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Abstract

A four-element high-gain multiple-input multiple-output
(MIMO) antenna array covering X and Ku bands is pre-
sented that utilizes three-dimensional (3-D)-printed inte-
grated lens antenna (ILA) as the MIMO element. The ILA
uses a dielectric-embedded magnetoelectric (ME) dipole as
the radiating element to obtain antenna miniaturization and
wide impedance bandwidth (IBW). Full-wave simulations
exhibits a total active reflection coefficient, |TARC| and
|S11|≤ -10 dB, for 75% bandwidth while minimum iso-
lation is above 25 dB. The peak gain is ∼10.9 dBi while
the envelope correlation coefficient (ECC) is ≤ 0.003. The
measured element prototype exhibits IBW of 75% and max-
imum measured realized gain of 10.7 dBi wherein the foot-
print at lowest operating wavelength is 0.69λ 2.

1 Introduction

Three-dimensional (3-D) printing technology has spurred
significant interest owing to its capability to provide high-
precision fabrication for antennas, dielectric lenses, and
more. Thus, 3-D printing technology is highly conducive
for integrated lens antenna (ILA), since it can greatly bene-
fit from modern high-precision 3-D printer technology [1].
ILA may use a variety of radiating components including
electric dipoles such as a dual bow-tie antenna [3], helical
antenna [2], patch antennas [4] et cetera. Moreover, magne-
toelectric (ME) dipoles are attractive choice for wideband
applications as they offer wide bandwidth, symmetrical and
wide beam radiation in E and H plane with high gain. Some
ILAs with ME dipoles as lens feed has been proposed for
millimeter wave MIMO using Luneburg lens [5]. In ad-
dition, the multiple-input multiple-output technology has
been widely adopted and a variety of antennas in sub-6 GHz
[6], X-band [7, 8], Ku-band [9] as well as fifth-generation
millimeter-wave bands [10] have been proposed.

This paper presents a 3-D-printed integrated Lens antenna
element with an embedded magnetoelectric dipole and its
four-element MIMO array. A 3-D-printed cylindrical di-
electric structure is used to house the ME dipole, wherein
it miniaturizes the antenna. The ME dipole itself uses a
3-D-printed arm and has parallel stripline and coplanar-
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Figure 1. Integrated lens antenna with ME dipole embed-
ded in a cylindrical dielectric structure (a) Exploded view
(b) Cross-sectional view showing PS to dipole connection.
All the design parameters are tabulated (unit: mm).

waveguide feeds that aids to obtain lens integration with di-
electric 3-D printing as well as wide impedance bandwidth,
high gain with good MIMO metrics.

2 MIMO Element

2.1 Antenna design

Fig. 1 (a) shows the exploded view of the integrated lens an-
tenna (ILA) wherein the radiating component is the magne-
toelectric (ME) dipole embedded in the cylindrical dielec-
tric structure. The material used for 3-D printing the hemi-
spherical lens and the cylindrical structure is ECO ABS.
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The relative permittivity is around 2.3 while the loss tan-
gent is below 0.05 over the frequency range of interest. The
measured electrical properties as characterized in [11] has
been used in the full-wave HFSS simulations. The loss tan-
gent value is assumed to be 0.015 [12] to be conservative
with the radiation efficiency simulations. The conductivity
of the connector alloy is considered to be same as copper.
The ME dipole is realized by coating a thin layer of copper
on the 3-D-printed ME arm as shown in Fig. 1 (a). This can
be achieved by using an adhesive copper tape on the 3-D-
printed arm enabling it to work as ME dipole with parallel-
stripline (PS) feed (metal strips on both sides of the vertical
arm separated by dielectric material). This PS line inter-
faces with the antenna feed system. The feed comprises of
a coplanar waveguide (CPW) designed on a 0.5 mm thick
Rogers-4003 substrate (εr = 3.55, tanδ = 0.0027). A 50 Ω

edge mounted SMA connector is utilized. The details of
the CPW feed are shown in Fig. 1 (b), the width of the sig-
nal trace of the CPW towards the PS line side is w2 which
is reduced to w1 at connector side to avoid shorting. The
corresponding slot gap of the CPW line is s2 and s1 respec-
tively. Finally, the line is terminated in an open circuit with
slot width as sc that interfaces with the PS line.

The typical electrical size for wideband ME dipoles
(IBW ≥ 70%) is larger than 0.5λ× 0.5λ where λ is the
free space wavelength at lowest operating frequency. How-
ever, for wideband multiple-input multiple-output (MIMO)
systems, adopting such elements may result in large sizes.
To reduce the element size, the electrical resonances of the
ME antennas can be shifted to lower frequencies by em-
bedding the ME dipole in a dielectric material. Herein, we
employ cylindrical ECO ABS structure of height Hc to em-
bedded the antenna. To attach the 3-D-printed cylinder to
the substrate, the ARSeal double sided adhesive tape is uti-
lized. Furthermore, to allow for the easy assembly of the
antenna, slots are provided that can be easily achieved with
3-D printing. Thus, only with dielectric filament, fused
deposition modeling (FDM) method, and copper tape, the
proposed integrated lens antenna can be fabricated. Con-
sequently, the size of the ME dipole reduces, it may also
introduce dielectric resonance of the cylindrical structure
to improve the antenna performance as observed in [13] al-
beit with liquid dielectric. Finally, to enhance the gain of
the antenna, a hemispherical lens of radius RL is added on
top of the embedded ME dipole as shown in Fig. 1 (c). As
seen, the lens is placed at a distance Hs from the cylindrical
structure. All the design parameters are tabulated in Fig.
1. The fabricated prototype is shown in Fig. 2 wherein the
lens and ME dipole arm are 3D printed while copper tape
is used to realize conductive part of ME dipole.

2.2 Reflection and Far-field Characteristics

Fig. 3 depicts the variation of |S11| with frequency, wherein
the simulated -10 dB impedance bandwidth (IBW) is 75%.
As seen, the measured and simulated responses correspond
well, except that the former is shifted downwards and the

Figure 2. Fabricated prototype (a) final , (b) without lens,
(c) ME dipole 3-D printed arm with copper tape.
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Figure 3. Simulated and measured |S11| and peak realized
gain for the proposed antenna depicted in Fig. 1. Solid
black line and solid marker show measured values.

impedance match is deteriorated at some points. The dif-
ference may be attributed to the fabrication tolerances. The
peak realized gain and radiation pattern of the prototype is
measured in the anechoic chamber and reported in Fig. 3
and Fig. 4. In both xz and yz planes, the cross-polarized
components are below 20 dB, where xz plane shows higher
cross-polarized radiation mainly attributed to the CPW-PS
feed [14]. As seen from Fig. 4, the simulated and measured
patterns agree well to each other. The measured realized
gains are lower than the simulated ones, indicating that in
the simulations the loss tangent considered for ECO ABS
is lower than actual value.

3 Four-element MIMO Antenna

Fig. 5 depicts the proposed MIMO antenna with all the de-
sign parameters tabulated. The MIMO array comprises of
four elements with center-to-center inter-element distance
of Le and arranged such that adjacent ME dipoles are ori-
ented orthogonal to each other. Consequently, it improves
the MIMO response since it allows for lower mutual cou-
pling among elements [6]. Moreover, when different ports
are excited, it provides diversity in the radiation pattern,
since the relative position and orientation varies for each el-
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Figure 4. Normalized simulated and measured radiation
pattern of the element at 12 GHz in the XZ and YZ planes.
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Figure 5. Four-element MIMO antenna employing center-
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La × Wa. The rest of antenna pameters same as tabulated
in Fig. 1. (unit: mm)

ement. To evaluate the performance of the MIMO antenna,
one port is excited at a time while terminating the rest of
the ports with 50 Ω.

3.1 Reflection and Isolation Characteristics

Fig. 6 depicts the simulated reflection coefficient and iso-
lation when port 1 excitation is considered. The simulated
-10 dB impedance bandwidth (IBW) is 75%, whereas the
isolation is better than 25 dB over the operating band. Ow-
ing to the symmetry, the results for other port excitation are
similar, hence, omitted for brevity.

3.2 Far Field and MIMO Response

The simulated radiation patterns in xz and yz plane are de-
picted in Fig. 8. Patterns are presented for the case when
element 1 is excited and rest of ports are terminated with 50
Ω. Herein, the patterns remain nearly similar to the element
albeit the peak realized gain, as seen from Fig. 7 reduces
due to proximity of other ILAs. The total active reflection
coefficient (TARC) is presented in Fig. 7, which evaluates
the effect of mutual coupling and random signal combina-
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Figure 6. Simulated reflection coefficient and isolation
curves (|SK1| (K = 1 and 3)) when element 1 is excited and
rest of ports are terminated to 50 Ω.
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Figure 7. Simulated peak realized gain, |TARC|, and en-
velope correlation coefficient (ECC) trends when port 1 is
excited while the rest of ports are terminated to 50 Ω.

tions among elements in MIMO antennas, is defined as [15]

TARC (dB) = 10log
∑

4
n=1 | bn |2

∑
4
i=n | an |2

(1)

where an and bn are incident and reflected signals at the nth

port. Herein, |TARC|≤-10 dB is achieved over the com-
plete operating band. Furthermore, the simulated envelope
correlation coefficient (ECC) is calculated from simulated
far fields in HFSS, where, ρe,ij represents the ECC between
the ith and jth ports. As seen in Fig. 7, the ECC (ρe) remains
remarkably low, thus obtaining good MIMO performance
for the proposed antenna.

Conclusion

A wideband and high-gain four-element multiple-input
multiple-output (MIMO) antenna that utilizes 3-D-printed
magnetoelectric (ME) dipole-fed integrated lens antenna as
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Figure 8. Normalized simulated radiation pattern of the
four-element MIMO antenna at 12 GHz in the XZ and YZ
planes, when element 1 is excited and rest of ports are ter-
minated with 50 Ω.

its element has been proposed. Measured element demon-
strated an impedance bandwidth (IBW) of 75% and max-
imum realized gain of 10.7 dBi. The MIMO metrics pre-
sented indicate good MIMO performance with 75% IBW
and maximum realized gain of 10.5 dBi for X/Ku band.
The antenna can be particularly useful for applications that
allow higher antenna profile and require high-gain with
MIMO operation. The gain, size and bandwidth perfor-
mance can be further improved by adopting different in-fill
density for lens, reducing the air gap for the embedded ME
dipole by utilizing fully 3-D-printed designs that enable si-
multaneous conductive and dielectric printing.
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