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ABSTRACT This contribution presents a novel 3-D circular conformal MIMO antenna system composed
of three magneto-electric dipoles (MED) antennas. The single MED element was delicately designed to
include one main (lower-band) dipole and two auxiliaries (upper-band) dipoles in order to achieve the
dual-band radiation. The proposedMED owns a low-profile conformal geometry but features a wide H-plane
beamwidth (minimum 103◦). By embedding the metamaterial of the broadside-coupled E-shaped unit cells
into the magnetic dipole, the height of MED can be dramatically reduced by 37.2% as compared with the
conventional ones. Meanwhile, the two U-shaped notches together with a rectangular notch were included
onto the E-dipole to create a band-notch, which offers the anti-interference capability to the ubiquitous 2.4-
GHz signal of the wireless local area network. According to the measurement results, the MED element
exhibits an impedance bandwidth of 54.2% (1.68–2.93GHz) with a stable gain of 6.05±1.15 dBi in the lower
band and 9.2% (3.32–3.64 GHz) with 5.71 ± 0.7 dBi in the upper band, respectively. Moreover, the three-
element MIMO system provides quasi-omnidirectional coverage in the H-plane from 1.68 to 3.64 GHz. The
outstanding performance metrics validate the proposed ME dipole antenna that is well suited for the future
sub-6-GHz fifth-generation MIMO mobile base stations.

INDEX TERMS Conformal antenna, magneto-electric dipole, miniaturization, MIMO antenna,
5G base-station antenna.

I. INTRODUCTION
With the increasing demand of high-speed data trans- mis-
sion and the coexistence of different kinds of commu-
nication networks, multi-frequency and wideband mobile
communication systems have become a hot research area.
In China, the frequency bands of 0.81-0.96 GHz and
1.71-2.69 GHz have been assigned tomobile networks for the
2G/3G/LTE communications [1]–[3]. Since November 2015,
the 3.5 GHz C-band (3.4-3.6 GHz) has been distributed
as the future mobile communication by the World Radio
Communication Conference 2015 (WRC-15) [4]. As the
5G network offers massive users the ability to access with
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higher data rates, greater robustness and reduced power con-
sumption, many research related to 5G wideband anten-
nas were reported [5]–[7]. Due to the advantages such as
enhancing channel capacity, improving the performances
of transmitting and receiving signals, arranging massive
antennas into a limited space and so on, the MIMO tech-
nology has become a core technology for 5G applications.
Recently, several 5G MIMO antennas for smart phones were
proposed [5]–[8]. By symmetrically placing two different
antenna array types along the long edges of the system ground
plane, a dual-polarized hybrid eight-antenna array operating
in the 2.6-GHz band for 5G MIMO smartphone applications
was proposed in [6]. Meanwhile, by using an 8×8 MIMO
array instead of a single antenna, a hybrid antenna composed
of two modules (4G and 5G antenna modules) was
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proposed [7]. In [8], a 12-port massive MIMO antenna array
was proposed for sub-6GHz mobile handset. However, litera-
ture on 5G MIMO base-stations antenna was rarely reported,
owing to its design difficulty in such a wide frequency band.
In China, integration of 2G/3G/LTE/5G communications by
mainstream telecom operators have only used the frequency
bands of 1.71-2.69 GHz and 3.3-3.6 GHz in order to fulfill
the requirements of multi-network integration and save on
upgrade costs.

In the past decade, owing to the outstanding radiation
characteristics, such as the high unidirectional gain, low
cross-polarization, high front-to-back ratio, as well as the
possible wide H-plane radiation patterns, the unidirectional
MED antenna, which was initiated by Luk and Wong [9], has
been widely investigated and offered as a potential candidate
for 5G communications [10], [11]. In [10], by employing a
L-shaped feeding strip to excite a pair of dual-layer elec-
tric dipoles, a dual-band impedance bandwidth ranged from
0.78 GHz to 1.1 GHz and from 1.58 GHz to 2.62 GHz was
achieved. With the dual-wideband bandwidth, this antenna
can be used for 2G/3G/LTE application. In order to fulfill
the requirements of wider bandwidth and enhance channel
capacity, an antenna composing of five dual-polarized MED
elements mounted on the five faces of a grounded metallic
cubic structure was proposed for MIMO base-station appli-
cation [11]. There, the four dual-polarized elements were
rotationally combined in a ring-configuration, four differ-
ent radiation patterns with polarization diversity were then
achieved. However, both of these designs could not cover
the 5G frequency band and were suffering from the bulky
volume, which has been the major design challenge of MED
antennas thus far. The conformal antenna array has advan-
tages that include wide-angle coverage, space saving, and
easy installation [12]–[14]. Therefore, arranging the antenna
elements to form aminiaturized 3D conformalMIMO system
is economical. The method can potentially solve the MED
antenna’s profile problem.

Nowadays the coexistence of many different kinds of
ultrawideband and multi-frequency communication systems
has been known as the design challenge for antenna engi-
neers. This makes the anti-interference capability (AIC)
an important performance indicator for high-performance
antennas, especially in base-station applications. Vari-
ous interesting antennas with band-notch characteristic
for base-station and WLAN applications were proposed
recently [15]–[17]. In order to reduce the number of anten-
nas while expanding coverage to provide secure services for
mobile users in dense environments, unidirectional anten-
nas with high directivity and wide (H-plane) beamwidth
become an urgent need. Research on the antennas with
wide H-plane beamwidth were reported and achieved good
performances [18]–[20]. Through introducing a modified
trapezoid-shaped ground, the upper- and lower-frequency
radiated dipoles were arranged with an inclined angle. Con-
sequently, the beamwidth in the H-plane could vary over a
range which was improved to 120◦ in the whole operating

bandwidth in [18]. To increase the flexibility, by employing
a feeding network with suitable element spacing and ampli-
tude distribution cooperating with a three-element linear ME
dipole array, a variable beamwidth could be obtained [19].
Nevertheless, their sizes proposed in [18]–[20] were still large
and could not cover the 5G frequency band.

Recently, metamaterials have attracted much attention in
physics and wireless communications communities because
of the extraordinary electromagnetic characteristics, which
have paved the way for the advancement of antenna design.
These include polarization conversion, size miniaturiza-
tion, gain enhancement, front-to-back radiation improve-
ment of slot antennas, bandwidth broadening, so on and
so forth [21]–[24]. In [21], by employing a 2D version
of metamaterial known as metasurface with symmetrical
window-shaped unit-cells, an antenna which converted lin-
early polarized (LP) signal to circularly polarized (CP) signal
with wide return-loss bandwidth and high gain was pro-
posed. Subsequently, by placing a thin metasurface on the
top of CP slot antenna, the front-to-back radiation ratio was
enhanced by 20 dB [22]. In [23], by arranging a metasur-
face composed of parallel strips on the top of a waveguide
antenna, the linear polarization direction could rotate by 45◦.
In [24], by inserting a stack of split-ring resonators into a
conventional MED antenna, the antenna height and volume
could be reduced by 20% and 48%, respectively, as com-
pared with the original antenna, without sacrificing antenna
performance.

In this paper, a conformal metamaterial-embedded MED
antenna and its 3D circular MIMO antenna system are pre-
sented. The triple-element MIMO antenna exhibits a quasi-
omnidirectional radiation pattern with high directive gain
in triple bands but occupies a smaller volumetric size. The
following innovative techniques have been used in the design,
which should be the contributions to the body of knowledge
in the area of antenna design:

(i) Hi-&-Lo MED: three arc-shaped dipoles were deli-
cately designed to create a dual-band in order to meet the
frequency specifications of 2G/3G/4G-LTE/Sub-6GHz 5G;

(ii) Metamaterial embedding: a stack of metamaterials was
embedded into the main MED, so that the antenna height is
reduced by 37%;

(iii) Band-notch technique: two U-shaped slots together
with a rectangular notch were included to afford the band-
notch, which provides AIC to the ubiquitous 2.4 GHzWLAN
signals; and,

(iv) Beamwidth enhancement and mutual coupling sup-
pression technique: arc-shaped-cavity reflectors were con-
ceived to achieve wide beamwidth and low mutual coupling
for the 3D MIMO system.

The rest of this paper is organized as follows: Section II
describes the geometries of the miniaturized Hi-&-Lo
MED element as well as the 3-element 3D MIMO sys-
tem. Section III delivers the innovative techniques stepwise
addressing the design objectives, whereas the design simula-
tion validated by the experimental results with a qualitative
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comparison are presented in Section IV. Finally, conclusions
are given in Section V.

II. DUAL-BAND CONFORMAL ANTENNA GEOMETRY
A. MINIATURIZED MED ANTENNA ELEMENT
The proposed antenna element consists of two types of
arc-shaped MEDs having similar heights with respect to
ground reflector after metamaterial embedding, a pair of
arc-shaped fences as parts of cavity reflector, a stack of
metamaterials composed of 14 layers of broadside-coupled
E-shaped resonators arranged in double-sided 3×2 formats
for the purpose of antenna height reduction. The Hi-&-Lo
MED is composed of a mainME (lower-band) dipole and two
auxiliary ME (upper-band) dipoles backed by a conformal
reflector with a size of L1×L2, as illustrated in Fig. 1.

FIGURE 1. Geometry of the proposed antenna and its 3D MIMO system:
(a) conformal Hi-&-Lo MED with metamaterial embedding,
(b) folded-fork-shaped feed, (c) side-view of Hi-&-Lo MED,
(d) slot-loading on Hi-dipole, (e) metamaterial composed of E-shaped
unit-cells, (f) conformal three-element MIMO antenna system.

The arc-shaped, conformal structure subtends an angle
of 2π /3 that offers a wide H-plane radiation patterns, whereas
the Hi-&-Lo MED provides dual-band impedance matching
as well as dual-band radiation. A pair of U-shaped slots and a

rectangular notch were consciously etched on the upper plane
of the arc-shaped electric dipole (lower-band dipole). These
notches cooperate with the metallic patch to generate a pair
of currents in the opposite directions (see Fig. 4) to provide
the band-notch radiation in the lower band. The arc-shaped
fences (shorted-walls) together with the ground between them
form amagnetic dipole. The electric dipole combined orthog-
onally with the magnetic dipole to constitute the ME dipole.
The folded-fork-shaped feeding structure, composed of a ver-
tical feed strip, a horizontal part and two coupling stubs, was
employed to excite the main MED. Moreover, the broadside-
coupled E-shaped resonators were designed and embedded
into the main dipoles. As a result, the antenna height and the
overall volume of MIMO antenna are significantly reduced.

B. CONFORMAL MIMO ANTENNA SYSTEM
Attributed to the wide H-plane feature of the conformal ME
dipoles, a MIMO circular array composed of three dipole
elements in a way that supports a quasi-360-deg coverage
in H-plane was designed, as shown in Fig. 1(f). In order
to improve the directivity of a single element and provide
high isolation between elements, a conformal reflector was
delicately designed with the addition of arc-shaped fences.
The three elements were mounted evenly along the circum-
ference of a circular ring having a radius of R1 to form a
3D conformal MIMO array. As a result, the mutual coupling
between the MED elements can be effectively suppressed
leading to excellent ECC performance, which is a key param-
eter of MIMO antenna system. Attributed to the inherent
nature of the ME dipole and the distinct arc-shape design,
the MIMO antenna system offers a stable gain performance,
an omnidirectional coverage, a low ECC in a compact profile.
The key geometrical parameters of the proposed ME dipole
antenna and its 3-element MIMO system are summarized
in Table 1.

TABLE 1. Geometrical parameters.

III. TECHNIQUES ADDRESSING THE DESIGN GOALS
In order to fulfill the design specifications of the 5G
mobile standards including the current standards (e.g. 3G and
4G-LTE), and the design objectives: a low-profile geometry
yet wide beamwidth, high forward radiation, stable gain,
smooth radiation patterns, low cross-polarization, and low
mutual coupling, a number of innovative techniques were
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applied to the design of the MIMO base-station system. The
techniques addressing the design objectives are described
in the following subsections. The key parameters in special
structures were investigated by using ANSYS High Fre-
quency Structure Simulation (HFSS) [25].

A. DUAL-BAND AND BAND-NOTCH TECHNIQUES
1) DUAL-BAND CONFORMAL MED
A dual band was created by using three conformal
ME-dipoles with different sizes addressing the dual-band
wide-beam requirements. The one with Hi-dipole (L4×W10)
fulfills the lower-band requirement whereas the two (aux-
iliary) Lo-dipoles (L5×W11) address the upper-band oper-
ation. It should be noted that the Hi-Lo band performance
is not just the impedance matching but also the gain sup-
pression, as indicated in Fig. 2. The frequency band-gap
(2.97-3.3 GHz) is created by the dual-band antenna, which
are the unrelated frequencies of 2G/3G/LTE/5G.

FIGURE 2. A comparison of band-notch performances when using
combinations of different slots.

2) CREATION OF AIC/BAND-NOTCH AT 2.4 GHz
In addition to the dual-band operation, slot loading techniques
were applied to the horizontal planes of the low-band dipole
to address the need of anti-interference for the ubiquitous
WiFi (2.4 GHz) signals. Fig. 2 shows the performance com-
parison for the design approach on different slot combina-
tions. Without slots etched on the electric dipole, there is no
band-notch around 2.4 GHz occurred on both SWR and gain
curves. By using a window-shaped slot cooperating with a
single U-slot, the band-notch on both the gain and SWRwere
created (blue curves), however, there was a gain drop below
5 dBi at the middle-band of 2.6-2.7 GHz. As a compromise,
we chose the proposed slot combination, namely, use of
two U-shaped slots and a window-shaped slot, in order to
achieve stable gain across the frequency bands of interest.
Fig. 2 shows the overall results of such design effort within
the dual band, in particular, the broadside gain can be main-
tained above 5 dBi from the conformal design.

FIGURE 3. Current distributions at 2.40 GHz on the electric dipoles with
slots loading in a period: (a) 0, (b) T/4, (c) T/2, and (d) 3T/4.

In order to showcase the effectiveness of the U-slots
loading, the current distributions on the dipoles in a period
of 2.4 GHz were examined, as displayed in Fig. 3. It is
observed that the red currents are mainly distributed along
the edges of U-shaped slots. In other words, the U-shaped
notch patches play the primary radiating role at 2.4 GHz.
At t=0, as shown in Fig. 3(a), the currents on the inner
U-slot are flowing inward while the currents on the outer
U-slot are flowing outward. The two-way currents flow in
opposite directions and their effects will cancel out each
other. As a result, the far-field radiation is eliminated to create
the band-notch characteristic. At the time of T/4, the current
directions shown in Fig. 3(b) are entirely opposed to that
at t=0. This means that the main MED presents linearly
polarization characteristics. Similarly, the current directions
at the time of T/2 (Fig. 3(c)) are entirely opposed to that
of 3T/4 (Fig. 3(d)). Noting that, the currents of the electric
dipole become much stronger at t=0 than at t=T/4, whereas
the currents on the magnetic dipole are opposed to the electric
dipole. This reveals that the electric dipole and the magnetic
dipole play a main radiating role in a cycle.

Through the fine-tune process using HFSS simulation,
the horizontal length of U-shaped slots (W6), as shown
in Fig. 1(d), was found to be a crucial parameter to produce
the band-notch at 2.4 GHz, as well as the bandwidth in the
lower band. As shown in Fig. 4, whenW6 varies from 27.5 to
36.5 mm at an interval of 3 mm, the notch band around
2.4 GHz moves towards the lower frequencies and is getting
wider. The effective lower frequency bands become narrow
whereas the variation of bandwidth is limited in the upper
band. In order to obtain the notch band (2.4-2.4825 GHz) and
cover the lower-band (1.71-2.69 GHz), 30.5 mm was chosen
as the optimal length of outer U-shaped slot (W6).

B. BEAMWIDTH ENHANCEMENT TECHNIQUE
In order to obtain the wide-beam (H-plane) pattern in the
frequency bands of interest, especially for the Sub-6GHz 5G
frequency bands, the dipoles were conceived as arc-shaped
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FIGURE 4. Effect of horizontal length of U-slots (W6) on the impedance
matching of the dual-band MED.

FIGURE 5. Comparison of half-power beamwidth performance (H-plane)
on different types of Hi-&-Lo MED.

(conformal) structures with different heights, R4 and R2,
respectively, with respect to the center of MIMO system
(Fig. 1(f)). A comparison on the achievable half-power
beamwidth (HPBW) between the ordinary planar-shape and
arc-shape dipoles is shown in Fig. 5. With the proposed arc-
shaped dipoles, HPBW of 102±7◦, 135±34◦, 160±15◦ were
achieved for the bands ranged from 1.67 to 2.38 GHz, from
2.48 to 2.75GHz, and from 3.3 to 3.6GHz, respectively. It can
be observed that by using the proposed conformal structure
the HPBW is much wider than the ordinary one in the upper
and lower frequency bands. Overall, the proposed structure
can provide 20-30◦ beamwidth improvement in H-plane at
the lower band, whereas over 120◦ beamwidth improvement
for the Sub-6-GHz frequency band of 3.3-3.6 GHz. Under the
ideal condition that all three MIMO elements are radiating
simultaneously, Figs. 6(a)–(d) display the all radiation pat-
terns at the essential frequencies within the upper and lower
bands. As the HPBW of each element is sufficient wide,
the composite (superposition) radiation patterns are virtually
omnidirectional in H-plane. As a result, the proposed design

FIGURE 6. Simulated co-polarization patterns of three-element MIMO
antenna system at (a) 1.7 GHz, (b) 2.6 GHz, (c) 3.3 GHz and (d) 3.5 GHz.

effectively reduces the required number of antenna elements
for the 360◦ coverage. Nevertheless, the back-lobe variations
at high frequencies are observed from Figs. 6(c) and 6(d).

C. MED MINIATURIZATION TECHNIQUE
Conventional MED antenna has the inherent disadvantage
on its antenna profile in volumetric size, which makes it
unattractive for modern base-station applications. Recently,
a technique of metamaterial (εr = 4.4, µr =1.8) loading was
proposed in [24], wherein the antenna operating frequency
band is shifted to lower frequencies so that its height and vol-
ume of MED can be reduced by 20% and 48%, respectively.
In this study, the authors carried forward another embedding
technique for the Hi-dipole (lower-band) as shown in Fig. 1.

In this miniaturization process, broadside-coupled
E-shaped resonators were designed (Fig. 1(e)) as meta-atoms
printed on opposite sides of the 1-mm thin dielectric lam-
inates of FR4 (µr=1, εr=4.4) for the fabrication of meta-
material. Fig. 7(a) shows the geometry of the unit-cell with
dimensions. Conventional retrieval methods [26], [27] were
studied to obtain the effective constitutive parameters of the
embedded metamaterial. They are composed of two stacks
of seven FR4 and airgap layers with a central gap, which
is attributed to the occupation of the folded-fork-shaped
feed structure. Plane wave illumination was applied onto
the unit-cell along z-direction with an average periodicity
of 2.95 mm along y-direction in order to obtain the trans-
mission coefficient (S21) and reflection coefficient (S11),
as shown in Figs. 7(b) and 7(c). Finally, a unique extraction
procedure based on the Kramers-Kronig relationship [27]
was used to compute the effective epsilon (εeff) and effec-
tive mu (µeff) as a function of frequency, as displayed in
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FIGURE 7. Effects on the S-parameters with different material
embeddings.

FIGURE 8. Effects on the S-parameters with different material
embeddings.

Fig. 7(d). As expected, both the effective parameters are
almost constant and recorded around 2.88 and 0.69, respec-
tively, at the lower frequencies till 4 GHz. Although this is
an approximated model for the real conformal metamaterial
embedding, its results are found to be reasonable when
compared to the results obtained from direct simulation.
Fig. 8 shows the reflection coefficients (S11) of the Hi-&-
Lo ME dipole after loading/embedding with different types
of material, namely, air (no embedding), dielectric (layers of
FR4 and airgap without meta-atoms), a lossless homogenous
dielectric material (εr = 1.7 and µr = 1.0), the pro-
posed metamaterial (E-shaped resonators), and a lossless
homogeneous magneto-dielectric material (εr = 2.9 and
µr = 0.8). It is observed that the proposed MED with the
dielectric loading (blue curve) has a S11 performance that
is close to the loading by a homogenous dielectric mate-
rial (pink curve). Likewise, with metamaterial embedding
(red curve) which is nearly the same as that with lossless

FIGURE 9. Effects on broadside gain of Hi-&-Lo MED with different
material embeddings.

homogeneous magneto-dielectric (green curve), the −10dB
impedance bandwidth was recorded from 1.74 to 2.73 GHz.
Similar observation is established for the broadside (realized)
gain performance with different types of material embedding,
as shown in Fig. 9. The antenna with metamaterial loading
exhibits less gain fluctuation in the broadside than that of
MED with dielectric loading. The small gain difference
between the green and red curves is attributed to the finite
dielectric loss from the FR4 laminates. That is to say, by plac-
ing the dielectric material (without the E-shaped resonators)
along the magnetic field, the effective epsilon can be reduced
to 1.7 within the working bandwidths. However, by place the
proposed metamaterial inside the MED, the εeff is increased
to 2.9 while µeff is reduced to 0.8.

D. MUTUAL COUPLING AND BACKWARD RADIATION
SUPPRESSION TECHNIQUE
A folded trapezoid-shaped ground plane was firstly proposed
in [18] for enhancement of beamwidth and front-to-back
ratio (FBR) of ME-dipole. In this design, a conformal cavity
ground plane (reflector), denoted as arc-shaped cavity reflec-
tor, was delicately devised in order to meet the specifications
of high isolation and FBR for the 5G base-station antenna,
as shown in Fig. 1(a). The technique includes the addition
of arc-shaped fences at the H-plane (denoted as H-plane
fences) with an arc-length (L1) of 96 mm and a height (H2)
of 20 mm to form a conformal cavity. This technique not only
suppresses the mutual coupling and the backward radiation,
but also enhances the H-plane beamwidth. Fig. 10 shows
the performances with the addition of H-plane fences as
compared with arc-shaped reflector only. As shown, the FBR
was improved as high as by 3.3 dB and 15 dB in the upper
and lower frequency band, respectively. Moreover, with the
addition of H-plane fences, the beamwidth is able to expand
by 49◦ and 38◦ maximum in the upper and lower band,
respectively.
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FIGURE 10. Beamwidth and F/B ratio enhancement after including fences.

FIGURE 11. Reflection coefficient and mutual coupling of the proposed
three-element MIMO antenna system.

Figure 11 shows the mutual coupling between elements,
S12 and S13, as well as the reflection coefficient S11 within
the bands. As seen, the mutual coupling are all below -30 dB
and with a small fluctuation in the entire frequency band,
except the AIC at 2.4 GHz. It indicates that the arc-shaped-
cavity reflector cooperates with the separated arc-shaped
electric dipole to obtain not only stable FBR but also wide
3-dB beamwidth as well as good isolation (low mutual
coupling) among the MED elements.

IV. VALIDATION AND DISCUSSION
To validate the proposed conformal design, prototypes of
a single Hi-&-Lo MED element and its three-element
MIMO system were fabricated and functionally tested.
The corresponding photographs for the miniaturized proto-
types are depicted in Figs. 12(a) and 12(b), respectively.
The angular dimensions of the single MED element are
96×95×21.1 mm3. The measured results of the impedance
matching in term of SWR, broadside gain, ECC and radiation
patterns were attained by using the Agilent E5071C net-
work analyzer and SATIMO antenna measurement system.

FIGURE 12. Photographs of (a) the proposed Hi-&-Lo MED element with
metamaterial embedding, and (b) the 3D-MIMO system composed of
triple ME-dipoles.

These key performance metrics of the single MED antenna
and the MIMO system are compared with the predicted
results obtained from HFSS simulation.

The simulated impedance bandwidths of the single
Hi-&-Lo MED element ranges from 1.70 to 2.75 GHz and
3.25 to 3.6 GHz (SWR ≤ 2) for lower and upper frequency
bands, respectively, as shown in Fig. 13. A notch-band was
created for the purpose of AIC in the lower band from 2.4 to
2.5 GHz. Correspondingly, the measured impedance band-
width ranges from 1.68 to 2.93 GHz with a notch-band from
2.25 to 2.47 GHz, and 3.32 to 3.64 GHz (SWR ≤ 2) for
the lower and upper frequency bands, respectively. These
achieved dual wideband cover the Sub-6-GHz frequency
bands used in China (namely, 1.71 GHz-2.69 GHz, 3.3 GHz-
3.6 GHz), and with the AIC against the ubiquitous WiFi sig-
nals. The simulated gain varies between 5.6 dBi and 7.4 dBi
in the lower band, and between 5.6 dBi and 6.1 dBi in the
upper band, respectively. In comparison, the measured one
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FIGURE 13. Simulated and measured SWR and gain of a single MED.

varies between 4.9 dBi and 7.2 dBi (namely, 6.05±1.15 dBi)
in the lower band, and 5.75 ±0.75 dBi in the upper band,
respectively. The measured results agree well with the sim-
ulated ones. It can be concluded that the gains are relatively
stable and high enough for the 2G/3G/LTE/5G requirements.

In MIMO antenna systems, the system performance and
antenna diversity can be quantified by using the enve-
lope correlation coefficient (ECC) values between antenna
elements [28], [29]. Small fading of the received signals
demands a low ECC from a planar MIMO system. It was
recommended that ECC should be less than 0.7 for a MIMO
base-station and lower than 0.5 for a mobile handset [28].
To evaluate the diversity performance of the proposed three-
element MIMO system, the crucial parameters such as the
ECC (ρeij) and the mean effective gain (MEG) ratio are
studied. They can be described by [28], [29]:

ρeij = [|ρij| +

√
(

1

ηirad
− 1)(

1

η
j
rad

− 1)]2 (1)
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−S∗iiSij − S
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jiSjj√
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2
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(1−
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2
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where ηrad and ηmis represent the antenna radiation effi-
ciency and the antennamismatch efficiency, respectively. The
subscripts, i and j, denote the ith and jth antenna elements,
respectively. In this three-element MIMO system, i = 1 and
j = 2, 3, whereas N is the total number of antenna elements.
In the proposed 3D conformal MIMO system, the mutual

coupling between conformal MEDs were well suppressed by
using the aforementioned techniques. The simulated ECCs
of the MIMO antenna system, verified with measurement,

FIGURE 14. Measured ECC performance of the 3-element MIMO antenna
system.

are found to be far less than 100 ppm within the working
bandwidths, as shown in Fig. 14. Moreover, the MEGs of
all elements are almost identical attributed to high isolation,
or low mutual coupling of less than −30 dB. Therefore,
we conclude that the diversity performance of the proposed
MIMO system is excellent.

FIGURE 15. Measured radiation efficiency validates the simulated one.

Figure 15 shows a comparison on simulated and mea-
sured radiation efficiency of the Hi-&-Lo MED element,
where good mutual agreement was obtained excepting at the
high band. This could be attributed to the under-estimation
of dielectric (FR4) loss at high frequencies in simulation.
Fig. 16 displays the simulated and measured radiation pat-
terns at the essential frequencies. In general, the measured
results (right column) concurred with the predicted ones
from simulation (left column) except small discrepancies
attributed to fabrication and measurement tolerances. Sym-
metric unidirectional radiation patterns in the E- andH-planes
over the operating bandwidths were obtained. At the lower
band (1.71-2.69 GHz), the H-plane beamwidth and E-plane
beamwidth are almost the same. However, at the upper band
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FIGURE 16. Measured radiation patterns confirmed to simulated ones in
E- and H-plane at (a) 1.8 GHz, (b) 2.6 GHz and (c) 3.5 GHz.

TABLE 2. Size and performance comparison of single MED.

(3.3-3.6 GHz), the H-plane beamwidth is obtained much
wider than that from the E-plane. This mainly attributed
to (i) the conformal Hi-&-Lo MED design, and (ii) the

corresponding arc-shaped cavity reflector. The measured
H-plane beamwidth at 1.8 GHz, 2.6 GHz and 3.5 GHz are
recorded as 103◦, 116◦ and 168◦, respectively. Meanwhile,
the cross-polarization levels in E- and H-plane are generally
below−22 dB by measurement whereas the FBRs are higher
than 15 dB and 11 dB at the lower and upper band, respec-
tively, from the measurement.

Table 2 shows a comparison between the proposed antenna
and the reference base-station antennas in terms of operating
bands (ZBW), HPBW, broadside gain, ECC and antenna vol-
ume. It can be observed that the proposed antenna owns the
widest bandwidth with band-notch (AIC) function, the widest
HPBW, the lowest ECC, smallest size and stable gain. The
gain is slightly lower than some reference antennas due to
its wide H-plane beamwidth. In summary, the MIMO system
exhibits superior radiation characteristics, wide beam-widths,
as well as excellent diversity performance.

V. CONCLUSIONS
A low-profile conformal ME dipole antenna with wide
H-plane beamwidth and band-notch radiation characteristics
is described in this paper. The electric dipoles are designed to
have two separated arc-shaped planes with different heights
and designated as the Hi-&-Lo MED in order to provide dual
band and wide beamwidth characteristics. By embedding
the broadside-coupled E-shaped resonators of metamaterial
into the conformal magnetic dipole, the height of the MED
significantly reduced by 37.2%.As a result, the volume of this
single Hi-&-Lo MED and the volume of the three-element
MIMO antenna can be reduced by about 30%, respec-
tively. Indeed, with the anti-interference capability (band-
notch) at 2.4 GHz, the proposed MED becomes a triple-band
antenna with operating frequency bands of 1.68-2.25 GHz,
2.47-2.93 GHz and 3.32-3.64 GHz. In addition, the low
envelope correlation coefficient, diversity performance and
near omni-directional coverage are realized, making the pro-
posed small ME dipole antenna an excellent candidate for the
Sub-6-GHz 5G applications.
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