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Radiation-Pattern Reconfigurable Phased Array
With p-i-n Diodes Controlled for

5G Mobile Terminals
Jin Zhang , Shuai Zhang , Senior Member, IEEE, Zhinong Ying , Senior Member, IEEE,

Arthur S. Morris, III, Fellow, IEEE, and Gert Frølund Pedersen

Abstract— A p-i-n diodes-controlled radiation-pattern
reconfigurable phased array for fifth-generation (5G) handsets
is proposed in this article. The proposed beam scanning and
switching hybrid system can significantly reduce the number of
arrays and transmit–receive (TR) components when compared
with multiarray systems while keeping the same spatial coverage.
The array has wide working band from 24 to 27.5 GHz, which
can cover the allocated 5G band for Europe. The four-element
array is planar with a small clearance of only 4 mm, which
is suitable for most of the current mobile phones. Each
reconfigurable array element is fed by one shielded stripline and
has three switchable radiation patterns: two broadside directions
and one endfire direction. The beam switching is realized by
applying two reconfigurable directors on both sides of the
dipole, which also reduces the antenna profile. The directors
are activated when the p-i-n diodes are at OFF mode, which
minimizes the energy loss on the p-i-n diodes. The parasitic
influence of the p-i-n diodes, the soldering process, and mobile
environment are discussed in detail. The measured results show
good agreement with the simulations.

Index Terms— Fifth generation (5G) antenna for mobile ter-
minals, phased array, radiation-pattern reconfigurable antenna.

I. INTRODUCTION

THE research on millimeter-wave (mm-wave) fifth-
generation (5G) mobile antennas has focused on the

phased arrays and beam switching antennas to maximize the
gain within the wireless link budget [1]–[3]. As a result,
the spatial coverage decreases because of the narrow beams
and the limit of scanning angle. The concept of coverage
efficiency is introduced in [4] to describe the performance of
antenna gain and coverage in the space. To further increase
the coverage efficiency of the phased arrays, beam switching
between several subarrays is one of the solutions [5], [6].
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In [5], each of the three subarrays covers a different area in the
space. It gives an idea about combining beam switching and
beam scanning but does not provide a realization of the feeding
network. The problem is solved in [6], which realizes the beam
switching and scanning on a single layer printed circuit board
(PCB). The surface current has different distributions on the
ground plane depending on which subarray is chosen to work,
which, as a result, leads to different main beam directions. This
method is simple, but the 24 feeding ports and transmission
lines still make this design hard to integrate inside a mobile
phone. At the same time, the clearance of 10.5 mm is not
compatible with the expanding screen. Instead of using three
arrays, Zhang et al. [7] realize three-dimension (3-D) radiation
pattern reconfiguration by only one array with reconfigurable
array elements. Comparing with [5] and [6], it solves the
feeding problem in [5], and the number of feeding ports
shrinks from 24 to 8. However, the bandwidth in [7] is too
narrow due to the strong resonant structure, which also limits
its application in the 5G communication systems. Moreover,
the antenna structure is complicated, and mounting the p-i-n
diodes in the middle layer is difficult for the PCB fabrication
and dc controlling.

Many works about the radiation-pattern reconfigurable
antennas are done at low frequencies. For instance, a beam
scanning reflectarray in [8] and a diffraction antenna in [9]
are realized by tuning the capacitance of varactors. A beam
switching quasi-Yagi dipole antenna is proposed in [10] by
changing the length of the balun and the directors. The
E-plane beam can operate in three directions: −20◦, 0◦,
and 20◦. However, the beam switching range is not big enough,
and the directors take large space. Another method to get
switchable beams is to combine and switch among different
resonant modes on one radiator [11]–[13]. However, large
apertures are required to support higher order modes, and the
bandwidth of each mode is narrow. Modifying the parasitic
parts near the radiator can influence its beam direction, which
is also a common way of realizing beam switching antennas.
By applying switchable directors and reflectors to the radiator,
the main beam can switch in different directions in [14]–[17].
Still, the parasitic elements require space around the active
antenna, and some of them are even realized in the
3-D structure. Even though all those examples are made
for low frequencies, they have potential for mm-wave
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bands applications. Since the quarter wavelength dipole-
director distance is comparable with the thickness of the
standard substrates, it is possible to simplify the fabrication.

However, the problem of loss arises. In the above-mentioned
articles, the p-i-n diodes turn ON to let the current go through,
which can seriously impact the antenna total efficiency in
the mm-waveband. To reduce the loss, some of the beam
switching antennas in the mm-waveband use mechanical or
optical control and special material or diodes [18]–[23]. In this
way, the antennas have good efficiency, but they are still not
suitable for mobile phones due to the switching speed, the size,
and the cost. The p-i-n diodes are used to build reconfigurable
transmit arrays in [24]–[26], which turns out that the loss can
be reduced under the premise of good designs.

In this article, a hybrid beam scanning and switch-
ing antenna array system is proposed, in which pattern-
reconfigurable antennas are used as array elements. Compar-
ing with the conventional multiarray beam scanning system,
it saves up to two thirds of components but can still reach
the same spatial coverage. The beam scanning is realized by
the phase-shifting system, and the beam switching is realized
by pattern-reconfigurable array elements. The combinations of
two reconfigurable strips on each side of one array element
direct to three different beam directions (0◦, 90◦, and 180◦) in
the θ plane, while the beam scanning operates in the φ plane.
The strip is activated as a director when the p-i-n diodes are
at “OFF” state. Therefore, the energy loss on the p-i-n diodes
is minimized due to the negligible through current level. The
same method can be further applied to other reconfigurable
antennas and circuits design in mm-waveband. A four-element
array is also constructed with the proposed reconfigurable
array elements. The simulations and measurements show that
the proposed antenna and array work with good efficiency.

We stress the fact that the novelties of this article are
threefold, as given in the following.

1) The realization of beam switching and scanning array
for a hybrid antenna system provides a large spatial
coverage over a wideband and reduces the numbers of
antennas and transmit–receive (TR) components.

2) The realization of pattern-reconfigurable array element
achieves low profile, small clearance, and high effi-
ciency.

3) The realistic influences, for instance, the soldering
process and the mobile phone environment, are dis-
cussed.

This article is organized as follows. Section II compares
the proposed system framework with the conventional antenna
system for 5G handsets. Section III introduces the design of
the radiation-pattern reconfigurable array element. Section IV
presents the performance of the four-element phased array
with the reconfigurable array elements. Section V studies the
impact of the realistic operating environment. This article is
concluded in Section VI. CST STUDIO SUITE 2018 is used
for all the simulations in this article.

II. COMPARATIVE FRAMEWORK

In this section, a comparison of transceiver antenna
array system architectures in a 5G mm-wave mobile device

Fig. 1. Two different transceiver antenna array system architectures.
(a) Scanning mechanism. (b) Multiple arrays beam scanning system. (c) Beam
scanning and switching hybrid system.

is introduced. In order to reach the spatial coverage require-
ments in [27], a two-dimension (2-D) beam scanning array
is highly recommended, as shown in Fig. 1(a). Each array
covers a different sector in the space, which is marked as
M1, M2, and M3. Two different array system architectures
can realize this 2-D scanning pattern. Fig. 1(b) represents the
system with only beam scanning based on the phase-shifting
system. Each antenna panel contains one independent linear
phased array, which covers a specific area: M1, M2, or M3.
Therefore, three signal panels are required in this system. Each
of the panels consists of N array elements (ANT.), power
amplifiers, variable gain amplifiers, phase shifters (PSs), and
frequency converter. All the PSs are controlled by the same
baseband digital signal processor (DSP) in order to realize
the beam scanning function. The intermediate frequency (IF)
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radio frequency integrated circuit (RFIC) contains a function
of switch, which chooses one of the three arrays to work.
Fig. 1(c) represents a beam scanning and switching hybrid
array system, in which only one linear array is required. Each
array element has three switchable radiation modes, which
allow the coverage of the array switching between M1, M2,
and M3. The beam scanning is realized in the same way as
the conventional system in Fig. 1(b). For the beam switching,
instead of choosing a different array, one of the three modes of
the same array is chosen to work. The switching components
are mounted on the antenna, and their control is still integrated
into the IF RFIC. In this article, p-i-n diodes are chosen as
the switching components due to the ease of control. Two
independent dc feedings are required, which corresponds to
three switching states: one endfire mode and two broadside
modes. The dc power for p-i-n diodes and PSs is provided by
DSP. Comparing with the multiple array system, the proposed
hybrid system can reach the same spatial coverage but requires
only one third of the antennas, PS-groups, and RF-chains. The
complexity and cost of the whole antenna system is much
reduced.

III. RADIATION-PATTERN RECONFIGURABLE

ARRAY ELEMENT

A radiation-pattern reconfigurable dipole antenna as the
array element will be introduced in this section. It includes the
following parts: 1) the antenna configuration; 2) the working
principle of the three switching modes; 3) the realization of the
three modes by switching with mm-wave p-i-n diodes; 4) the
simulated antenna element performance; and 5) a comparison
with dipole antenna backed with a conductor. Many analyses
are chosen at 28 GHz as an example, while the same working
principle applies in other bands.

A. Antenna Configuration

In order to reduce the cost, the 5G ICs and radiating part
of the hybrid antenna system can be fabricated by different
materials [28]. Moreover, the antenna total efficiency is less
affected by modifying the radiating part on low loss materials.
Therefore, in the following, we will mainly focus on the recon-
figurable antenna systems instead of the 5G IC. The antenna
configuration is shown in Fig. 2. The antenna is realized in
a multilayer structure, which includes three substrate layers
(Sub.1, Sub.2, and Sub.3) and two prepreg layers (P1 and P2).
The material of substrate layers is Rogers RO4350B
(εr = 3.66 and tan δ = 0.0037). The materials of P1 and
P2 are Arlon 49N (εr = 4.8 and tan δ = 0.025) and Rogers
RO4450F (εr = 3.52, tan δ = 0.004), respectively. The
metallic layers (M1– M5) are made of copper (σcopper =
5.8×107 S/m). The thickness of the metallic layers is 18 μm.
The layers are demonstrated in different colors. The structures
of all layers are shown in the exploded view in Fig. 2(a).
The layer stack-up and the depth of vias are shown in the
cross-sectional view in Fig. 2(b). Dipole antennas are chosen
as array elements due to their small clearance and wideband.
The dipole is printed on layer M2, and the two directors are
on layer M1 and M5. The size and position of the directors

Fig. 2. Antenna configuration. (a) Exploded view. (b) Cross-sectional view.
(c) Dimensions.

TABLE I

DIMENSIONS OF THE PROPOSED ANTENNA. (UNITS: mm)

are the same. The measures of the dipole antenna are shown
in Fig. 2(c). All the dimensions are summarized in Table I.
The clearance represents the area needs to be reserved on the
ground plane or the screen in order to guarantee the antenna
performance. The clearance for the proposed antenna is 4 mm
according to the discussion in Section V-B.

The dipole antenna is fed by a stripline on M3, which is
connected with an MMPX connector through a via (Feed) on
Sub.2. M2 and M4 are the ground planes, which are connected
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with each other with many vias (Via 2). The feeding trip line
is shielded in a cavity formed by M2, M4, and Via 2. The
shielding of the feeding line avoids the undesired surface wave
propagation and radiation, which can decrease the interaction
between the antenna elements and lower the loss of the trans-
mission line. The radiation pattern reconfiguration is realized
by two reconfigurable directors. Each director is loaded with
three p-i-n diodes and the corresponding dc control networks.
The dc feeding lines are connected to the two ends of the
director, as shown in Fig. 2(c). The sector patches work as RF
chocks. The radius of the sector patches (rs ) is the quarter-
wavelength of 28 GHz. The parts of the dc feeding lines after
the sector patches have limited influence on the radiation. They
can be shortened, extended, or bent, and then be connected to
the main PCB at any convenient position. The DSP module
is required to provide two independent dc signals, which
correspond to three working modes of the antenna. In addition,
the dc feeding lines of all the array elements are connected
together on each side. Therefore, the dc control for the array is
the same as that for a single antenna. The increasing of array
elements will not increase the complexity of the dc control.
The three p-i-n diodes on one director have the same working
state and are controlled by one dc source; therefore, for each
antenna, two independent dc sources are required.

B. Working Principle of the Three Switching Modes

The proposed antenna is expected to have three working
modes, which correspond to three switchable radiation pat-
terns: one endfire mode and two broadside modes. For each
mode, the main beam direction of the antenna is the result of
the joint influence of the ground plane and the directors. The
cross-sectional view of the upper half part of the antenna is
shown in Fig. 3(a) to help to explain the working principle.

The endfire mode is simply without the director’s effect.
D1 represents the main beam direction with the reflection of
the ground plane alone. The distance between the dipole and
the ground plane is d2, which is chosen as λ/4 to get the best
gain.

For the broadside mode, the influence of the ground plane
still exists. Therefore, a director must be introduced to com-
pensate for the ground plane influence. D2 represents the main
beam direction with only the influence of the director. The
director is not right over the dipole antenna, so that the distance
between the dipole and the director (d1) can be calculated by
the substrate thickness (h1 + h3 + h4) and the x-axis position
of the director (d3).

The dipole and the director can be considered as a Yagi
antenna. The gain of this Yagi antenna is a function of director
length (ld ) and the separation between the driving element
and the director (d1). The main beam direction of the Yagi
antenna (θ ) is influenced by (d3). Therefore, the position of
the director (d3) relates to both the gain and the radiation
direction. The desired broadside radiation direction is D3,
which is synthesized by D1 and D2. Theoretically, increasing
d3 will decrease θ and, as a consequence, make the broadside
beam going more backward (−x). The gain is stable when the
separation of the driven element and the director is between

Fig. 3. Working principle. (a) Collective effect of the ground plane and the
director. (b) Equivalent circuit of the reconfigurable dipole.

0.15λ0 and 0.3λ0. That means, in principle, the total thickness
of the material (h1 + h3 + h4) should be in a certain range.
For the millimeter-wave antenna design, most of the standard
substrates satisfy this condition. Considering the influence
of substrate dielectric constant, the total thickness could be
further decreased to below 0.15λ0. In our design, the suitable
value of h1 + h3 + h4 is 0.075λ0 from the simulations. It is
an advantage for integrating the proposed antennas into the
mobile phones because the low profile and compact structure
occupy less space.

Decreasing θ may increase the spatial coverage of the three
switchable modes. However, the decrement of θ is limited.
When the director is moved from the +x-direction to the
−x-direction, the effect of the director will first increase and
then decrease due to the coupling between the dipole and the
director will be blocked by the ground plane. The influence
of the director is verified in Fig. 4. It shows the radiation
patterns of one of the broadside modes at 31 GHz when the
director is in different positions. This frequency is chosen
as the upper bound of the whole operating band in order to
maximize the differences. When d3 is 0 mm, the director is
just over the dipole. When d3 is 1 mm, the director is between
the dipole and the edge of the ground plane. When d3 is
2 mm, the director is above the ground plane. As we can
see, the radiation pattern has a good broadside shape when d3
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Fig. 4. Broadside radiation patterns with different d3 at 31 GHz.

Fig. 5. Working principle. (a) Current magnitude with different p-i-n diodes
state. (b) Surface current distribution of the broadside mode and the endfire
mode at 28 GHz.

is 1 mm, while it shows much higher radiation in the endfire
direction (90◦) of the other two occasions.

The equivalent circuit of the proposed reconfigurable dipole
antenna is shown in Fig. 3(b). The dipole is fed by an open-
ended strip line through mutual coupling, and then, the dipole
is coupled to two directors, where the coupling coefficients
N1 and N2 depends on the state of the p-i-n diodes.

C. Realization of the Three Modes by Switching
With mm-Wave p-i-n Diodes

The p-i-n diodes are utilized for switching the working
modes. This section will first introduce the way of controlling
the p-i-n diodes with dc supplies, and then, discuss the
influence of parasitics on the antenna performance.

1) Mode Switching With mm-Wave p-i-n Diodes: The states
of p-i-n diodes and the corresponding current distribution are
shown in Fig. 5(a). The two ends of the strip are connected
with dc feeding lines, as shown in Fig. 2(c). Due to the par-
asitic effect of p-i-n diodes at mm-wave frequencies, the two

Fig. 6. Equivalent circuits of the directors and the dc feeding lines. (a) p-i-n
diodes ON. (b) p-i-n diodes OFF.

states will not be ideally ON and OFF. Here, we use capacitors
to represent the OFF state and resistors to represent the ON

state. The detailed discussion about parasitic effects will be
shown in Section III-C2. When the p-i-n diodes are all OFF,
the middle two parts are activated as directors, and strong
current can be observed. As a result, the radiation direction is
changed by the directors. The strip is not activated, when the
p-i-n diodes are all “ON.” Therefore, it has no influence on
the radiation direction. The resonance of the long strip should
be prevented because the strong current can cause high loss
on the p-i-n diodes. In this design, the length of the long strip
is tuned out of the operating band. By controlling the two
strips independently, the dipole antenna will get four different
radiation modes. With one strip activated and the other one not,
the dipole antenna will have two different broadside radiation
patterns. With both strips not activated, the dipole antenna will
have the endfire radiation pattern. With both strips activated,
the radiation pattern will be split into two broadside directions.
The last mode is not adopted since it is covered by the other
modes.

Fig. 5(b) is the surface current distribution of the broadside
mode and the endfire mode at 28 GHz. For the endfire mode,
both strips are not activated, and the current magnitude is low.
For the broadside mode, the strip below is activated, but the
one above is not. Relatively, the surface current on the strip
below is much more significant than that on the strip above.

2) Parasitic Effect of p-i-n Diodes: The p-i-n diodes used
in this design are MA4AGFCP910 from MACOM, and the
data sheet is available in [29]. According to the data sheet,
the working band is from 2 to 50 GHz. The equivalent circuits
of the directors and dc feeding lines are shown in Fig. 6.
The p-i-n diodes will be turned ON with forward dc current
between 5 to 40 mA. The p-i-n diode in “ON” state can be
modeled as the series of resistance Rs = 5.2 � and inductance
Ls = 0.5 nH, and in “OFF” state can be modeled as the parallel
of capacitance Ct = 0.021 pF and resistance Rt = 3 × 105 �.
The maximum input power is +23 dBm and the operating
temperature is from +55 ◦C to −125 ◦C, which both fit the
application scenarios of mobile terminals. For different types
of p-i-n diodes, the parasitics are not the same; therefore, it is
important to know which parameter has more influence on this
antenna design.

1) Resistance Loss of Rs: The resistance loss is determined
by two factors: the resistance and the through RF
current. In our design, when the p-i-n diodes are in
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Fig. 7. Total efficiency of the endfire mode with different series resistance.

the “ON” state, the whole strip is not resonant. In other
words, the RF signal from the dipole antenna will not
be coupled to this strip. Therefore, the magnitude of the
RF through current is very low, and, as a result, the loss
is much reduced. To verify this method, the endfire
mode of the proposed antenna is simulated with the
series resistance Rs ranging from 3.2 to 7.2 �. The
endfire mode is chosen because all p-i-n diodes are in
the “ON” state; therefore, it has the highest loss among
the three working modes. The total efficiency is shown
in Fig. 7. The blue line represents the efficiency of
the dipole antenna without the directors. It also has
the endfire radiation pattern but without the influence
of p-i-n diodes. As we can see, the p-i-n diodes will
bring an efficiency drop less than 10% (0.5 dB) over
a wideband. If the p-i-n diodes are applied, the total
efficiency shows no significant difference as the series
resistance Rs ranging from 3.2 to 7.2 �. Because of the
low through current in our design, the loss on the p-i-n
diodes is much reduced, and the total efficiency will be
much less impacted. This property makes the proposed
antenna not sensitive to Rs , which is an advantage,
especially for mm-wave antennas. The total efficiency
will keep stable for different modes or even different
p-i-n diodes.

2) Capacitance Ct Influence: When the p-i-n diodes are
“OFF,” the directors are resonant and the capacitance Ct

also takes part in the resonance. The variation of Ct leads
to the variation of resonant frequency, which changes the
operating band of the antenna. Fig. 8 compares the radia-
tion patterns with different values of Ct at 28 GHz. The
radiation pattern without p-i-n diodes is also provided
for comparison. The main beam direction is 0◦ when
the value of Ct is 0.021 pF, which is from the datasheet.
If the value of Ct is doubled (0.042 pF), the main beam
direction turns to 335◦. The radiation pattern without
p-i-n diodes is very close to endfire, which has the main
beam direction at 19◦. The main beam direction or the
operating band changing needs to be compensated by
tuning the length of the directors, which is the separation
between the p-i-n diodes. In practical commercial p-i-n
diodes, the variation of Ct for the same type of p-i-n
diodes is normally much smaller than the range in Fig. 8.

Fig. 8. Broadside radiation patterns with different p-i-n diode parasitics at
28 GHz.

Fig. 9. Simulated reflection coefficients of the proposed antenna.

For instance, the Ct value of the p-i-n diode used in this
design ranges from 0.018 to 0.021 pF. The broadside
radiation pattern shows no significant difference in this
range.

D. Simulated Antenna Element Performance

The simulated reflection coefficients are shown in Fig. 9.
Since the current magnitude is always lower on the directors
than those on the dipole, the impedance matching of the dipole
is similar in different modes. All three modes have widely
overlapped impedance matching band from 24 to 32 GHz.
However, the main beam directions of the radiation patterns
are determined by the resonant bandwidth of the directors.
Therefore, the operating band in this article is defined by
the performance of radiation patterns. In the operating band,
the radiation patterns of the three modes are distinguishable,
and, outside the operating band, the radiation patterns do not
show too much difference. The operating band in the simula-
tion is found out from 26 to 30 GHz with a relative bandwidth
of 14.3%, which is marked as the pink area in Fig. 9.

The simulated H -plane (see XOZ plane in Fig. 2) radiation
patterns in the operating band are shown in Fig. 10. The
total efficiency in the simulation is between 75.9% and 81.3%
for the broadside modes and between 70.8% to 81.3% for
the endfire mode. As the frequency increases from 26 to
30 GHz, the electrical distance and position of the dipole
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Fig. 10. Simulated H -plane (XOZ plane) radiation patterns of the proposed
array element. (a) 26 GHz. (b) 27 GHz. (c) 29 GHz. (d) 30 GHz.

and the directors are also changing, which leads to different
gain and main beam directions across the operating band.
In Fig. 10(a) and (b), the main beam directions of the two
broadside modes are almost at 0◦ (Broadside +z) and 180◦
(Broadside −z) at 26 and 27 GHz, respectively. They tilt to
320◦ (broadside +z) and 220◦ (broadside −z) directions at
29 and 30 GHz, respectively, as shown in Fig. 10(c) and (d).
The radiation patterns of the three modes become more
distinguishable as the frequency increases, which also leads to
the larger improvement of spatial coverage. The improvement
at 26 GHz is still noteworthy to mention in the 3-D space,
even though the peak gain differences from the 2-D radiation
patterns are less than those in other frequencies. The discus-
sion of the spatial coverage will be presented in Section III-E
of array design. The simulated E-plane (see XOY plane for
endfire mode and YOZ plane for the broadside modes in Fig. 2)
radiation patterns in the operating band are shown in Fig. 11.
Because of the different dielectric and the thickness of the
material on the two sides of the dipole (Sub.3 on one side
and Sub.1 and P1 on the other side), the radiation patterns of
the two broadside modes are not exactly the same at the same
operating frequency. The radiation patterns of the broadside
−z mode in Fig. 11(b) is tilted to the +y-direction (150◦)
because the current distribution on the director is not balanced.
The current on the +y-direction part is slightly stronger than
that on the −y part.

E. Comparison With Dipole Backed With Conductor

In this section, the proposed antenna is compared with a
dipole antenna backed with a conductor. The dipole backed
with a conductor is shown in Fig. 12(a), where the dipole

Fig. 11. Simulated E-plane (XOY plane for endfire mode and YOZ plane
for broadside modes) radiation patterns of the proposed array element.
(a) Broadside +z. (b) Broadside −z. (c) Endfire.

Fig. 12. Dipole backed with conductor and simulation results comparing with
the proposed reconfigurable antenna in the broadside −z mode. (a) Dipole
back with conductor. (b) S11. (c) Total efficiency. (d) Realized gain.

antenna and the feeding are the same as the proposed antenna.
Since the dipole backed with conductor has only a broadside
radiation pattern pointing at −z-direction, the comparison is
made with the same mode of the proposed antenna.

The reflection coefficients are shown in Fig. 12(b). The
proposed antenna has slightly better impedance matching and
wider bandwidth than the dipole backed with a conductor.
However, this result is reached with different profiles of the
two antennas. The distance between the dipole to the conductor
is 1.5 mm, while the distance between the dipole and the
director layer is only 0.508 mm (h1). The impedance matching
will be deteriorated if the distance between the dipole to the
conductor decreases to 0.508 mm. Therefore, the total profile
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of the dipole backed with conductor will be at least 2 mm
higher than that of the proposed antenna, if another conductor
is applied on the other side of the dipole in order to have
two reconfigurable broadside radiation patterns pointing to
either +z- or −z-direction. Considering the trend of the mobile
handset is thinner and thinner, this 2 mm more thickness on
antenna PCB will be a limitation to the whole profile of the
handset.

In order to eliminate the influence of mismatching in the
comparison of total efficiency and realized gain, the profile of
the dipole with the conductor is also higher than the proposed
antenna. The total efficiency of the two kinds of antennas
is shown in Fig. 12(c). Both the proposed antenna and the
dipole backed with conductor have efficiency of above 70%
over a wideband. The dipole backed with conductor reaches
the maximum efficiency at 26 GHz and the proposed antenna
at 28 GHz in the simulation. The realized gain is shown
in Fig. 12(d). The dipole backed with conductor has more
stable gain over a wideband, while the proposed antenna
has higher gain from 27 to 31 GHz than that at the other
frequencies. The maximum gain of the proposed antenna is
higher than the dipole backed with conductor.

In summary, if the antenna is realized by a dipole backed
with conductor, the main performance degradation is the
thickness. Moreover, this is an ideal case for the dipole backed
with conductor. The way to reconfiguring the conductor,
to arranging dc feeding, and the influence of the p-i-n diodes
or switches are not considered in this model. In practice, all
these following problems cannot be solved easily. While for
the proposed antenna, it reaches a comparable performance
with an ideal model and even with lower profile. The influence
of the dc feeding and p-i-n diodes is reduced to a very low
level, which is a big challenge for the mm-wave reconfigurable
antenna design.

IV. DESIGN OF FOUR-ELEMENT ARRAY

In this section, the design of a four-element array con-
structed by the proposed reconfigurable array elements is
introduced. It includes the following parts: 1) the array struc-
ture and S-parameter measurements; 2) the radiation pattern
measurements; and 3) the performance of beam scanning and
spatial coverage.

A. Array Structure and S-Parameter Measurements

The proposed array is fabricated, as shown in Fig. 13. The
interelement distance is 5.5 mm (0.5λ0) at 28 GHz. The right
ends of the directors are grounded. The left ends are connected
to a common dc feeding line through an 18-nH inductor.
Another 18-nH inductor and a 50-� resistor are connected to
the common dc feeding line. The inductors and resistors are
included in the dc feeding network. The use of inductors is for
facilitating the manually soldered p-i-n diodes of each element,
and they can be replaced by transmission lines in practice. The
resistors are utilized for limiting the dc current as a protection
of the p-i-n diodes. In the massive production, this function
will be provided by DSP. The inductors and resistors work at

TABLE II

DC SUPPLY AND P-I-N DIODES STATUS
FOR DIFFERENT WORKING MODES

Fig. 13. Structure of the proposed four-element array.

the low frequencies and due to the presence of RF chocks,
and they have no impact on the antenna performance.

The p-i-n diodes are mounted on the directors with high-
frequency conductive glue (where the performance is very
similar to silver). All the p-i-n diodes on the same side are in
the same “ON” or “OFF” state. The p-i-n diodes on the front
side (see M5 layer in Fig. 2) are controlled by DC1, and on the
backside (M1) are controlled by DC2. Both dc feedings share
the same ground with the RF signal. A dc current of 20 mA is
applied when the state is “ON” and dc voltage is 0 V when the
state is “OFF.” The dc supply states corresponding to the array
working modes are summarized in Table II. To be noticed,
the value of Vdc is set to fulfill the requirement of through dc
current on the p-i-n diodes. It will be controlled by a current
limiting resistor, as shown in Fig. 13. The value of Vdc and
the current limiting resistor can be set according to the power
supply in practice.

The simulated and measured S-parameters are shown
in Fig. 14. Fig. 14(a) and (b) are the reflection coefficients
of array element 3 and 4, respectively. It should be noticed
that the operating band of the proposed antenna is also
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Fig. 14. Simulated and measured S-parameters of array element 3 and 4.
(a) Reflection coefficients of array element 3. (b) Reflection coefficients of
array element 4. (c) Mutual coupling of array element 3 and 4.

defined by the performance of radiation patterns. An operating
frequency shift is observed in the radiation pattern simulations
and measurements due to the conductive glue thickness. The
details will be explained in Section V-A. The gray area
represents the measured operating band of 24–27.5 GHz, while
the pink area is the simulated band of 26–30 GHz. The sim-
ulated and measured relative bandwidth is 14.3% and 13.4%,
respectively. The measurements are slightly mismatched in
the operating band, which is also due to the influence of the
conductive glue thickness, but the reflection is still lower than
−7.5 dB. Fig. 14(c) is the mutual coupling between array
element 3 and 4. The coupling is similar and below −20 dB

Fig. 15. Setup of the radiation pattern measurement.

within the corresponding simulated and measured operating
bands. The array element 1 and 2 have similar results as the
array element 3 and 4. The results of the array elements are
very similar to those of a single antenna in the corresponding
operating band, as shown in Fig. 9. It also proves the low
interference between the array elements.

B. Radiation Pattern Measurements

The proposed array is mounted on a 60 mm × 130 mm
ground plane, which is close to the size of a mobile phone
and measured in an anechoic chamber. Fig. 15 shows the setup
in the measurements. The transmitting antenna is fixed, and
the proposed array is the receiving antenna. The array-under-
test is installed on a rotational axis, and the array center is
at the rotating center. The radiation patterns of all the array
elements and all the modes are measured, but only the results
of the middle/embedded array element (element 3) are pre-
sented. Due to the operating frequency shift, the comparison
between the simulations and the measurements is made with
a 3-GHz frequency shift. For instance, the measured 24-GHz
radiation patterns are compared with the simulated 27-GHz
corresponding radiation patterns. The reason for this frequency
shifting will be discussed in Section V-A with postsimulations
and comparisons. The simulated and measured H -plane (see
XOZ plane in Fig. 2 or Fig. 15) radiation patterns of the array
element 3 are shown in Fig. 16. As we can see, the simulations
and measurements have a good match. A null is observed in
the broadside −z measured radiation patterns at 270◦ for all
the frequencies, which may come from the influence of the
testing cable. The simulated and measured E-plane (see XOY
plane for endfire mode and YOZ plane for the broadside modes
in Fig. 2 or Fig. 15) radiation patterns are shown in Fig. 17.
Comparing with the single antenna simulations in Fig. 11,
many ripples are observed in the array radiation patterns. The
reason is that the array pattern is simulated and measured on
an electric large-ground plane, which supports the propagation
and radiation of the surface wave along the y-axis direction.

Fig. 18 shows the realized gain and total efficiency in the
simulations and measurements when all the array elements
are in phase. The dash-dot lines represent the realized gain in
the simulation from 26 to 30 GHz. The two broadside modes
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Fig. 16. Simulated and measured H -plane (XOZ plane) radiation patterns of
array element 3. (a) Simulated 27 GHZ and measured 24 GHz. (b) Simulated
28 GHz and measured 25 GHz. (c) Simulated 29 GHz and measured 26 GHz.
(d) Simulated 30 GHz and measured 27 GHz.

Fig. 17. Simulated and measured E-plane (YOZ plane for the broadside
modes and XOY plane for the endfire modes) radiation patterns of array
element 3 in the operating band. (a) Simulated 27 GHZ and measured 24 GHz.
(b) Simulated 28 GHz and measured 25 GHz. (c) Simulated 29 GHz and
measured 26 GHz. (d) Simulated 30 GHz and measured 27 GHz.

have a difference around 0.5 dB because of the substrates
differences on the two sides of the dipole. The gain of
endfire modes is lower than the broadside modes due to

Fig. 18. Simulated and measured realized gain and simulated total efficiency
of the proposed array when all the array elements are in phase.

wider beamwidth. The gain of the three modes increased from
26 to 29 GHz and decreases from 29 to 30 GHz, which
indicates the effects of the directors. The highest gain achieves
when the directors operate close to their resonant frequencies.
The solid lines represent the realized gain in the measurements
from 24 to 27.5 GHz. The measurement results follow the
same trend as the simulations. The two broadside modes have
a similar gain difference to the simulations and the gain of
broadside +z mode is still higher than that of broadside
−z mode. The gain of endfire mode is lower compared with
both broadside modes. The gain of the three modes increases
from 24 to 26 GHz and decreases from 26 to 27.5 GHz, which
indicates that the resonant frequency of the directors moves to
a lower frequency compared with the simulation. The total
efficiency in the simulations is shown as the dot lines. The
endfire mode has lower efficiency than the broadside modes
because the p-i-n diodes are all ON, and thus, the total parasitic
resistance is higher. All three modes have total efficiency
between 68% to 80%. Since the realized gain level in the
measurements is very close to the simulation, it is reasonable
to believe that the total efficiency in the measurements is also
similar to the simulations.

C. Beam Scanning and Spatial Coverage

The beam scanning and spatial coverage are investigated in
the simulation. The E-plane beam scanning of the three modes
at 28 GHz is shown in Fig. 19(a)–(c). For each mode, nine
beams are adopted to demonstrate the scanning range. The
scanning angle is from −50◦ to 50◦ for the two broadside
modes and from −40◦ to 40◦ for the endfire mode. The
realized gain is from 7 to 10 dBi for broadside +z mode,
8.5 to 10.7 dBi for broadside −z mode, and 5.3 to 8.2 dBi for
the endfire mode. The active reflection coefficients (ARCs)
of array element 3 is shown in Fig. 19(d). The angles 0◦
and 150◦ are the feeding phase difference, which corresponds
to the array elements in phase and with the largest scanning
angle. The ARC is below −10 dB when in-phase and below
−6 dB when scanning at largest angle, which is still under an
acceptable level.

The spatial coverage of the proposed array is shown
in Fig. 20. For each frequency, it is calculated by the highest
achievable gain at each direction of the 3-D space from
all the possible beams generated by the beam switching
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TABLE III

COMPARISON WITH DIFFERENT 5G mm-WAVE ANTENNAS FOR HANDSETS

Fig. 19. Simulated beam scanning E-plane patterns at 28 GHz and ARCs of
array element 3. (a) Broadside +z. (b) Broadside −z. (c) Endfire. (d) ARCs
of array element 3.

Fig. 20. Coverage efficiency of the proposed array.

and beam scanning. According to the UE spherical coverage
for power class 2 in 3GPP specification [27], the minimum
EIRP at 60% CDF is 18 dBm for frequency band n258
(24.25–27.50 GHz). If we consider the transmission power
of 20 mW (13 dBm), the antenna gain should be at least
5 dBi for the corresponding coverage. The “broadside +z,”
“broadside −z,” and “endfire” represent the coverage effi-
ciency of each single-mode at 28 GHz. The array can cover

more than 90% space at 0-dBi gain in the whole operating
band. At realized gain at 5 dBi, the coverage efficiency at
26 GHz is around 65%, at 30 GHz is around 70%, and at all
the other frequencies is around 80%. For only one working
mode, which represents the arrays without beam switching,
the coverage efficiency at 5-dBi gain is from 30% to 40%.

As mentioned in Section III-E, the proposed beam switching
antenna reaches nearly the same total efficiency and bandwidth
as a dipole antenna backed with a large reflector, while the
proposed antenna has a much lower profile. The performance
of the proposed array is also compared with two dipole arrays
backed with conductors on different sides. The profile of the
dipole arrays with conductor is higher in order to reach the
same impedance matching as the proposed array. The total
efficiency is similar in both cases. The coverage efficiency of
the array with conductor is slightly lower than the proposed
array. Furthermore, the switching loss between two reflector-
backed dipoles is not considered here, but the p-i-n diode loss
in the proposed array is included. The loss of a commercial
switch module in mm-wave bands is at least 2 dB currently.

In Table III, the performance of the proposed antenna
is compared with some other 5G mm-wave antennas for
handset devices. The first element of the dimensions represents
the clearance, and the second is the thickness of the PCB.
The works in [5] and [6] are reported in the introduction
as examples of beam switching arrays, which contain three
subarrays. In [30] and [31], the arrays are integrated with the
metallic casing of the phone, which reduces the clearance
but increases the thickness. Two subarrays, which contain
eight array elements each, are implemented to improve the
spatial coverage. The work in [7] is also mentioned in the
introduction due to the reconfiguration of the radiation pattern
of the array elements. The array in [32] is presented as a
wide scan angle array to achieve high spatial coverage over
a wideband. Compared with all those articles, the proposed
array has the least array elements but still reach the same and
higher spatial coverage than [7] and [32]. It also has higher
bandwidth and smaller dimensions than [5]–[7].

V. REALISTIC OPERATING ENVIRONMENT IMPACT

In this section, some impacts from the realistic operating
environment are discussed. First, the influence of the solder
paste for the p-i-n diodes is presented, and then the array
performance in a real mobile phone model is introduced.
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Fig. 21. Influence of the conductive glue. (a) Antenna model with conductive
glue. (b) Radiation patterns with conductive glue.

Fig. 22. Postsimulated and measured reflection coefficients of array ele-
ment 3.

A. Influence of Solder Paste

In the measurement, the p-i-n diodes are soldered manually
with conductive glue, whose main ingredient is silver. There-
fore, the position, amount, and distribution of the conductive
glue cannot be controlled very well. The conductive glue
introduces parasitics into the directors and, as a result, changes
their resonant frequency. In this section, the influence of the
conductive glue is investigated, and the comparison between
the measured array and the postsimulated model with conduc-
tive glue is provided.

Fig. 21(a) shows a model of the proposed antenna with
conductive glue on the directors. The conductive glue is
silver and has a height of 0.5 mm. The simulated H -plane
(XOZ) radiation patterns of broadside −z mode is shown
in Fig. 21(b). At the same frequency of 28 GHz, the radiation
pattern of the antenna with conductive glue has a null at
the endfire direction (90◦) and higher gain at the broadside
direction comparing to the antenna without conductive glue.
This is because the conductive glue makes the operating band
shifting to lower frequencies. As we can see, the radiation
pattern of the proposed antenna without the conductive glue
at 28 GHz is similar to those of the antenna with conductive
glue at 25 GHz. As a conclusion of this experiment, 0.5-mm-
thick conductive glue is able to move the operating band by
around 3-GHz lower.

Comparisons between the measurements and postsimula-
tions are presented. A 0.5-mm-thick conductive glue is added
to all the directors in the postsimulations of the proposed
array. The reflection coefficients are shown in Fig. 22. The
gray area marks the operating band from 24 to 27.5 GHz.

Fig. 23. Postsimulated and measured H -plane (XOZ plane) radiation patterns
of array element 3 with conductive glue in the simulations. (a) 24 GHz.
(b) 25 GHz. (c) 26 GHz. (d) 27 GHz.

Fig. 24. Postsimulated and measured E-plane (YOZ plane for the broadside
modes and XOY plane for the endfire modes) radiation patterns of array
element 3 with conductive glue in the operating band. (a) 24 GHz. (b) 25 GHz.
(c) 26 GHz. (d) 27 GHz.

The postsimulations are slightly mismatched, and the results
agree with the measurements. By slightly tuning some para-
meters (la = 3.8 mm, ha = 1.3 mm, Sa = 0.2 mm, and
Ws = 0.6 mm), a −10-dB reflection can be reached. In the
massive production, the influence of p-i-n diodes can be much
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Fig. 25. Configuration of the proposed array in a mobile phone model.
(a) Explored view. (b) View of the proposed array. (c) Side view.

minimized by precisely controlled soldering procedures. The
coupling does not show too much difference after adding the
conductive glue in the simulations.

The simulated and measured H -plane (XOZ) radiation
patterns of the three modes from 24 to 27 GHz are shown
in Fig. 23. As we can see, considering the conductive glue,
the simulations and measurements have reached a good agree-
ment. Fig. 24 shows the simulated and measured E-plane
(YOZ plane for the broadside modes and XOY plane for
the endfire modes) radiation patterns with conductive glue
in the simulation model. The gain differences are caused by
the different tilting of the beams.

B. Array Performance in Mobile Phone Model

The proposed array is simulated in a real mobile phone
model, as shown in Fig. 25(a), which includes a screen (εr =
4.82 and tan δ = 0.0054), a plastic frame (εr = 3), a PCB
board (modeled as copper), and a glass front cover (εr = 6.84
and tan δ = 0.0297). The proposed array is mounted in the
corner of the PCB board, as shown in Fig. 25(b). The dc
feedings of the proposed array are touched with the screen.
The distance between the top edge of the screen to the plastic
frame is dscreen = 4.95 mm (0.46λ0 at 28 GHz). Each part
of the phone model has a different level of influence on
antenna performance. The plastic frame has no significant
influence due to the low dielectric constant. The screen

Fig. 26. Radiation patterns of the broadside +z mode with the mobile phone
model. (a) Patterns with different dedge. (b) Patterns with different dant.

will not have significant influence if the radiating parts fit
in the 4.95-mm gap. The glass front cover does not have
significant influence on the endfire radiation but has a strong
reflection of the broadside radiation due to the high dielectric
constant.

Two possible methods can solve this problem. One is to
add a plastic edge on the top of the glass cover in order
to reduce the reflection above the array. Fig. 26(a) shows
the radiation patterns of the broadside +z mode of array
element 3 with different width of the edge (dedge). As we
can see, by increasing the width of the gap, the front to back
ratio and the realized gain increase. The improvement from
dedge = 4 mm (0.37λ0 at 28 GHz) to dedge = 6 mm (0.56λ0
at 28 GHz) is not very significant; therefore, further increasing
the width of the edge will not bring more benefits.

Another solution is to add an identical glass cover on the
back of the phone in order to cancel out the reflection from the
front cover. In this case, the distance between the antenna and
the glass layers (dant) needs to be tuned in order to reach the
best cancellation. Fig. 26(b) shows the radiation patterns of the
broadside +z mode with different dant. As we can see, the best
broadside gain is reached when dant is 2.25 mm (0.21λ0 at
28 GHz) for broadside +z mode. The two solutions are only
two possibilities to this example model and are practical in real
designs. There could also be some other solutions depending
on the detailed phone configurations.

VI. CONCLUSION

This article has presented a four-element phased array with
radiation pattern-reconfigurable array elements for 5G mobile
terminal applications. The proposed array is designed for a
hybrid antenna system, which reaches large spatial coverage
but contains much fewer components compared with the
conventional multiarray system. The operating band is from
24 to 27.5 GHz in the measurement, which covers the allocated
5G band for Europe. The beam switching is simple, stable,
and not sensitive to the resistance loss of p-i-n diodes, which
guarantees high total efficiency. The array, which has been
fabricated by multilayer substrate, has a low profile and planer
structure. The small required clearance makes the array easily
integrated into most of the current mobile phones. All the
properties have shown that the proposed antenna and array
are good candidates for the 5G terminals.
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