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Abstract: This paper proposes a 3D radiation pattern reconfigurable antenna (RPRA) and a reconfigurable
phased array (RPA) for 5G mobile communication. The antenna and array are working at 28 GHz,
which is selected as a 5G communication band in many countries. The proposed phased array will be
applied as sensors to find out the optimal transmitting—receiving angle in a randomly changed cellular
wireless scenarios. The RPRA and RPA are fed by Substrate Integrated Waveguide (SIW) and have
three switchable radiation modes: Broadside 1, Broadside 2 and Endfire. The three modes correspond
to three different radiation patterns and each of them covers a different area in the Azimuth plane.
An eight-element phased array constructed by the proposed RPRA, which is able to switch beam in
Azimuth plane and scan in the Elevation plane, is also presented in this paper. The proposed RPA
is able to provide much higher spatial coverage than the conventional phased arrays and without
additional feeding and phase shifting networks. The beam switching is realized by the PIN diodes.
The proposed antenna and array have planer structures and require small clearance on the ground
plane which makes them compatible with mobile phones. The simulations show good performance
for both RPRA and RPA.

Keywords: radiation pattern reconfigurable antenna; phased array; 5G mobile communication;
transmission angle sensing

1. Introduction

The millimeter wave (mm-wave) band has been considered for the upcoming fifth generation
(5G) communication for its wideband and high channel capacity properties [1,2]. Under the premise
of a larger information capacity, 5G aims to extend the network to a higher level which is composed
of both users” interaction and massive Internet of Things (IoT) [3,4]. The signal propagation mode
is investigated by the system models of 5G cellular networks and measurements [1,5,6]. Due to the
high path loss of mm-wave, high gain antennas [7] are chosen to compensate for the loss and thus
beamsteering arrays are necessary for building an optimal communication link between the user
and the base stations. Considering the complicated environment in real life, the real-time connection
requires the mobile antennas to have a wide scan angle. This makes spatial coverage one of the most
important indexes for mobile phone antenna design. For the 5G mobile antennas, only the array
pattern is not enough to describe the coverage performance, so the concept of coverage efficiency
and the total scan pattern are introduced to evaluate the spatial coverage performance of an array [8].
The coverage efficiency describes the spatial coverage with respect to a given gain level and the total
scan pattern shows which area is covered by all possible beams.
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Many works on phased arrays and beam switching arrays are done for 5G mobile applications
recently. The phased array with wide scanning angle [9] has the advantage to increase the spatial
coverage. The beam switching arrays can be achieved with the butler matrix [10,11], which can
be realized by different types of the transmission line. The phased array has been designed
with the metallic case of a mobile phone to better satisfy the size limitation [12]. The studies on
dual-polarization arrays [13] and decoupling techniques [14] are suitable for Multi-Input Multi-Output
(MIMO) systems to further improve the channel efficiency. The tunable Orbital Angular Momentum
(OAM) beams array [15] also has potential in 5G mobile communication for its property of decreasing
the channel crosstalk.

To further increase the coverage efficiency, multiple subarrays are implemented and each of them
are expected to cover a desired area [16-18]. However, more subarrays require more feeding ports
which increase the loss and system complexity. Nonetheless, the idea of combining beam switching
with the phased array is still a realistic method to reach higher spatial coverage. Instead of subarrays,
reconfigurable antennas are able to switch beam with only one feeding port. Many works have been
done on RPRA. One method is to introduce parasitic elements [19,20]. Switches such as PIN diodes or
MEMS are used to connect the parasitic elements with active part. Since only part of the antenna is
effective for one mode, the aperture of the whole antenna is not fully used. Because of the low aperture
efficiency, the antenna size is always larger compared to the A(/4 of working frequency. It may not
cause problems in an unlimited space scenario but the space for antennas in mobile phones is very
limited. Moreover, to reach higher scan angle, the element distance in a phased array should be no more
than Ag/2. Another method is to introduce reconfigurable reflectors to a fixed radiator [21-23]. It is
able to have multiple beams and cover a whole plane but it always requires 3D structure and complex
controlling system which are very difficult to realize as an array element. As a conclusion, the RPAs
for mobile phone applications are expected to have a small size, planar structure, simple feeding and
easy control.

In this paper, an RPRA and the phased array constructed by the same reconfigurable array elements
are proposed. By combining beam switching in Azimuth plane and beam scanning in the Elevation
plane, the spatial coverage is improved without introducing additional feeding ports. The paper
is organized as follows: First, the RPRA is introduced from its working principle to the simulation
results. Second, the performance of applying this reconfigurable antenna into an eight-element array
is presented. Then, it is finished with conclusions.

2. Radiation Pattern Reconfigurable Antenna (RPRA)

The concept of the reconfigurable phased array is shown in Figure 1a. This array is assumed
to be installed on the top of a mobile phone with three switchable modes: Broadside 1, Broadside 2
and Endfire. In each mode, it works independently as a phased array. The design of the RPRA is
introduced in this section.

2.1. Working Principle

The antenna design is based on SIW for its many advantages in mm-wave antenna design. First,
it has a planar structure and is easily fed by both waveguide and coaxial cable. Second, SIW supports
many antenna types with either broadside or Endfire radiation patterns. In our design, the RPRA is
fed by SIW and constructed with three radiators and three switches, as shown in Figure 1b. The three
radiators named as Patch 1, Dipole and Patch 2 correspond to the three radiation modes: Broadside 1,
Endfire and Broadside 2. Each mode covers a desired area, as shown in Figure 1a. The switches are
built up by PIN diodes and they are controlled by only one DC source for one switch. The RPA is
constructed by connecting several RPRAs with one phase shift network, and then the beam scanning
of each mode is achieved.
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Figure 1. Working principle of the proposed RPRA and RPA: (a) the idea of reconfigurable phased
array in mobile phone; and (b) the schematic of feeding and controlling of the proposed RPRA.

2.2. Antenna Structure

The antenna is constructed of three layers. The stack-up can be seen from the side view in
Figure 2a. The material of the three layers has the same dielectric constant 2.2 and loss angle 0.002.
The thickness of Layers 1 and 3 is 1 mm and for Layer 2 is 0.508 mm. The printed structures on the
three layers are shown in Figure 2b,c. The surfaces of Layers 1 and 3 are shown as yellow and both
sides of Layer 2 are blue and green. The light blue and light green represents the area of Layers 1
and 3, respectively. All the PIN diodes are mounted on Layer 2. Two cylindric holes are made on
Layers 1 and 3 above the PIN diodes for fabrication requirements. Patch 1 and Patch 2 are fed by
energy coupling through slots. Dipole, which has its two arms printed on both sides of Layer 2, is fed
by the SIW directly. The whole antenna is fed by coaxial cable through a probe transition to SIW.
Some key dimensions are listed in Table 1. Apart from the DC feeding lines, the whole structure is
rotationally symmetric. The other detailed dimensions are listed in Appendix A, Figure A1.

Table 1. The key dimensions in the antenna model (unit: mm).
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(a) The side view. (b) The front side. (c) The back side.

Figure 2. The structure of proposed antenna.
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Some design considerations are listed below:

e  Patch 1 and Patch 2: The slots on SIW are able to radiate with broadside radiation patterns as well
as patches. However, by introducing the patches as second radiators, the bandwidth is improved.
Moreover, the impedance matching of the broadside modes is influenced by both the slots and
the patches, which gives more freedom for the design. For example, more changes can be done on
the patches instead of the slots. Since the slots are etched on the SIW, fewer changes lead to less
influence on the other modes. It is an advantage in this RPRA design, which guarantees the design
of the three modes independently to a certain degree. On the other hand, the additional patches do
not increase the complicity of the whole antenna because multilayer structure is anyway needed
for the DC feeding network.

e Dipole: The Dipole is fed by the SIW with a trapezoid shape transition. The arms are composed
of two parallel strips for improving the bandwidth. The metallic via walls of the SIW is extended
to the Dipole direction to improve isolation between the adjacent Dipoles for the array scenarios.

2.3. Beam Switching

The beam switching with PIN diodes is introduced in this section. As mentioned before, there are
three switches corresponding to the three modes. Each switch is built by a set of PIN diodes. The low
capacitance PIN diode MA4AGBL912 ( the datasheet is available at [24]), which works until 40 GHz,
was selected for this antenna design. The parameters for building its equivalent circuits are from the
PIN diode datasheet. It shows that, when the PIN diode is on, it equals to the series resistance of
Rs = 4.2 () and inductance of Ly = 0.5 nH, while, when the PIN diode is off, it equals to the series
capacitance of C; = 28 fF and inductance of Ly = 0.5 nH.

In Figure 1b, the PIN diodes are represented by switches 51, Sy, and S3. All the PIN diodes are
mounted on both sides of Layer 2. They can be seen from both front and back side through the holes
as shown in Figure 2b,c. The correspondence of the switches and the PIN diodes are: S; corresponds
to P; and P,; Sy relates to Ps, Py, P7, and Pg; and S3 is Ps and Ps. A dumbbell shape strip is inserted
in the middle of the slot for the DC supply which connects to the dumbbell strip through a metallic
via. In Figure 2b,c, the yellow dots represent the connection points. The positive ends of P; and P, are
connected to the dumbbell strip and the negative ends solder on the SIW. Then, P; and P, have the
same on/ off state with the control of DCy. This is the same for P5, P; and DC;. Since the patches are
fed by the slots through energy coupling, the control of slots equals the control of patches. For instance,
when P; and P, are on, the slot is not resonant and little power is coupling to Patch 1. In this case,
Patch 1 will not radiate. On the contrary, when the PIN diodes are off, the slot is resonant and then
Patch 1 will radiate. The positive ends of the four PIN diodes of S, are connected to an isolated small
wall of metallic vias, which connects DC3 through a via. When they are on, the via wall is connected
with the SIW, so the energy is stopped inside the SIW and the dipole antenna does not radiate. On the
other hand, when they are off, the via wall is isolated with SIW; the energy will pass it and radiate by
the Dipole. The status “on” and “off” means opposite for switches and PIN diodes here. For example,
as in Figure 1b, when 57 is “on” while S; and S3 are “off”, only Patch 1 or Broadside 1 mode is working.
In this case, the PIN diodes status in Figure 2 is that P; and P, are off while the others are on. To ease
of understanding, the switch status and PIN diodes status are summarized in Table 2. Another thing
to be mentioned is the parasitic structure PA, as shown in Figure 2b. Its shape is the same as part of
DC; and it is rotationally symmetric with DC3. Both PA and DCj are connected to the via wall but PA
is not connected with any DC supply. It acts as a passive loading of the Dipole which balances the
currents on both arms. Consequently, the radiation pattern of the Dipole becomes more symmetric.
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Table 2. The switch and PIN diodes status for different working modes.

Working Modes 51 Pl, Pz Sz P3, P4, P7, Pg 53 P5, PG

Broadside 1 on off off on off on
Endfire off on on off off on
Broadside 2 off on off on on off

2.4. The Simulation and Analysis

This section includes a design procedure, parameter analysis and the simulation results of the
proposed RPRA. All simulations in this paper are done in CST STUDIO SUITE 2018.

2.4.1. Design Procedure

A brief design procedure is provided below. It can also be used as a guideline for others who
want to design a similar structure for their own purpose.

e  Step 1: Decide the SIW size according to the working frequency. The width of SIW should allow
the lowest frequency to propagate and suppress the high order modes of the highest frequency.

e  Step 2: Design the slots and dipole antennas separately at the working frequency band. For the
slots, an inductive window is introduced to form a resonant cavity. The opening width of the
window controls the energy coupling from the transmission line to the cavity.

e  Step 3: Combine the slots and dipole within one SIW. The PIN diode effects should be considered
in this step because the different loads lead to different input impedances. A compromise of
impedance matching has to be made for all three modes.

e Step 4: Add the layer with patches. Increasing the thickness of the patch layers also increases
the bandwidth of the broadside modes. The additional material has slight influence on the
dipole. Adjust the size and position of the patches to get the best impedance matching for the
broadside modes.

o Step 6: Add DC feeding lines and vias. Adjust the size and position of the sector patches to get
the best RF blocking.

In our design, the SIW is fed by a coaxial cable with a probe transition. The width of the SIW is
chosen as 5.5 mm according to the half-wavelength of 28 GHz. The diameter and distance of the vias
for SIW are 0.2 mm and 0.35 mm, respectively. The length of the resonant cavity is 5 mm. The opening
width of the inductive window is 3.5 mm. The cylindrical holes on Layers 1 and 3 are made for not
smashing the PIN diodes when the three layers are stacked. The surface current direction is along
z-axis at 28 GHz, as shown in Figure 3. The holes in the middle of the patches are oriented along with
the current direction, which can help to reduce the current disturbing on the patches. The subsequent
simulations show that the appearance of the holes brings slightly size reduction of the patches.

2.4.2. Parameter Analysis

The SIW cavity-backed slot antenna was first proposed by Luo [25]. The cavity resonants at TE15
mode and the slot radiates by cutting the transverse electric field. In our design, a dumbbell shape
strip is inserted in the middle of the slot for soldering the PIN diodes and connecting the DC feeding
line. The appearance of this strip turns the slot into a loop, which, as a consequence, supports two
different resonances at 27.6 GHz and 28.2 GHz. The surface current distributions are shown in Figure 4.
The current at 27.6 GHz distributes on both side of the loop but at 28.2 GHz the current is only on the
left side. It means that at 27.6 GHz the whole loop takes part in the resonance while at 28.2 GHz only
the slot between dumbbell strip and the SIW takes part in the resonance. Therefore, the two resonances
can be controlled by only changing the dumbbell strip. The influence of the dumbbell strip on the
resonance frequencies is shown in Figure 5. In Figure 5a, the width of the strip w; = 0.3 mm and the
length [; changes from 2 mm to 3.6 mm. In this case, the resonance at higher frequency does not move
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but the frequency of the lower resonance increases as I; increasing. In Figure 5b, the length of the strip
I; = 3.6 mm and the width w; changes from 0.15 mm to 0.3 mm. As the strip becomes wider, the slot
width on the loop becomes narrower. In this case, the lower resonance does not move. The frequency
of higher resonance decreases when w; increases from 0.15 mm to 0.225 mm but increases again if
w, keeps increasing from 0.225 mm to 0.3 mm. Therefore, by tuning the shape of the dumbbell strip,
the two resonances can be controlled separately to find the best balance of impedance matching and
the bandwidth.

A/m(log)

Figure 3. The surface current distribution on the working patch.

A/m (log)
500

100

1
Io

Figure 4. The current distribution on SIW of the two resonances.
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Figure 5. The influence of the dumbbell shape strip on Sy;.
2.4.3. Results

The influences of the connector and DC feeding lines are considered in the final simulation results.
The DC feeding lines are shown in Figure 2. The RF blocks have to be added on the DC feeding lines
to suppress the RF signal leaking which can cause impedance mismatching and generate unwanted
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radiation. Without the RF blocks, the radiation of the DC feeding lines could be significant at 28 GHz.
As a result, it will lead to radiation patterns distortion and increase the loss.

Therefore, some sector patches are introduced as RF blocks. The radius of the sectors is A /4 of
28 GHz to make an equivalent short point at center frequency. The distance from the sector patch
to the DC feeding point should also be A/4 + N7 so that the feeding point will be equal to open.
To leave more space for the screen and camera, the antenna size, including the DC feeding lines,
is expected to be as small as possible on at least one side of the ground plane. Therefore, DC; and
DC; are designed longer and two sector patches on DCj3 are adopted to improve the blocking effect.
On the other hand, to reduce the occupied space, DC; is designed very short and no RF block is
applied. In this case, the RF signal on DC; will be partially consumed by the DC current limiting
resistor and partially be radiated. To investigate how much power is lost on DC; without RF block,
the simulated radiation pattern of Patch 1 with and without the sector is given in Figure 6. The realized
gain of the two cases are not significantly different which means the energy consumed by the resistor
is very low. The radiation of DCj is reflected in the shape of the radiation pattern. The one without
sector shows higher gain from 270° to 315°. The absence of RF block influence not so much, which is
mainly because the the capacitance between the square patch and the ground is enough to block the
RF signal in this case. Even though the loss on the DC feeding lines is reduced by adding the RF
blocks, the impedance matching can still change a little because of the inductance of DC feeding lines.
However, it can be compensated easily by adjusting the position of SIW feeding port. The reflection
coefficiency and H-plane radiation patterns at 28 GHz of the three working modes are shown in
Figure 7. Two resonances are observed in all three modes, as shown in Figure 7a. The overlapped 6-dB
bandwidth is 3.9% from 27.5 GHz to 28.6 GHz. Figure 7b shows the H-plane radiation patterns of the
three modes on the Azimuth plane. The overlapped 3-dB beamwidth is up to 270°. The realized gain
for Broadside 1, Broadside 2 and Endfire mode are 6.5 dBi, 6.6 dBi, and 4.3 dBi, respectively.

90°

—8— With sector
Without sector

180° - 9| 0°

270°

Figure 6. The radiation pattern of Patch 1 with or without the RF block sector on DCj.
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Figure 7. The S1; and radiation patterns of the three modes.
3. Design of Eight-Element Array

In the last section, the radiation pattern reconfigurable antenna is proved to be able to provide
a wide coverage on the Azimuth plane. For the Elevation plane, the coverage is improved by beam
scanning. The number of the array elements was chosen as eight in this design. The array was
simulated on a 60 mm x 110 mm ground plane which represents the ground plane of a mobile phone
as shown in Figure 8a. The antenna was fabricated and measured on the ground plane of the same size.
The front and back view of the fabricated model is shown in Figure 8b,c. The distance between array
elements is 5.5 mm, which is the same as the SIW width and A /2 of 28 GHz. The clearance which the
array needs on the ground plane is 9.25 mm x 44 mm. It means that the antenna performance will not
be affected by other components if the antennas are within this area. A metal plane was added 0.5 mm
above the antenna element to investigate the influence of the adjacent metallic objects, as shown in
Figure 9a. This metal plane covers the DC feeding line and the edge of Patch 1. The space left on the top
is 7.8 mm, which is smaller than the top clearance of most of the current mobile phones. The simulated
S11 and radiation patterns with and without the metal plane are in Figure 9b,c. The antenna with the
metal plane still shows good impedance matching in the working band. It has more radiation on the
Endfire direction but the main beam direction remains on the broadside. In the paper, the clearance of
the proposed antenna is stated as 9.25 mm because we count also the space of DC feeding line but it can
be covered by other metal objects without bringing too much influence to the antenna performance.

Figure 8d shows the simulated and measured reflection coefficiency of the three radiating modes
of the fourth element which is in the middle of the whole array. The simulation and the measurement
have good agreements. The overlapped 10-dB bandwidth is 2.68% from 27.5 GHz to 28.3 GHz which
is sufficient to cover the band of one channel. In industry, 6-dB bandwidth can also be accepted.
The overlapped 6-dB bandwidth is 6.6% from 27 GHz to 28.9 GHz (over 1 GHz). The results of
other array elements are not shown here for simplicity because all of them have similar performance.
The highest mutual coupling happens between the adjacent elements. The mutual coupling of the
middel element and its adjacent elements are shown in Figure 8e. It is below —11 dB for the broadside
modes and below —15 dB for the Endfire mode. The coupling of the Endfire mode is lower because
the extending via walls between the dipole elements improve the isolation. The increment of mutual
coupling will decrease the scanning angle and as a consequence decrease the spatial coverage.
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Figure 8. The array structure and the experiment results of the middle element: (a) the array structure
of the front view; (b) front view; (c) back view; (d) the simulated and measured reflection coefficiency
of the middle element; and (e) the simulated mutual coupling of the middle element.

ww g/

=307 o~ With metallic plane 2259 —8— With metallic plane

315
s ~¥— Without metallic plane —¥—_Without metallic plane
S
260 265 27.0 27.5 280 285 29.0 295 300
Frequency(GHz) 270°
(a) (b) (o)

Figure 9. The influence of adjacent metallic plane: (a) the array element with a metallic plane above;
(b) the Sy of Broadside 1 with or without the metallic plane; and (c) the radiation pattern of Broadside
1 with or without the metallic plane.

The array is measured with the PIN diodes for the S-parameters. However, some PIN diodes
were broken during the measurement and we failed to put them back because they are too small and
fragile to operate by hand. Unfortunately, we do not have a professional machine to mount very small
components. Thus, to find a way for verifying the radiation patterns, we used copper wires to replace
all the PIN diodes. We measured the radiation patterns at 29 GHz instead of 28 GHz because the
antennas are mismatched when the PIN diodes are replaced by copper wires. The antenna design
depends on the PIN diode’s equivalent circuits to compensate its parasitics” effects. When the copper
wires were used, the parasitics change dramatically from the simulation model, which led to a big
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change on impedance matching and shifting of resonant frequencies. However, the measurement of
copper wire can still give a view of the reconfigurable radiation patterns. Figure 10 shows the measured
radiation patterns of the three modes with the copper wires. The two broadside modes (Figure 10b,d)
have the main beam direction at 10° and 165° in the measurement. The directivity of the Endfire mode
(Figure 10c) drops at 90°, so its main beam is at 135° in the measurement. This is mainly because the
variation of the parasitics also influences the radiation pattern. Ideally, the impedance of the working
mode is completely matched with the input impedance while the non-working modes are completely
mismatched, so the energy will only radiate through the working mode. However, when the working
mode is also mismatched, the impedance of the working mode and the non-working modes may
get closer. Considering that a big amount of energy is reflected, the leaking energy through the
non-working modes is growing comparing with the radiation through the working mode. Therefore,
the Endfire radiation pattern has less directivity at the 90° and has more radiation at 45° and 135°.
The Endfire radiation pattern is a little distorted but it is more important that the simulation and the
measurement results in Figure 10c are matching very well. It proves that the simulation models are
built very close to the real scenario. If the structure were made correctly with PIN diodes, the measured
radiation patterns are expected to be similar to the simulation. In practical applications, this kind of
structure can be made as a whole in the industry, where the multi-layer PCB and PIN diode mounting
will be done at one time.

—— Bl-meas -®- Bl-sim —¥— B2-meas - ¥- B2-sim —#— E-meas -®- E-sim
Degrees (DEG) Degrees (DEG) Degrees (DEG)
(a) Broadside 1 (b) Broadside 2 (c) Endfire

Figure 10. The simulated and measured radiation patterns with copper wire.

Phase shifters can be used for beam scanning. For instance, previous studies refs. [26,27] show
4-bit and 5-bit phase shifters at 28 GHz with CMOS technology, which provide up to 360° phase
difference with low insertion loss and very compact size. Figure 11 gives the array scan pattern on the
Elevation plane of the proposed three modes. For each mode, nine beams are sufficient to cover the
scanning range, which is from —53° to 55° for Broadside 1 (Figure 11a), from —56° to 54° for Broadside
2 (Figure 11b), and from —54° to 54° for Endfire (Figure 11c), respectively.

Realized Gain (dB)
Realized Gain (dB)
Realized Gain (dB)

-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
Elevation (DEG) Elevation (DEG) Elevation (DEG)

(a) Broadside 1 (b) Broadside 2 (c) Endfire

Figure 11. The array scan pattern on the Elevation plane.
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The total scan pattern was studied by the simulation results, which Was used to evaluate the gain
and spatial coverage performance of a phased array. It was obtained by extracting the highest gain at
every point of all steered beams [8]. Figure 12 shows the total scan pattern of every single working
mode and the three modes together. The two broadside modes, as shown in Figure 12a,b, have similar
scan patterns.The main beam located at 180° and 0° in the Azimuth plane, respectively. The Endfire
mode, as shown in Figure 12¢, has the main beam at —90°. In the Azimuth plane, the Endfire mode
represents higher beamwidth, higher backward radiation and lower peak gain. The total scan pattern
of all three modes are shown in Figure 12d with 27 steered beams which gives a intuitive understanding
of how much the spatial coverage is improved by the proposed RPA. It is obvious that the RPA has
much higher and more uniform coverage than any single mode. As we can see in Figure 12d, a null
appears at 90° in the Azimuth plane, which corresponds to 270° in Figure 7b. If we see the array in the
coordinate system in Figure 8a, the null appears at +y-direction, which is the opposite of the Endfire
direction. Because of the ground plane, this direction is difficult to cover with the radiation patterns of
the proposed array.

Elevation
Elevation

-10

=15

T T T T T T T -20 T T T T T T T
-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Azimuth Azimuth

(a) Broadside 1 (b) Broadside 2

Elevation
Elevation

-150 -100 =50 0 50 100 150 -150 -100 =50 0 50 100 150
Azimuth Azimuth

(c) Endfire (d) The RPA

Figure 12. The total scan patterns of every single mode and the RPA.

The coverage efficiency is calculated by the coverage solid angle and the maximum solid angle [8].
When a certain threshold of gain is given, it comes out of a percentage of the covered area with gain
above the threshold from the whole plane. Compared with the total scan pattern, the coverage efficiency
is a quantitative indicator of the spatial coverage. Figure 13 shows the coverage efficiency of the
proposed RPA and the three single modes as a comparison. The result was calculated by the simulated
array patterns with PIN diodes. As we can see, the two broadside modes have the same coverage
efficiency, while the Endfire mode shows higher coverage below 8 dBi gain. The reconfigurable curve
represents the total coverage efficiency with all three modes. The figure also shows us how much
spatial coverage can be improved with RPA. The curves of every single mode can be seen as one
conventional phased array with either broadside or Endfire radiation pattern. Compare between the
single modes, if only one phased array is used in mobile phone, then Endfire arrays will provide
higher coverage than broadside arrays. However, the spatial coverage is significantly improved with
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radiation pattern reconfigurable techniques. The coverage efficiency at 0 dBi is more than 90% for the
RPA, while it is around 70% for Endfire array and 50% for broadside array. The coverage efficiency
at 5 dBi is around 65% for the reconfigurable array, 40% for the Endfire array and only 25% for the
broadside array.

100%

Broadside 1
Broadside 2
Endfire
Reconfigurable

bied

80%

60%

40%

Coverage efficiency

20%

0%

-15 -10 -5 0 5 10 15
Realized Gain (dB)

Figure 13. Coverage efficiency of the RPA and every single mode.

4. Conclusions

This paper proposes an RPRA with three switchable radiation patterns which cover three different
areas in Azimuth plane. The 3D spatial coverage is achieved by using the proposed RPRA as an
array element for an eight-element phased array. Both RPRA and RPA are working at 28 GHz for the
5G communication. The proposed antenna and array are suitable for use in the sensors for mobile
terminals to automatically detect and connect with the base stations. Because of the planar structure
and small clearance, they are compatible with the thinner thickness and the bigger screen of the
mobile phones. The simulated and measured results verified our theory. The antenna and array were
fabricated with multi-layer PCB and the PIN diodes were embedded in the PCBs. Even though we
faced many problems dealing with the PIN diodes in our lab, it is not a problem in industry. Since both
techniques are mature and widely used nowadays, the complexity and cost of the mass production will
not be so high. Moreover, the feeding and DC control networks can be integrated with the subsequent
circuits, which may save more space than our proposed design.
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Abbreviations

The following abbreviations are used in this manuscript:

RPRA radiation pattern reconfigurable antenna
RPA reconfigurable phased array

SIW Substrate Integrated Waveguide
mm-wave millimeter wave

5G fifth generation

MIMO Multi-input Multi-output
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IoT Internet of Things

Appendix A
The detailed dimensions of the proposed RPRA is shown in Figure A1.

Unit: mm
Figure A1. The detailed dimensions of the proposed RPRA.

References

1. Rappaport, T.S.; Sun, S.; Mayzus, R.; Zhao, H.; Azar, Y.; Wang, K.; Wong, G.N.; Schulz, ].K.; Samimi, M.;
Gutierrez, F. Millimeter Wave Mobile Communications for 5G Cellular: It Will Work! IEEE Access 2013,
1, 335-349. [CrossRef]

2. Feng, W, Li, Y,; Jin, D.; Su, L.; Chen, S. Millimetre-Wave Backhaul for 5G Networks: Challenges and
Solutions. Sensors 2016, 16, 892. [CrossRef] [PubMed]

3. Santos, J.; Wauters, T.; Volckaert, B.; De Turck, F. Fog Computing: Enabling the Management and
Orchestration of Smart City Applications in 5G Networks. Entropy 2018, 20, 4. [CrossRef]

4. Klaina, H.; Vazquez Alejos, A.; Aghzout, O.; Falcone, F. Narrowband Characterization of Near-Ground
Radio Channel for Wireless Sensors Networks at 5G-IoT Bands. Sensors 2018, 18, 2428. [CrossRef] [PubMed]

5. Agiwal, M,; Roy, A,; Saxena, N. Next Generation 5G Wireless Networks: A Comprehensive Survey.
IEEE Commun. Surv. Tutor. 2016, 18, 1617-1655. [CrossRef]

6.  Andrews, ].G,; Bai, T.; Kulkarni, M.N.; Alkhateeb, A.; Gupta, A.K.; Heath, RW. Modeling and Analyzing
Millimeter Wave Cellular Systems. IEEE Trans. Commun. 2017, 65, 403—430. [CrossRef]

7. Ramos, A; Varum, T.; Matos, ].N. Compact Multilayer Yagi-Uda Based Antenna for IoT/5G Sensors. Sensors
2018, 18, 2914. [CrossRef] [PubMed]

8.  Helander, ].; Zhao, K,; Ying, Z.; Sjoberg, D. Performance Analysis of Millimeter-Wave Phased Array Antennas
in Cellular Handsets. IEEE Antennas Wirel. Propag. Lett. 2016, 15, 504-507. [CrossRef]

9.  Wang, R.;; Wang, B.Z.; Hu, C.; Ding, X. Wide-angle scanning planar array with quasi-hemispherical-pattern
elements. Sci. Rep. 2017, 7, 2729. [CrossRef] [PubMed]

10. Yang, Q.L.; Ban, Y.L.; Kang, K.; Sim, C.Y.D.; Wu, G. SIW Multibeam Array for 5G Mobile Devices. IEEE Access
2016, 4, 2788-2796. [CrossRef]

11.  Alreshaid, A.T.; Sharawi, M.S.; Podilchak, S.; Sarabandi, K. Compact Millimeter-Wave Switched-Beam
Antenna Arrays for Short Range Communications. Microw. Opt. Technol. Lett. 2016, 58, 1917-1921. [CrossRef]

12. Yu, B, Yang, K; Sim, C.Y.D.; Yang, G. A Novel 28 GHz Beam Steering Array for 5G Mobile Device with
Metallic Casing Application. IEEE Trans. Antennas Propag. 2018, 66, 462-466. [CrossRef]

13.  Hsu, YYW,; Huang, T.C,; Lin, H.S,; Lin, Y.C. Dual-Polarized Quasi Yagi-Uda Antennas with Endfire Radiation
for Millimeter-Wave MIMO Terminals. IEEE Trans. Antennas Propag. 2017, 65, 6282-6289. [CrossRef]

14. Xu, S.;; Zhang, M.; Wen, H.; Wang, J. Deep-subwavelength Decoupling for MIMO Antennas in Mobile

Handsets with Singular Medium. Sci. Rep. 2017, 7, 12162. [CrossRef] [PubMed]


http://dx.doi.org/10.1109/ACCESS.2013.2260813
http://dx.doi.org/10.3390/s16060892
http://www.ncbi.nlm.nih.gov/pubmed/27322265
http://dx.doi.org/10.3390/e20010004
http://dx.doi.org/10.3390/s18082428
http://www.ncbi.nlm.nih.gov/pubmed/30049959
http://dx.doi.org/10.1109/COMST.2016.2532458
http://dx.doi.org/10.1109/TCOMM.2016.2618794
http://dx.doi.org/10.3390/s18092914
http://www.ncbi.nlm.nih.gov/pubmed/30200544
http://dx.doi.org/10.1109/LAWP.2015.2455040
http://dx.doi.org/10.1038/s41598-017-03005-3
http://www.ncbi.nlm.nih.gov/pubmed/28578417
http://dx.doi.org/10.1109/ACCESS.2016.2578458
http://dx.doi.org/10.1002/mop.29940
http://dx.doi.org/10.1109/TAP.2017.2772084
http://dx.doi.org/10.1109/TAP.2017.2734238
http://dx.doi.org/10.1038/s41598-017-11281-2
http://www.ncbi.nlm.nih.gov/pubmed/28939831

Sensors 2018, 18, 4204 14 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Xie, G.; Zhao, Z.; Yan, Y,;; Li, L.; Ren, Y.; Ahmed, N.; Cao, Y.; Willner, AJ.; Bao, C.; Wang, Z.; et al.
Demonstration of Tunable Steering and Multiplexing of Two 28 GHz Data Carrying Orbital Angular
Momentum Beams Using Antenna Array. Sci. Rep. 2016, 6, 37078. [CrossRef] [PubMed]

Ojaroudiparchin, N.; Shen, M.; Zhang, S.; Pedersen, G.F. A Switchable 3-D-Coverage-Phased Array Antenna
Package for 5G Mobile Terminals. IEEE Antennas Wirel. Propag. Lett. 2016, 15, 1747-1750. [CrossRef]
Zhang, S.; Chen, X,; Syrytsin, I.; Pedersen, G.F. A Planar Switchable 3-D-Coverage Phased Array Antenna and
Its User Effects for 28-GHz Mobile Terminal Applications. IEEE Trans. Antennas Propag. 2017, 65, 6413-6421.
[CrossRef]

Stanley, M.; Huang, Y.; Wang, H.; Zhou, H.; Alieldin, A.; Joseph, S. A Capacitive Coupled Patch Antenna
Array with High Gain and Wide Coverage for 5G Smartphone Applications. IEEE Access 2018, 6, 41942-41954.
[CrossRef]

Alam, M.S.; Abbosh, A.M. Wideband Pattern-Reconfigurable Antenna Using Pair of Radial Radiators on
Truncated Ground with Switchable Director and Reflector. IEEE Antennas Wirel. Propag. Lett. 2017, 16, 24-28.
[CrossRef]

Wang, R.; Wang, B.; Gao, G.; Ding, X.; Wang, Z. Low-Profile Pattern-Reconfigurable Vertically Polarized
Endfire Antenna With Magnetic-Current Radiators. IEEE Antennas Wirel. Propag. Lett. 2018, 17, 829-832.
[CrossRef]

Hossain, M.A.; Bahceci, I.; Cetiner, B.A. Parasitic Layer-Based Radiation Pattern Reconfigurable Antenna for
5G Communications. IEEE Trans. Antennas Propag. 2017, 65, 6444-6452. [CrossRef]

Chen, S.; Qin, P; Lin, W.; Guo, Y.J. Pattern-Reconfigurable Antenna With Five Switchable Beams in Elevation
Plane. IEEE Antennas Wirel. Propag. Lett. 2018, 17, 454-457. [CrossRef]

Row, J.; Tsai, C. Pattern Reconfigurable Antenna Array With Circular Polarization. IEEE Trans. Antennas Propag.
2016, 64, 1525-1530. [CrossRef]

AlGaAs Beamlead PIN Diode. Available online: https://cdn.macom.com/datasheets/MA4AGBLP912.pdf
(accessed on 26 November 2018).

Luo, G.Q.; Hu, Z.F; Dong, L.X; Sun, L.L. Planar Slot Antenna Backed by Substrate Integrated Waveguide
Cavity. IEEE Antennas Wirel. Propag. Lett. 2008, 7, 236-239. [CrossRef]

Shin, G.S.; Kim, J.S.; Oh, HM.; Choi, S.; Byeon, C.W.,; Son, ].H.; Lee, ].H.; Kim, C.Y. Low Insertion Loss,
Compact 4-bit Phase Shifter in 65 nm CMOS for 5G Applications. IEEE Microw. Wirel. Compon. Lett. 2016,
26, 37-39. [CrossRef]

Tsai, J.H.; Lin, EM.; Xiao, H. Low RMS phase error 28 GHz 5-bit switch type phase shifter for 5G applications.
Electron. Lett. 2018, 54, 1184-1185. [CrossRef]

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/srep37078
http://www.ncbi.nlm.nih.gov/pubmed/27833168
http://dx.doi.org/10.1109/LAWP.2016.2532607
http://dx.doi.org/10.1109/TAP.2017.2681463
http://dx.doi.org/10.1109/ACCESS.2018.2860795
http://dx.doi.org/10.1109/LAWP.2016.2552492
http://dx.doi.org/10.1109/LAWP.2018.2817682
http://dx.doi.org/10.1109/TAP.2017.2757962
http://dx.doi.org/10.1109/LAWP.2018.2794990
http://dx.doi.org/10.1109/TAP.2016.2522467
https://cdn.macom.com/datasheets/MA4AGBLP912.pdf
http://dx.doi.org/10.1109/LAWP.2008.923023
http://dx.doi.org/10.1109/LMWC.2015.2505624
http://dx.doi.org/10.1049/el.2018.6383
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Radiation Pattern Reconfigurable Antenna (RPRA)
	Working Principle
	Antenna Structure
	Beam Switching
	The Simulation and Analysis
	Design Procedure
	Parameter Analysis
	Results


	Design of Eight-Element Array
	Conclusions
	
	References

