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ABSTRACT A beamwidth reconfigurable linear array antenna utilizing three magneto-electric (ME)
dipole antenna elements with no need for a complex feeding network is presented. In this design, the ME
dipole antenna elements are differentially excited by three parallel transverse resonant slots etched on the
broad wall of a substrate integrated waveguide (SIW) cavity. By symmetrically embedding four copper
posts that are connected to varactor diodes between the adjacent slots, the electric field perturbation in
the SIW cavity can be realized by manipulation of the varactors. In other words, altering bias voltage
of all the varactors simultaneously could offer granular control over the excitation amplitude and phase
of the antenna elements. Consequently, continuously variable beamwidth of the antenna can be obtained
under electronic control. A fully operational prototype was designed, fabricated, and tested to validate
the proposed design. Measured results indicate that the overlapped −10 dB impedance bandwidth of the
proposed antenna is 19.6% and the half-power beamwidth (HPBW) in the E-plane is capable of varying
from 39◦ to 107◦ within the operating frequency band.

INDEX TERMS Beamwidth reconfigurable antenna, magneto-electric (ME) dipole, substrate integrated
waveguide (SIW), varactor diode.

I. INTRODUCTION

PATTERN reconfigurable antennas have been extensively
used in wireless communication systems during the past

few decades, for their high security, interference suppression,
and large coverage area. A great deal of research has been
conducted on the realization of scanning-beams [1], [2] or
steerable-beams [3]–[5]. Another typical case is that the radi-
ation pattern can be switched between unidirectional mode
and omnidirectional mode [6], [7]. But when it comes to
mobile communication systems, dynamic beamwidth control
is commonly directed at base stations to improve the traffic
capacity for different cells. For instance, when the base-
station antennas are located in a relatively dense urban area, it
is recommended that the radiation beamwidth be set to about
65◦ to decrease pilot pollution caused by a comparatively

small station spacing, whereas if they are based in a subur-
ban, the beamwidth then should be adjusted to around 120◦
for a large coverage area. Besides that, for the scenario of
expressway or cross-sea bridge, the beamwidth is required
to narrow down to 30◦ or so, with the purpose of covering
a longer distance and restraining interference. Furthermore,
with the rapid progress of city construction, the next genera-
tion cellular network environment changes frequently. Under
such circumstances, in order to accommodate the needs and
requirements of a variety of purposes and application sce-
narios, an installed base station antenna should be easy to
achieve a dynamic continuous variation of the beamwidth.
According to the existing literature, beamwidth

reconfigurable antennas could be implemented in sev-
eral different methods. The most stereotypical way required
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some mechanical movements, namely, manually adjusting
distances between an RF feed horn and its reflectors [8]
or moving metallic flaps of a bended H-sectoral horn
antenna [9]. This would lead to some inevitable problems
such as a lot of motion waste and a low alignment precision.
As an option, to electronically control the beamwidth, the
method of designing an antenna array configured with
a switchable feeding network was adopted [10]. In this way,
the number of the operative elements was selective, so the
radiation direction and the beamwidth could change accord-
ingly. But this was accompanied by a complex feeding
network and a dramatic increase of the number of elements
when a wider beamwidth adjustable range was desired.
Alternatively, a solution based on the electronic control of
the beamwidth using a partially reflective surface (PRS)
antenna was proposed [11], [12]. The reconfiguration was
accomplished by varying the reflectivity of the PRS through
embedded varactor diodes or microelectro mechanical
system (MEMS) switches. However, an extremely narrow
bandwidth of about 1.5% and its complex structure restricted
the practical application of this kind of antenna.
Recently, some promising beamwidth reconfigurable

designs adopting magneto-electric (ME) dipole antennas
with good performance have been reported [13]–[16]. Based
on the different reconfiguration mechanism, they can
be classified into two categories: a three-element ME
dipole antenna array configured with a switchable feeding
network [13], or a single ME dipole antenna with artificially
introduced tunable components [14]–[16]. In [13], the half-
power beamwidth (HPBW) could switch between 37◦ and
136◦ within a 15% fractional frequency band, as it was lim-
ited to the only two types of excitation phase distribution. To
enhance the impedance bandwidth and the beamwidth vari-
ability, several sets of tunable strip gratings were assembled
on the ground plane of an ME dipole antenna, resulting
in an H-plane HPBW ranges from 81◦ to 153◦ covering
a 40% impedance band [14]. Nonetheless, a large amount
of p-i-n diodes (90 in total) kept the design away from a sim-
ple installation and operation. The remaining designs placed
some tunable parasitic dipoles [15] or tunable parasitic
patches [16] on the sides of a driven ME dipole, there-
fore, a continuous beamwidth reconfiguration was realized
by tuning the bias voltage of a varactor diode loaded in each
parasitic element. However, their narrowest H-plane HPBW
was as wide as 80◦, and so might not be employed in some
special scenarios such as road tunnels or long span bridges.
Here we propose a new reconfigurable beamwidth ME

dipole antenna configured with three aperture-coupled ME
dipole elements, four post-loaded varactors embedded in the
underneath substrate integrated waveguide (SIW) slotted-
cavity. By altering the junction capacitance of the varactors
at specific positions between the adjacent slots, the excita-
tion amplitude and phase distribution of the array antenna is
adjustable via just one dc power supply, thus the proposed
antenna can continuously vary the E-plane beamwidth.
Besides, the bias circuits of the varactors are built on the

bottom surface of the SIW so that no dc wire is soldered on
the upper surface, then their consequent negative impact on
the radiation performance can be minimized. The proposed
ME dipole antenna was fabricated and experimentally veri-
fied, indicating the antenna has an HPBW tuning range from
39◦ to 107◦ cover a 19.6% impedance band.

II. ANTENNA DESIGN AND OPERATION PRINCIPLE
A. GEOMETRY
The geometry of the proposed ME dipole array antenna is
illustrated in Fig. 1. The antenna is mainly composed
of three typical ME dipoles, a SIW slotted-cavity, and
four copper posts connected to varactors. The ME dipole
antenna, inspired by the concept of the complementary
antenna consisting of an electric dipole and a mag-
netic dipole with perpendicular orientation and co-phase
excitations [17], [18], is selected as the radiation element
owing to the merits of wide bandwidth, unidirectional radia-
tion, and stable beamwidth [19], [20]. As depicted in Fig. 1,
each dipole comprises four horizontal metallic patches, four
vertical metallic columns, and a crossed strip connecting
the inner corners of the four patches for good impedance
matching [21]. A 0.787-mm-thick substrate with relative per-
mittivity of 2.33 is used to print the patches and the strips.
The triple-dipole elements are integrated onto a 3.175-mm-
thick Rogers laminate (εr = 2.33, tanδ = 0.0012) with
a box-shaped reflector. Unlike the �-probe fed ME-dipole
antenna that is commonly used, the proposed dipole ele-
ments are separately excited by three transvers slots situated
on the upper metal surface of a SIW cavity. Moreover, they
are differentially fed by two coaxial probes within the cavity
to obtain a symmetrical radiation pattern in the H-plane.
The bottom rectangular SIW cavity is constituted with

four arrays of metallized via-holes with uniform spac-
ing. Those conducting vias act as metal sidewall of the
cavity, so the diameter dv and spacing Sv of the vias
should meet the requirement of dv/Sv = 0.5 and dv/λ0 =
0.1 to prevent energy leak, where λ0 is the free-space
wavelength [22], [23]. Afterwards, three parallel rectangu-
lar slots are placed on the upper surface of the cavity with
an element spacing of about 0.5λ0. The length Ls of the
resonant slot is set to approximately half wavelength of the
operating frequency in the substrate. For a conventional SIW
cavity-backed slot antenna structure, TE120 mode is com-
monly served as the dominant mode. In this context, the
proposed three-element linear array is composed of three
slots, thus TE160 mode is the associated dominant mode
in the rectangular SIW cavity. As we know, for a rectan-
gular SIW resonant cavity, the approximate values of the
equivalent length Leff and width Weff are determined by:

fmn0 = c

2
√

μrεr

√(
m

Weff

)2

+
(

n

Leff

)2

(1)

where fmn0 denotes the eigenmode frequency, μr and εr are
the relative permeability and permittivity of the substrate, c is
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FIGURE 1. Geometry of the proposed beamwidth reconfigurable ME dipole antenna: (a) 3-D view; (b) top view; (c) sectional view.

TABLE 1. Key antenna parameters (in MM).

the light velocity of free space, m and n refer to the numbers
of variations in the standing wave pattern along the x- and
y-axis directions, respectively. Based on the above analysis,
the initial dimensions of the slots and the SIW cavity can be
determined. The configuration of the copper posts and the
varactors will be explained in Sections II-C and II-D. The
detailed dimensions of the proposed antenna are tabulated
in Table 1.

B. THREE-ELEMENT ARRAY MODEL
As mentioned above, the three slots are designed to act as
resonant slots, then TE160 resonant mode can be generated in
the SIW cavity, which can be seen in Fig. 2. The transverse
electric fields, represented as blue short arrows, arise at the
long edges of the slots along the y-axis. Accordingly, the
corresponding equivalent magnetic currents flow along their
vertical edges, represented by red dashed arrows. Ignoring
the effect of the post-loaded varactors, the three magnetic
current densities are supposed to have uniform amplitude.
In this case, since the superstratum dipoles are excited by

FIGURE 2. Electric field isoline of TE160 mode in the SIW slotted-cavity of the
proposed antenna.

those slots respectively, the proposed antenna can be regarded
as a three-element linear array, and the main lobe of the
array points to the broadside direction with a relatively
narrow HPBW.
As illustrated in Fig. 3, the total radiation pattern of

a three-element linear array in the H-plane can be represented
as [24]:

F(θ)T = AF × f (θ)

=
[
a1e

−j(kr1+�1) + a2e
−j(kr2+�2) + a3e

−j(kr3+�3)
]
f (θ)

(2)

where AF is the array factor, f (θ) is the radiation pattern of
a single antenna element, and an and �n (n = 1, 2, 3) are the
excitation amplitude and phase of the elements, respectively.
It is well known that the uniform amplitude distribution
and the progressive phase difference between the elements
are commonly used in the conventional scanning phased
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FIGURE 3. Three-element linear array model.

arrays. But for the operation of the beamwidth reconfigu-
ration, the amplitudes and phases of the bilateral elements
should be identical, but are different from that of the center
element [13]. Assuming a2 = Ra1 = Ra3, �2 = �1 + β =
�3 + β, so the array factor turns into

AF = a1
[
2cos(kdsinθ) + Rcosβ − jRsinβ

]
. (3)

Any variation in the amplitude ratio R and/or the phase dif-
ference β between the side elements and the center element
will change the array factor, hence influencing the radiation
beamwidth.

C. RECONFIGURATION PRINCIPLE
For one thing, the desired nonuniform amplitude distribution
of the elements, namely, diverse amplitude ratios R, can be
realized by strategically introducing a number of post-loaded
varactor diodes into the bottom feed layer. Moreover, these
varactors arranged at selected positions can also change the
excitation phase distribution as well.
To control the excitation amplitudes of the three elements

and avoid considerably changing the resonant mode in the
cavity, we place four conductive posts connected to varac-
tors in the area of weak field in pairs. As you can see from
Fig. 1(b) and Fig. 2, the four posts are symmetrical with
respect to the center slot, and every pair of them are sand-
wiched between two adjacent slots. Specifically, altering the
longitudinal separation between the posts and the middle
slots D2, has a great influence on the resonance occurred in
the cavity. But the change in the transversal spacing of the
posts D1 has a relatively small impact and D1 is tweaked to
acquire appropriate insertion loss.
To better illustrate the effect of the post-loaded varactors,

the E-field distributions in the SIW cavity with and with-
out the varactors are shown in Fig. 4. For the case without
the varactors, the E-field intensity distributions of the three
slot-resonances appear nearly identical (see Fig. 4(a)), thus
it can be approximately regarded as a uniform amplitude
three-element array that yields the smallest HPBW [24]. If
we embed the varactors into the cavity at the selected loca-
tions and set their capacitances Cv as low as 1.1 pF, as shown
in Fig. 4(b), the difference of the E-field intensity between
the side slot resonance and the middle one increases a little,
but is still comparatively small, implying a small variation
in the amplitudes of the three elements. In consequence,

FIGURE 4. Electric field distributions in the SIW slotted-cavity (a) without the
varactors, and with the varactors for different Cv at 2.5 GHz: (b) Cv = 1.1 pF;
(c) Cv = 1.5 pF; (d) Cv = 2.0 pF.

the corresponding beamwidth in the H-plane increases a lit-
tle bit. As Fig. 4(c) shows, when Cv continues to increase,
significant different field intensity distributions within the
resonant cavity can be observed, especially for the side ele-
ments. From Fig. 4(d), if Cv is increased to 2.0 pF, the
associated resonance within the cavity turns out to be quasi-
TE140 mode. The slots on both sides perform like half-mode
resonant slots since the lateral E-field strength is vanishingly
small. That is, due to the effect of the varactors, the E-field
magnitude distribution in the cavity can be greatly affected.
As a result, such a great disparity in the amplitude between
the side elements and the center one leads to an even wider
beamwidth in the H-plane.
Next, let us move on to the mechanism of varying phase

distributions of the antenna array (i.e., diverse phase differ-
ences β). If we insert a copper post in a section of the SIW
transmission line, as shown in Fig. 5(a), it is equivalent to
a T-network, which is given for illustration purpose only.
The normalized reactance X stands for the capacitive cou-
pling effect between the post and the narrow metal wall of
the SIW, whereas the normalized susceptance B is brought
by the inductive post [25].
In the process of traditional phase shifter designs, varactors

or p-i-n diodes are commonly adopted to produce phase
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FIGURE 5. Simplified circuit networks of (a) the post, (b) the post connected with
varactors embedded in the SIW, and (c) the varactor.

differences [25], [26]. So we add varactors onto the upper
and lower surfaces of the SIW separately and connect them
with the copper post, as shown in Fig. 5(b). Note that the both
surfaces of the SIW are etched with annular ring slots around
the post for proper installation of the varactors. After making
this change, the post connected to varactors still can be
identified with a T-network, but the normalized susceptance
D becomes the capacitive load between the broad wall of
the SIW, which is generated by the parallel capacitance of
the aforementioned varactors. The phase shift θ caused by
the varactors can be derived from [26]:

θ = tan−1
[(

−Y + 2

D
+ 1

Y

)
/

(
2 ×

(
Y

D
+ 1

))]
(4)

where the normalized reactance Y is invariable as the position
of the posts is fixed. Therefore, we can infer that the phase
distribution changes with the different capacitance of the
varactors.

D. DESIGN ARGUMENT
In order to verify its feasibility, we chose the varactor diode,
model Skyworks SMV2023-011LF, as the tunable component.
According to the datasheet given in [27], its equivalent cir-
cuit model is given in Fig. 5(c). If we regulate its bias voltage
from 20 to 0V, the corresponding capacitance Cv can vary
from 1.1 to 12.3 pF. Additionally, cathodes of the varac-
tors are soldered to the posts and connected to the positive
terminal of a dc power supply via dc wires. Naturally, anodes

FIGURE 6. Current distributions on the horizontal patch, and 3-D radiation patterns
of the proposed antenna with different Cv at 2.5 GHz. (a) Cv = 1.1 pF; (b) Cv = 1.5 pF;
(c) Cv = 2.0 pF.

FIGURE 7. Phase distributions of E-field on the horizontal patch with different Cv at
2.5 GHz. (a) Cv = 1.1 pF; (b) Cv = 1.5 pF; (c) Cv = 2.0 pF.

of the varactors are soldered to the metal surface of the SIW
and connected to the ground terminal of the dc power sup-
ply. Also noteworthy is that some dc contact pads surrounded
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FIGURE 8. Photographs of the fabricated beamwidth reconfigurable antenna. (a) 3-D
view, (b) side view, (c) unassembled laminates, (d) bottom view, (e) measurement
setup in anechoic chamber.

by isolation slits on the bottom surface are intended for dc
isolation of the varactors, as can be seen in Fig. 5(b). We
select inductors of 47-nH, model Murata LQW18A, as the
RF choke, and place them between the dc pads and the
post-loaded varactors.
The surface current distributions on the horizontal dipoles

with different Cv are shown in Fig. 6. When Cv varies
from1.1 to 2.0 pF, the difference of the electric current den-
sity between the side dipoles and the center one is increased
remarkably. And it is worth noting that there is very little
change on the current intensity of the center dipole, whereas
those of the side dipoles have undergone noticeable changes
as Cv increases. The three-dimensional radiation patterns
with varying Cv at 2.5 GHz can also be seen in Fig. 6. It

FIGURE 9. Simulated and measured reflection coefficients and peak gains of the
proposed antenna with different Cv . (a) simulated results; (b) measured results.

indicates that the E-plane beamwidth gradually increases as
Cv increases, whereas the H-plane beamwidth keeps almost
unchanged. Besides, the phase distributions of the E-field on
the patch with different Cv are plotted in Fig. 7. It can be seen
that there is a gradual shift in the phases of the antenna ele-
ments when Cv is increased step by step. Consequently, by
jointly varying the excitation amplitude and phase distri-
bution of the three-element array, the synthesized radiation
pattern can be electronically controlled by altering Cv.

III. SIMULATED AND MEASURED RESULTS
Simulation was carried out using Ansys HFSS [28]. To ver-
ify the proposed design, a fully functional prototype was
fabricated, as shown in Fig. 8. To facilitate the assembly of
the antenna, some screw holes were drilled in the laminates,
and plastic screws were used in the bottom laminate that had
little effect. In addition, a 180◦ hybrid coupler was adopted
to implement the differential feed of the proposed antenna,
as can be seen in Fig. 8(e). Reflection coefficients (|Sdd11|)
were measured by a Keysight N5225A network analyzer,
while antenna gains, radiation efficiencies, and far-field radi-
ation patterns were obtained by a Satimo Starlab near-field
measurement system.
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FIGURE 10. Simulated and measured radiation patterns in the H-plane with different
Cv: (a) Cv = 1.1 pF; (b) Cv = 1.5 pF; (c) Cv = 2.0 pF; (d) Cv = 2.1 pF.

Simulated and measured differential reflection coefficients
and peak gains of the proposed antenna under different
capacitance values Cv of the varactors are plotted in Fig. 9.
The measured reflection coefficients are with good agree-
ment with the simulated ones. It is observed that the
simulated broadside gain is as high as 12.6 dBi when
Cv is 1.1 pF. But the peak gain drops to approximately
7.9 dBi when Cv is 2.1 pF. In essence, such a big dis-
crepancy between the two states is due to the large E-plane
beamwidth variation among them. The measured overlapped
−10dB impedance bandwidth is about 19.6% from 2.26 to
2.75 GHz. It can be found that the impedance matching
with different Cv is not completely consistent with each
other. This can be attributed to the varying impedance of

FIGURE 11. Simulated and measured radiation patterns in the E-plane with different
Cv: (a) Cv = 1.1 pF; (b) Cv = 1.5 pF; (c) Cv = 2.0 pF; (d) Cv = 2.1 pF.

TABLE 2. Measured H-plane and E-plane HPBWs, peak gains, and efficiencies of the

proposed antenna.

the antenna for diverse Cv from the standpoint of the equiv-
alent circuit. From the figure, the measured broadside gains
are slightly lower than the simulated results. The degradation
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TABLE 3. Comparison between the proposed and reported beamwidth reconfigurable antennas.

of the measured results is basically caused by manufacturing
and measuring errors.
Table 2 summarizes the measured peak gains of the

proposed antenna within its operation band. We can see that
the measured antenna gain is 11.1 ± 2.0 dBi when Cv is
1.1 pF. Then it declines to 7.4 ± 2.4 dBi when Cv increases
to 2.1 pF. From the table, the measured radiation efficiencies
are around 70% for different operation states.
When Cv is selected as 1.1, 1.5, 2.0, and 2.1 pF, in turn, the

simulated and measured radiation patterns of the proposed
antenna in the H-plane and the E-plane at frequency points of
2.4, 2.5, and 2.6 GHz are plotted in Fig. 10 and 11, respec-
tively. It can be found that the H-plane radiation patterns
are steady under different conditions, whereas the E-plane
patterns vary dramatically when Cv changes. The measured
HPBW in the H- and E-planes of the antenna are recorded
in Table 2. It is noticeable that the H-plane HPBW is about
56◦ for different Cv. By contrast, the E-plane average HPBW
is able to continuously vary from 39◦ (for Cv = 1.1 pF) to
107◦ (for Cv = 2.1 pF), which are in line with expectations.
Besides, the trivial distinctions of the E-plane HPBWs in
the same state at different frequencies are mainly caused by
slight variations of the resonance within the SIW cavity.
In addition, the proposed antenna has unidirectional radi-

ation patterns with the front-to-back ratio larger than 15 dB
and the cross-polarization level lower than −17 dB over the
working frequency range. It can be seen that good agree-
ment is achieved between the simulated and measured results
except for the cross-polarization level. During the simula-
tion, it is found that the dc bias network does not affect
the impedance matching and the gain of the antenna, but it
interferes slightly with the cross polarizations. The simulated

cross- polarization levels are extremely small in different
states. This is because the ideal differential feed in the simu-
lation is able to offer two balanced inputs with equiamplitude
but out of phase, then the cross-polarization level is promi-
nently lowered. But during the measurement, the practical
180◦ hybrid coupler and cables exposed in the radiation
field, had a detrimental effect on the antenna performance,
thus the measured results are worse than the simulated ones.
Moreover, the phase tolerance caused by the coupler also
aggravates their degradation.
Lastly, the performance of this work is summarized in

Table 3 to compare with the reported beamwidth reconfig-
urable antennas. The sector horn antenna presented in [9],
could vary H-plane HPBW from 17◦ to 59◦. Its reconfigura-
tion strategy was moving two flaps mechanically, which has
the drawbacks of low accuracy and narrow bandwidth. As
for the arrays with switchable feeding networks proposed
in [10] and [13], the associated HPBWs could only be
switched between three and two states respectively. Thus
this might impede their extensive application in the complex
and dynamic communication scenarios. Two PRS anten-
nas were put forward in [11] and [12], the H- and E-plane
beamwidth control were accomplished by integrating varac-
tors or MEMS elements with the PRS unit cell. However,
the complexity and massive usage of switches would cause
many inconveniences to practical applications.
It can be found that the designs utilizing ME dipole struc-

ture show the superiority of wide bandwidth compared to
the others. The ME dipole antenna with six tunable strip
gratings proposed in [14] has a wide bandwidth of 40% and
an HPBW variation range from 81◦ to 153◦, but the exces-
sive usage of PIN diodes remains a major problem. The
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ME dipole antennas using tunable parasitic dipoles presented
in [15], offering an additional design option for the polariza-
tion diversity. And its HPBW variation range covers from 80◦
to 160 ◦ in the H-plane with a 10% impedance bandwidth.
Similarly, another ME dipole antenna adopting parasitic
patches could vary its HPBW in both the E-plane (65◦-
120◦) and the H-plane (80◦-120◦) with a 4.9% impedance
bandwidth [16]. Compared with [15] and [16], this work
has a higher HPBW variation ratio of up to 274%, a greater
peak gain of 11.1 dBi, and a higher overlapping bandwidth
of 19.6%, but a slightly larger dimension than [15].

IV. CONCLUSION
A simple three-element ME dipole linear array antenna with
beamwidth reconfiguration in the E-plane has been
developed using the proposed methodology. The antenna ele-
ments are driven by three slots etched on the bottom SIW
cavity. Without designing a complex feeding network, differ-
ent amplitude and phase distribution of the array antenna is
realized by tuning some post-loaded varactors embedded
in the cavity. Only one dc signal is required to dynami-
cally control the beamwidth. A 19.6% impedance bandwidth
for |Sdd11| < −10 dB is realized, unidirectional radia-
tion patterns with the cross-polarization level lower than
−17 dB and the back radiation level lower than −15 dB
are achieved in all operation states. The E-plane HPBW can
continuously vary from 39◦ to 107◦. With the features of
simplicity in principle and setup, ease of control, and a wide
adjustable beamwidth range, the proposed antenna is quali-
fied to meet the requirements of flexible coverage of mobile
communication systems.
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