can
be found that the designed phased array offers almost the same values of efficiencies
(radiation and total) and very insignificant variation. In addition, at different degrees, the
gain characteristic of the introduced array does not change. The radiation characteristics
of the introduced design with various lengths of the ground plane have been studied
in Figure 19. As illustrated, as the array elements are the insensitive slot-loop radiators
with the air substrates, the ground-plane impact on the array performance is insignificant.
However, as can be seen, using different lengths for the ground plane, different values of
the fundamental radiation properties can be obtained.

Table 2 exhibits a comparative summary of the antenna characteristics for the pro-
posed design with the recently reported smartphone 5G phased arrays available in the
literature [37–45]. As depicted in the table, the suggested design can support wide scanning
angles with better gain and efficiency characteristics. In addition, different from the re-
ported designs, the gain and efficiency characteristics of the design are almost constant over
the main scanning angles (0–60 degrees). In addition, the antenna elements have more than
17 dB isolation. Furthermore, unlike the reported design, the proposed antenna is insensi-
tive to different substrate materials which is a unique function and can be demonstrated
in low-cost substrates. Its performance is also almost constant for different ground-plane
lengths as discussed in Figure 19.
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Table 2. Comparison between the proposed and the reported mobile handset antennas.

Reference Bandwidth
(GHz) Efficiency (%) Gain (dB) Isolation (dB) Scanning

Range
Insensitivity

Function

[37] 21–22 - 8–12 14 0◦~75◦ No
[38] 27.5–28.5 70 7–11 11 0◦~60◦ No
[39] 21–23 85 9–11.5 12 0◦~60◦ No
[40] 27.4–28.8 - 7–11 16 0◦~60◦ No
[41] 27–29 80 5–9.5 13 0◦~75◦ No
[42] 27.5–28.5 - 8–11.5 15 0◦~60◦ No
[43] 27.75–28.25 - 10–13 20 0◦~50◦ No
[44] 25–29 75–90 8–11 15 0◦~75◦ No
[45] 27.5–29.5 - 6–8 20 0◦~30◦ No

Proposed 21–23.5 80–95 10–12.5 17 0◦~75◦ YES
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7. Fabricated Prototype and Experimental Results

The proposed substrate-insensitive phased array was fabricated in a standard FR-4
dielectric. Figure 20a shows the front/back views of the prototype sample. During the
fabrication process, eight-slot holes with a distance of λ/2 have been made to hold the
metal-ring resonators. In the next step, the metal-ring resonators were made separately
and then inserted into the slot holes on the PCB. Due to some restrictions in terms of
equipment and also due to the fact that the antenna elements exhibit almost identical
frequency/radiation behavior, the S11 and radiation pattern of one antenna element placed
at the corner is measured for the introduced phased array.
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However, it should be noted that the mutual coupling effects are not considered in
this experimental approach. As can be observed from Figure 20a, in order to measure
the S11 characteristic of the single-element resonator, the inner conductor of a coaxial
cable was extended across the ring resonator and soldered on the PCB ground plane. The
simulated/measured S11 results of the single-element radiator placed on the mainboard are
also plotted and compared in Figure 20b. As evident from the figure, the antenna element
exhibits a sufficient measured/simulated S11. In addition, a good agreement is observed
between the experimental and simulation results. It is worth mentioning that due to the
flexibility of the employed feeding method and also in order to acquire the best possible
measured result and also eliminate the SMA connector/cable losses, the feeding point of
the antenna element can be slightly adjusted to obtain a better result.

The radiation patterns (including the E and H planes) of the single-element antenna
are also measured. Figure 21a plots the measured 2D polar patterns for the element under
experiment. As shown, the single-resonator exhibits a quasi omnidirectional radiation
shape in the E-plane, while in the H-plane, the radiation’s main direction ended in the
end-fire mode. Furthermore, in order to study the beam-steering potential of the proposed
design with a general perspective, using the measured radiation data of the single antenna,
the beam patterns of the introduced array have been synthesized and simulated [46]. The
calculated results in the scanning range of 0◦~70◦ were illustrated in Figure 21b. As can
be observed, a well-defined beam-steering function is obtained for the synthesized beams
in the range from 0◦ to 70◦. It is worth mentioning that in the realist approach (where all
the elements are measured and mutual couplings and phase shifting are included), the
obtained results might be slightly different.
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8. Effect of User Hand in Data-Mode

The user-hand effect is a critical part of smartphone applications on handheld plat-
forms and usually creates negative impacts on the radiation and properties of the smart-
phone antennas [47–50]. This section studied and compared the radiation beams, antenna
gain, and efficiencies of the introduced array in the appurtenance of the user hand for the
Data-Mode scenario. Figure 22 represents the array beams at different scanning degrees
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(0◦~75◦). It is clearly shown that the introduced array design offers well-defined radiations
with sufficient gains and radiation coverage in quasi-end-fire radiation mode. However, as
mentioned before, due to the negative impact of the user-hand phantom, a slight reduction
in the array performance was observed. Figure 23 illustrates and compares the losses of the
performances of the phased array design in terms of the realized gain and efficiencies in the
Data-Mode (DM) compared with Free-Space (FS). As seen, the total losses of the designed
array parameters for the antenna gain are around 0.5 to 1.5 dB. In addition, in the scanning
range of 0◦ to 50◦, the efficiency reduction is less than 0.25 dB (5%). However, as expected,
by moving to the higher scanning angles (60◦~70◦), an about 15–20% reduction is observed
in the antenna efficiency. Therefore, it can be concluded that the effect of the user’s hand is
not significant.
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9. Conclusions 
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9. Conclusions

This manuscript proposes a new beam-steerable array antenna design with improved
performance and substrate insensitivity for modern 5G smartphones. The antenna array
is designed on the FR-4 dielectric and its configuration contains eight slot-loop/metal-
ring resonators with the air-filled substrate in a 1 × 8 array form located at the edge
of the smartphone board. The usefulness of the introduced array for 5G applications is
validated through simulations and measurements. The proposed design provides a wide
impedance bandwidth of 21–23.5 GHz. It also exhibits constant radiation properties with
very low losses in terms of the antenna gain, S parameters, and efficiency for different
substrate materials. It also offers high gains and efficiencies at frequencies different from
its operating band. In addition, sufficient radiation is observed in the presence of the user’s
hand in Data-Mode. Considering these advantages, the array is highly suitable for modern
5G smartphones.
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