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Abstract—In this paper, the performance of circularly polarized (CP) adaptive sub-arrays integrated
into 5G laptop device is investigated in the presence of a whole-body human phantom model. In
addition, the radiation effect of the steered beam patterns has been analyzed by calculating the specific
absorption rate distribution and temperature rise. In this target, a single-feed CP antenna element has
been firstly designed to resonate at 28 GHz with high realized gain and radiation efficiency. Then, 4 sub-
arrays have been constructed in a rectangular configuration with four-elements for each sub-array. To let
the study more realistic, a complete human model is considered to investigate the radiation effects. The
measured reflection coefficient and realized gain results of the designed antenna element are found to
be −30 dB and 7.82 dB, respectively, in the assigned frequency band. Likewise, the antennas sub-arrays
have approximately kept the same impedance matching attitude with high insertion loss of −22 dB and
a realized gain and radiation efficiency of 16.85 dB and 86%, respectively, on average. Furthermore,
the sub-arrays scan patterns and coverage efficiency have been studied considering the existence of the
human body in different scenarios. Regarding the RF exposure, the results show that the resultant
maximum values of specific absorption rate and power density do not exceed 1.52 W/kg and 3.5 W/m2,
respectively, whereas the maximum exposure temperature in such a case is less than 2.8◦C after 30
minutes and decreases to 0.5◦C after a penetration depth of 3 mm which reflects the possibility of safe
use.

1. INTRODUCTION

Nowadays, commercial fifth generation (5G) services are already here, and the coming years will see
more launches all over the world. 5G will significantly impact the tech industry, and it will definitely
bring more value to consumers [1]. In general, 5G provides the broadband connection with a super low
latency and also with very broad coverage, which means that it can support more devices such as a
laptop to always connect to the internet, to the cloud, with a similar user experience as their mobile
phone with 5G. Recently, different designs of 5G laptops have been announced such as Dell’s Latitude
9510, HP’s Elite Dragonfly G2, and the Lenovo Yoga 5G [2–4]. Two of those laptops (the Dragonfly
and the Latitude) are business-focused devices that are not really aimed at consumers, and both only
offer 5G as a configurable option, not as the default. However, the Lenovo Yoga 5G has some interesting
features. Specifically, it packs nine antennas for stronger 5G signals and will support both sub-6GHz
and millimeter wave (mm-wave) technologies that are crucial to the network.
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In the world radio-communication conference 2019 (WRC-19), the delegates have recognized
additional radio-frequency bands, which will facilitate the development of 5G cellular networks [5],
whereas the frequency bands of 24.25–27.5 GHz, 37–43.5 GHz, 45.5–47 GHz, 47.2–48.2 GHz, and 66–
71 GHz have been identified. However, these high frequencies experience more sensitivity to blockages
and large path loss. Therefore, the use of an antenna array becomes a necessity to steer directional beam
patterns consistent to high gain for multi-gigabit per second data rates [6]. Furthermore, an imperative
need appears to realize circular polarization (CP) phased array antennas to enhance the efficiency of
mm-wave reception and transmission [7, 8].

Generally, CP can be achieved using various feed arrangements or slight modifications made to the
elements [9]. In [10], two orthogonal modes are excited with a 90◦ time-phase difference to circularize
the antenna polarization. On the other hand, the use of a thick superstrate above the radiator with
an air gap (Fabry-Perot cavity antennas) can be used to increase the gain and improve the axial ratio
(AR) significantly [11]; however, these designs possess poor mechanical properties due to the presence
of air gap and have high profiles. The antennas with multiple stacked substrates without air gap can
also be used for CP radiations [12] but have the drawbacks of complex design and high structures
thickness. On the other hand, metasurfaces are combined with radiators to achieve wideband AR
and gain enhancement [13]. These configurations have design complexities, high-profiles, and poor
mechanical properties because of the air gap. In [14], a single-feed broadband circularly polarized
microstrip antenna operating in millimeter-wave band at 28 GHz is designed with the AR and antenna
gain of −17 dB and 6.49 dBi, respectively. Recently, many designs of dual-polarized mm-wave base
stations have been introduced for 5G communication systems [15]. In 2017, the world’s first reported Si
mm-wave phased array antenna module of 64 dual-polarized antennas has been reported by IBM and
Ericsson announced operating at 28 GHz [16].

Nevertheless, an innovative design of laptops with beam-steering capabilities is essentially needed
for 5G networks. To the best of our knowledge, there have been no systematic researches undertaken
so far concerning beam steering of 5G mm-wave laptop devices. Thus, in this paper, a design of a
single-feed CP antenna element implemented into a single substrate is firstly introduced and verified
at the operating frequency of 28 GHz. Then, 4 sub-arrays in a rectangular arrangement are embedded
into the laptop base to steer the beam patterns by optimizing the excitation phases, whereas the
effects of the laptop structure and whole-body phantom model on the beam steering capability will
be involved. In this regard, the modified version of hybrid gravitational search algorithm and particle
swarm optimization (MGSA-PSO) have been utilized to optimize the antenna dimensions and also the
sub-arrays feeding phases [17]. The designed sub-arrays and optimization algorithm can be generalized
to steer the beam-pattern for numerous scenarios. However, in this paper, only four different scenarios
have been presented to prove the capability of the introduced design as possible candidates for future
mm-wave 5G laptop devices.

On the other hand, the absorption amount of electromagnetic (EM) energy in human tissues
from radio frequency (RF) devices and systems plays a vital role in the system applicability [18–
26]. Therefore, precautions should be taken into account in the form and distribution of antennas
within modern wireless communication devices that are provided to end users. Therefore, safety
standards and guidelines have been organized, identified, and implemented to protect human bodies
from exposure to radiation emitted by these devices. In the latest revisions of both IEEE and
ICNIRP standard/guideline [27, 28], the reference levels of incident power density for local exposure
over 6GHz are proposed to be frequency-dependent values of 275f−0.177

GHz and 55f−0.177
GHz for occupational

exposure/restricted environment and general public exposure/unrestricted environment, respectively.
The incident power density is averaged over 6min for local exposure over any 4 cm2 of body surface and
allows to exceed by a factor of 2, with an averaging area of 1 cm2. For occupational exposures, the limits
for local exposure are intended to limit skin temperature increases in a continually exposed person to
about 2–3◦C. However, evaluations based on power density (PD) depend only on the density of power
traveling toward the tissues and do not rely on knowledge of the distribution of fields or power absorption
in the tissues, unlike evaluations of specific absorption rate (SAR) or temperature [29]. Hence, PD is
not as useful as SAR or temperature for evaluating safety in mm-wave devices, especially in the near
field. Therefore, SAR has been used in several studies as one of the dosimetric quantities at mm-waves
to study the exposure [29–34]. Therefore, it is important to conclude the temperature elevation in
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the human tissues along with SAR and/or PD values calculations, whereas the rise in temperatures in
human tissues after exposure to radiation indicates high power absorbed in these tissues [35]. Therefore,
in this paper, both SAR distribution and temperature rise in biological tissues from the mm-wave 5G
laptop in different scenarios have been investigated, in addition to the PD evaluation for the worst case
scenario.

The presented paper is organized as follows. In Section 2, the design configuration of CP antenna
element and sub-arrays integrated into the laptop device are introduced. The results are presented and
discussed in Section 3. Finally, Section 4 concludes the results.

2. DESIGNS AND CONFIGURATIONS

This section presents firstly the design structure of the proposed CP antenna element. Then, the
geometrical arrangement of the suggested 4 sub-arrays is introduced, and each sub-array consists
of 4 antenna elements. The sub-arrays are then integrated inside a laptop in order to consider its
structure effect on the radiation characteristics. Furthermore, a whole-body human model is involved
to investigate the radiation effects.

2.1. Configuration of Antenna Element Design

The proposed antenna is designed through many stages of development, until it reaches its final shape,
which realizes the required radiation characteristics such as reflection coefficient (S11), gain, radiation
efficiency (e), and AR. The 3D structure designs of different stages are presented in Figs. 1(a)–(e), and
the antennas are fed by a microstrip line. In the beginning, a simple antenna with a printed radiated
patch in binomial-curved shape and partial ground plane in the bottom layer is considered, named
Ant. #1 as shown in Fig. 1(a). To circularize the antenna polarization, a pair of notches with a big
cross slot is etched in the middle of the patch consisting of a horizontal slot with edges shaped like an
anchor, while the vertical slot has flat edges, as shown in Fig. 1(b) for Ant. #2. In Ant. #3, the partial
ground plane is modified with zigzag terminal shape as declared in Fig. 1(c) to improve the impedance
matching [36]. Furthermore, two slots of L shape opposite to the right and left of the feed line are
considered in Ant. #4 to improve the antenna gain [37]. Finally, fractal cross slots are etched on the
patch as illustrated in Fig. 1(e) to enhance the antenna efficiency and polarization.

(a) (b)

(c) (d)

(e)

Figure 1. 3D metal pattern configuration of design strategies, (a) Ant. #1, (b) Ant. #2, (c) Ant. #3,
(d) Ant. #4, and (e) final design.



270 Mahmoud et al.

The antenna structure is fabricated on a Rogers R© Duroid
TM

RT5880 substrate of thickness and
relative permittivity of 0.508 mm and εr1 = 2.2, respectively, and loss tangent tan δ = 0.0009 with overall
dimension of 23.63× 30 mm. The outer limits of the binomial patch are represented as L1 ×W1. Fig. 2
shows the top and back views of the proposed antenna illustrating the antenna dimensions. Generally,
a symmetrical structure of the antenna is taken into consideration to make the radiation characteristics
relatively stable almost over the entire bandwidth.

(a) (b)

Figure 2. Configuration of the CP mm-wave antenna, (a) front view, and (b) back view.

2.2. Antenna Array Design for mm-Wave 5G Laptop Devices

Figure 3 presents the geometrical configuration of the proposed sub-arrays based on the designed antenna
element. The structure contains four sub-arrays; each one includes four antenna elements with center-
to-center distance of approximately 4.65λ. In the partial ground plane, a horizontal eight figure is etched
between each two antenna elements as shown in the inserted figure to minimize the mutual coupling,
increase the sub-array antenna gain, and reduce the grating lobes. In order to simulate reality, a generic
laptop device is modeled as shown in Fig. 4. The overall dimensions of the laptop structure are: base
unit (22.7× 33× 2.4 cm3) and screen (22.7× 33× 0.5 cm3) with an open angle (α) = 95◦. To mimic the
laptop’s internal shielding, a Lucite (dielectric plastic material) of relative permittivity εr2 = 4.5 and
conductivity δ = 0.0004 S/m is considered. As depicted in the figure, the configuration of the proposed
sub-arrays is embedded into the base of a realistic laptop device.

To investigate the human body effects on the laptop beamforming capability and also to evaluate the
whole-body area SAR and temperature rise, a well-known virtual tester model called Duke is involved
in the simulation model. This numerical phantom is one from the virtual family available through
the IT’IS Foundation [38], which has contributed significantly to the wealth of scientific knowledge
on electromagnetic field health effects. Duke is 34-years old, 1.77 m tall, and weighs 70.2 kg. The
anatomically realistic 3D-phantom is derived from magnetic resonance imaging scans of human subjects.
The phantom is segmented into a number of tissue types and organs more than 300 in the whole-body
model with a resolution of 0.5 mm, where each tissue type is assigned by suitable thermal and dielectric
properties.

3. RESULTS AND DISCUSSIONS

In the beginning, the measured and simulated results of the optimized CP antenna element will be
presented, analyzed, and compared as the building block of mm-wave array for 5G laptop devices.
Then, the sub-arrays simulation results will be offered to show their capabilities for steering the beam
patterns in the azimuth and oblique directions. Moreover, the laptop radiation effects on the human
body will be analyzed by calculating the corresponding SAR distribution and temperature rise caused
by each scenario.
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Figure 3. Configuration of the proposed antenna sub-arrays, the inset figure refers to the sub-array
structure and the eight of figure isolation slot in ground plane.

Figure 4. Configuration of the proposed antenna array embedded into realistic laptop.

3.1. Single Element Performance

The dimensions of the binomial patch and partial ground plane of the proposed antenna were optimized
by the MGSA-PSO algorithm to resonate the antenna at 28 GHz with high gain, efficiency, and an
AR less than 3 dB. The antenna is completely modeled using CST-MWS [39] which is linked with
the optimization algorithm, MATLAB-coded, to optimize the antenna dimensions. To validate the
results, the optimized antenna will also be modeled based on the finite difference time domain (FDTD)
computational method through MATLAB code. In such a case, the following objective function is
considered to maximize the antenna gain (G) and radiation efficiency (e) in addition to minimizing
both return loss (S11) and AR at the operating frequency band.

Obj1 = [min {S11(f) + AR(f)} + max {G(f) + e(f)}]f=28 GHz (1)
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By optimizing the antenna dimensions, a CP antenna matched at 28 GHz with acceptable gain and
high efficiency can be obtained. Table 1 lists the variables’ decision space and the best obtained values
of the optimized antenna dimensions.

Table 1. The value of optimized dimensions (in millimeter).

Variable Initial value Decision space Best value
from to

W1 25 11 29.6 20.04
W2 1.75 1.4 2.5 2.11
W3 5 W1/2 − 9 W1/2 − 3 6.02
W4 6.2 W1/2 − 10.5 W1/2 − 4.5 7.51
W5 10 3 W1 − 6.4 4.75
W6 0.8 0.75 1.2 1.15
W7 12 W2 W1 + W2 − 10 9.95
W – – – 30
L1 12 11 15 13.55
L2 5 L1/2 − 5 L1/2 − 0.5 6.03
L3 3 2 6 4.02
L4 2.5 2 5.5 3.65
L – – – 23.63
H 10 5 12 6.13
H1 3 1 W/2 5.74
H2 2.5 H5 H − H3/2 3.42
H3 5 1 10 1.47
H4 4 1 W/2 − H1 3.01
H5 1 1 H − H3/2 − H2 1.35
S 0.5 0.25 H2 0.98
T 3 2 6 2.51
d1 9 9 14 9.25
a1 1.7 1.5 2.5 1.95
a2 2 a1 + 0.3 3 2.38
a3 1.55 1.5 2.5 1.75
a4 1.7 a3 + 0.2 3 2.05
c1 1.2 1 2 1.25

Figure 5 illustrates the radiation characteristics for each stage. It can be observed that the
impedance of target band is hardly matched in Ant. #1 with low gain and efficiency. In addition,
the AR is found more than 7dB. For Ant. #2, the AR at the center frequency of 28 GHz is decreased
to 3 dB as depicted in Fig. 5(b). However, in Ant. #3, the impedance matching is improved as shown
in Fig. 5(a) due to increasing the current path at the ground plane. Fig. 5(c) declares the enhancement
in the antenna gain due to etched slots into the ground plane. Finally, the effects of fractal cross slots
etched on the patch on the antenna polarization and efficiency are illustrated in Figs. 5(b) and 5(e),
respectively.

To illustrate the effect of slots etched on the top and bottom layers of the optimized antenna, the
instantaneous E-field in a longitudinal cut is represented in Fig. 6. It is observed that an omnidirectional
field distribution is obtained in Ant. #1 as shown in Fig. 6(a), while the E-field is increased in the end-
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(a) (b)

(c) (d)

Figure 5. Comparison of the simulated results of different antenna stages using CST package, (a)
return loss, (b) axial ratio, (c) gain, and (d) radiation efficiency. The inset figures illustrate the 3D
radiation patterns.

fire direction +x as shown in Fig. 6(b), whereas the wave-front is more directive than the case with no
slots. In such a case, the surface wave above the optimized antenna radiates the energy to free space
with a suitable phase constant to realize a stable end-fire radiation pattern.

Figure 7 illustrates the surface current distribution over the designed antenna at the operating
frequency of 28 GHz. The simulated excited surface current is found to be balance and approximately
symmetric about the longitudinal mid-antenna. As anticipated, the induced current density is increased
along the feeder and most metallic parties of radiated patch specially on the patch perimeter as shown
in Fig. 7(a). Thus, the current density along the antenna patch edges has a great influence on the
antenna bandwidth enhancement. As illustrated in Fig. 7(b), the current flowed through the zigzag
terminal shape in the ground plane which hence increased the electrical length.

To validate the simulated results, Figs. 8(a) and 8(b) present the measurements of the antenna
reflection coefficient (S11) and realized gain (G), respectively, compared with the results produced using
the FDTD method and CST-MWS. It is noted that the obtained experimental and simulated results
are in good agreement. The slight differences between them are related mainly to the manufacturing
tolerances and antenna assembly inaccuracy. Photographs of the front and back views of the fabricated
antenna are inserted in Figs. 8(a) and 8(b), respectively. As illustrated in the figures, the designed
antenna has achieved good matching impedance and high realized gain at the operating frequency with
measured values of S11 < −33.46 dB and G = 7.93 dBi, respectively. This performance is achieved as an
effect of well-designed radiator patch binomial shape and etched fractal slots which are also responsible



274 Mahmoud et al.

(a) (b)

Figure 6. The instantaneous E-field in a longitudinal cut, (a) Ant. #1 without any slots and (b)
optimized antenna.

(a) (b)

Figure 7. Simulated current distribution of the optimized mm-wave antenna, (a) through the patch
and (b) through the ground plane.

for increasing the radiation efficiency up to 86% as shown in Fig. 8(c). On the other side, the main cross
slot in middle of binomial patch greatly improves the AR due to collecting the current around their
edges. The simulated results of AR is found to be less than 3 dB from 27.65 to 28.41 GHz as depicted
in Fig. 8(d). Fig. 9 shows the simulated and measured 2D radiation patterns of the designed antenna
at 28 GHz. As shown, good agreement is observed between simulated and measured results in E and
H-planes.

3.2. Performance of Antenna Sub-Arrays Embedded into 5G Laptop Device

Firstly, the sub-array antenna elements are excited with the same amplitudes and phases of (1, 0◦) to
investigate the mutual coupling effect between the antenna elements. The sub-array is simulated also
with FDTD MATLAB code to compare the results with those obtained using CST package to validate
the results. Fig. 10 illustrates the results agreement for sub-array characteristics such as S-parameters,
antenna gain, and radiation efficiency. The sub-array S-parameters results in the case of uniform feeding
are illustrated in Fig. 10(a). It is obvious that the sub-array antennas have a good reflection coefficient
of −30 dB at the resonance frequency with weak mutual coupling between sub-array elements getting
below −23 dB. Furthermore, an acceptable realized gain of 14.8 dBi is obtained at operating frequency
of 28 GHz as depicted in Fig. 10(b) with a radiation efficiency of 79.12%.

Now, the beam steering capability of the 5G laptop device in the vicinity of whole-body human
phantom model will be studied in azimuth and oblique directions. In this target, four scenarios will be
investigated. Scenarios #1, #2, and #3 will be considered for azimuthal directions (θ = 90◦) at ϕ = 0◦,
90◦ and 180◦, respectively, while in scenario #4 the direction of the main beam-pattern is assumed
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(a) (b)

(c) (d)

Figure 8. Measured and simulated radiation characteristics of the optimized antenna, (a) return loss,
(b) gain, (c) radiation efficiency, and (d) axial ratio.

(a) (b)

Figure 9. Measured and simulated 2D radiation patterns of the designed antenna at 28 GHz, (a) y-z
plane, and (b) x-z plane.

to be at (θ, ϕ) = (45◦, 315◦). As a powerful optimization technique, the MGSA-PSO is considered
to optimize the feeding phases of the corresponding sub-array antenna elements. To realize the beam-
pattern direction for each scenario, the following objective function is applied to maximize the sub-array
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(a) (b)

Figure 10. Simulated radiation characteristics of sub-array antenna elements, (a) S-parameters, (b)
realized gain, and (c) radiation efficiency. The inset figure illustrates the 3D radiation patterns.

(a) (b)

(c)

Figure 11. Simulated 3D gain patterns of the sub-array #2 to steer the beam-pattern at ϕ = 90◦, (a)
in free space, (b) embedded into laptop, and (c) in the presence of whole-body human model.

total field, Et(θi, ϕi), toward the desired direction.

Obj2 = max |Et (θi, ϕi)| (2)

For different scenarios, the phases of sub-array antenna elements were allowed to vary from −π
to +π. In the beginning, the capability of the embedded sub-arrays antennas into laptop device to
synthesize the beam-pattern has been examined considering the presence of human body. Therefore,
the feeding phases of sub-array #2 have been optimized to steer the beam-pattern at θ = ϕ = 90◦
(scenario #2) in the following three cases. In the first case, the sub-array is put stand-alone in free
space without any casing, while in the second case the sub-array is embedded inside the laptop.

Finally, the existence of the whole-body human model in the simulation domain will be considered
to estimate the whole effects on the laptop beam steering capability. Fig. 11(a) illustrates the optimized
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beam pattern in the case of locating the sub-array in free space, whereas the calculated gain is found to
be 17.32 dBi which is higher than the expected gain in an ideal condition (14.11 dBi) due to the effect
of the eight-of-figure slots in the ground plane and optimizing the feeding phases. Fig. 11(b) shows
the effect of the laptop structure on the radiation pattern. It can be observed that the realized gain
is slightly decreased by 0.48 dBi with increase in the main-lobe beam-width. Fig. 11(c) illustrates the
laptop device ability to steer the beam-pattern into the desired direction in the existence of a whole-
body human model. It is well seen that the realized gain is decreased with only 0.53 dBi compared to
case #2 which is more relevant to the generated side-lobes.

Similarly, the capability of the laptop device to steer the beam-patterns as proposed in scenarios #1,
#3, and #4 is tested. As shown in Figs. 12(a) and 12(b), the feeding phases of sub-arrays #1 and #3 are
optimized to steer the beam-patterns (perpendicular to the direction of the corresponding sub-array) at
ϕ = 0◦ and ϕ = 180◦, respectively. The obtained results illustrate the capability of the device to steer the
beam-pattern in the assigned directions effectively with an acceptable gain. However, for scenario #4,
the complexity is increased, whereas the desired direction, which usually refers to the router location,
is located at the vertical altitude of θ = 45◦ at ϕ = 315◦. In such a case, using sub-array #4 only
to steer the beam-pattern has shown partial inability to exactly maximize the field at this direction,
in addition to generating many high amplitude side-lobes as shown in Fig. 12(c). Therefore, in this
case sub-arrays #4 and #1 are collaborated to steer the beam-pattern as shown in Fig. 12(d). That is
the main reason for the increased value of the realized gain to 24.51 dBi in this scenario, compared to
17.58 dBi, 16.31 dBi, and 16.26 dBi for scenarios #1, #2, and #3, respectively.

(a) (b)

(c) (d)

Figure 12. Optimized 3D beam patterns of the sub-arrays antenna package for different scenarios, (a)
scenario #1, (b) scenario #3, (c) scenario #4 considering sub-array #4 and (d) scenario #4 considering
sub-arrays #1 and #4.

Table 2 includes the respective phase for each antenna element that was optimized to achieve
the desired radiation pattern in addition to the corresponding gain and side lobe level (SLL) for each
scenario. It is clear that the SLL for scenario #4 considering sub-arrays #1 and #4 is decreased to
−27.35 dB compared to −5.87 dB in the case of considering only sub-array #4. The acceptable SLLs
of −19.56 dB, −24.16 dB, and −20.67 dB have been obtained for other scenarios #1, #2, and #3,
respectively.

Figure 13 investigates the total scan pattern (TSP) of the presented scenarios. The TSP of each
antenna sub-array is obtained by extracting the best achievable gain value at every angular distribution
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Table 2. The optimized feeding phases for each scenario and corresponding results.

Antenna
element

Scenario #1 Scenario #2 Scenario #3 Scenario #4 Scenario #4
Sub-array #1 Sub-array #2 Sub-array #3 Sub-array #4 Sub-array #1 Sub-array #4

No. 1 −50.36◦ 173.30◦ −23.69◦ 164.27◦ −36.27◦ 73.68◦

No. 2 141.95◦ −6.84◦ 89.15◦ −16.51◦ 56.41◦ −161.42◦

No. 3 86.14◦ −94.73◦ 65.23◦ −101.72◦ 124.21◦ 9.53◦

No. 4 −170.52◦ −31.26◦ −145.76◦ 44.67◦ −29.31◦ −18.65◦

SLL (dB) −19.56 −24.16 −20.67 −5.87 −27.35
G (dBi) 17.58 16.31 16.26 14.69 24.51

(a) (b)

(c) (d)

(e)

Figure 13. Total scan pattern for different scenarios, (a) scenario #1, (b) scenario #2, (c) scenario #3,
(d) scenario #4 considering sub-array #4, (e) scenario #4 considering sub-arrays #1 and #4.
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point. The choices of the element spacing and phase excitations ensure that each sub-array has
sufficiently wide coverage. Figs. 13(a), 13(b), and 13(c) show that each sub-array can effectively converge
its corresponding direction as required in scenarios #1, #2, and #3. However, for scenario #4, it is clear
that better TSP performance can be obtained considering sub-arrays #1 and #4 than that achieved
considering only sub-array #4 as illustrated in Figs. 13(d) and 13(e).

Furthermore, the consistent coverage efficiencies (ηc) as a function of minimum received gain (Gmin)
are computed for the sub-arrays at different scenarios as illustrated in Fig. 14. It is clear that the
coverage efficiency has dropped to 88.5% when the threshold gain exceeds 5 dBi for subarray #1 and
reduced to 86.55%, 74.13%, and 77.8% for subarrays #2, #3, and #4, respectively. From the above, it
is observed that subarray #3 has the lowest coverage efficiency which is related to the existing human
body between the laptop and the desired location.

Figure 14. Coverage efficiency as a function of minimum received gain.

3.3. RF Exposure Results

Now, the radiation effects of the sub-arrays embedded into 5G laptop on the human body are
investigated. Fig. 15 shows the SAR distribution in different scenarios. It is possible to clearly observe
the effect of the RF electromagnetic field exposure on the whole-body human model for each scenario.
It is noticeable that the worst case of peak SAR was recorded by the 3rd scenario whereas the beam
directly penetrates the human body. However, it should be noted that the resultant peak value of SAR
does not exceed 1.52 W/kg as obtained in scenario #3, but on the contrary, it is decreased to 0.54 W/kg
for the 1st scenario.

The PD calculations for the worst case (Scenario #3) in the −x direction is presented in Fig. 16.

(a) (b) (c) (d)

Figure 15. SAR distribution for different scenarios, (a) scenario #1, (b) scenario #2, (c) scenario #3
and (d) scenario #4 utilizing sub-arrays #4 and #1.
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Figure 16. Power density versus distance with inserted vertical and horizontal cross section power
distribution.

Figure 17. The maximum exposure temperature value versus exposure time.

Figure 18. The exposure temperature versus penetration depth for scenario #3.

The figure shows the degradation of the power density (PD) value as the distance increases, whereas
the PD is found to be 3.5 W/m2 at the surface of the human’s belly which is less than the standard
threshold (10 W/m2) by 65% and decreased to 1 W/m2 after 0.5 mm only. The inserted figures in Fig. 16
show the distribution of power absorption in the tissues through the vertical and horizontal cut planes,
respectively. It is clear that the PD is approximately 0 after only 3 mm from the abdominal surface.

Due to the more direct relationship between temperature and safety calculations, estimating the
temperature value may be preferable to SAR and/or PD calculations. Therefore, a transient solver
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with input power of 125 mW proceeds for different scenarios to calculate the maximum temperature
rise with time as shown in Fig. 17. As it is expected, scenario #3 is the worst one with an increase
in temperature exceeding 2.8◦C after 30 minutes. Therefore, it was very important to investigate the
temperature distribution for this case on an axial plane passing through mid-abdominal after exposure
to radiation for 30 minutes. Fig. 18 shows the degradation in temperature with the penetration depth,
whereas the temperature is decreased to 37.5◦ after 3 mm. The inset figure in Fig. 18 shows the
cross-section cut in the human body in the area of beam penetration to see how deep the exposure
temperature inside the human body. It is clear that the RF exposure is entirely absorbed in the human
body epidermis and dermis.

In order to minimize the RF exposure to the human body, many techniques can be considered
such as adding an appropriate RF shield [40], designing different metamaterials [41], or reducing near-
field radiation [42] by adding it into the objective function of the beamforming optimization problem.
Finally, the average radiated power from the communication device can be controlled to reduce the RF
exposure [43].

4. CONCLUSION

In this paper, CP phased sub-array antennas have been presented for mm-wave 5G laptop devices.
Firstly, a single-feed CP antenna array element is designed to resonate at 28 GHz with high gain value
and radiation efficiency of 7.93 dB and 86%, respectively. Then, the performance of sub-arrays antennas
to steer the beam-patterns in different directions has been introduced in the existence of whole-body
human model. Furthermore, the radiation effects of the sub-arrays embedded into 5G laptop have
been investigated by calculating the SAR and temperature rise. The obtained results demonstrate the
superior performance of the designed sub-arrays in terms of radiation and beamforming characteristics.
The lowest realized gain value for different scenarios is found to be 16.26 dBi with radiation and coverage
efficiencies of 80% and 74.13%, respectively. Regarding the RF exposure, the results show that the peak
SAR value is less than 1.52 W/kg, whereas the maximum exposure temperature is less than 2.8◦C after
30 minuted and decreases to 0.5◦C after only 3 mm which reflects the possibility of safe use.
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