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ABSTRACT With the era of Internet of Things (IoT), antennas that can adapt to different radio frequency
environments have become highly desirable. These reconfigurable antennas must be compact to suit the
futuristic IoT devices, be low cost for implementation on billions of devices, and be robust to the presence of
nearby electronics. This paper demonstrates a novel 2.4 GHz 3D Cubic Antenna System, which comprises
of a cube package with six microstrip patch antennas, one on each face. The system with embedded
electronics, is aware of its orientation and reconfigures its radiation pattern automatically by switching
ON the appropriate patch antenna for a focused communication with a boresight receiver. Alternately, if
the position of the receiver is unknown, a quasi-isotropic radiation pattern can be achieved by providing
the right phase conditions to all the patches to radiate simultaneously. The ground plane of the antennas
provides a shield between the radiators and the electronics. In the focused mode, 10 dB more power is
received as compared to the quasi-isotropic mode, which results in an energy efficient communication.
While the quasi-isotropic mode provides an all-around radiation coverage with a gain variation of 6.4
dB for the entire 3D sphere, which is one of the best reported experimental value in literature for IoT
compatible antenna systems.

INDEX TERMS Intelligent antenna, electromagnetic shielding, automated reconfiguration, quasi isotropic
radiation, switched beam antenna.

I. INTRODUCTION

THE Internet of Things (IoT) is expected to connect
billions of objects to the internet so that they can take

informed decisions without human intervention [1]. These
IoT devices usually implement wireless communication pro-
tocols under the IEEE 802 family of standards [2] [3] [4]
as Wi-Fi, Bluetooth Low Energy (BLE) and Zigbee. All
these protocols communicate in the 2.4 GHz ISM free band
using network structures made of two main nodes: A central
node (CN) in charge of collecting the data from multiple
devices and uploading it to the cloud, and multiple peripheral
nodes (PN) which are simpler devices with limited power
consumption so they can be battery operated. Typically,
the larger amount of PN in any application are randomly

placed sensors that communicate with a fixed CN. These
PN are then expected to be highly integrated, cheap to
manufacture, and energy efficient to extend their battery
lifespan [5]. On top of that, they are required to keep an
orientation insensitive communication link so a change of
the relative position with respect to the CN does not result
in disconnection. Thus, the antenna design for such devices
becomes challenging as it has to be compact, low cost as
well as provide a radiation pattern which is not dependent
on the orientation of the device.

The small size and low-cost aspects can be addressed by
3D cubic antenna system (CA) concept, where the antenna
is realized on the package of the driving electronics so it
does not require additional space and cost. Further cost sav-
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FIGURE 1. System applications and working modes. When in large warehouses or crop fields, a big amount of PNs can be dispersed on a large area.
Usually if in quasi-isotropic radiation, the range of communication of these sensing nodes is short, making it necessary to deploy a lot of CNs to be
able to collect information from all of them. In the proposed solution, each PN focuses all the radiation energy towards the sky, so that a CN, either fixed
on the ceiling of a warehouse, or mounted on a hovering drone, can substitute this large routing network. The CA can as well radiate quasi-isotropically
in case the position of the CN is unknown.

ings can come from additive manufacturing where material
wastage is almost negligible [6] [7]. Nonetheless, energy
efficiency is hard to achieve because, typically, the antennas
used in these nodes have mostly omnidirectional radiation
patterns that emit power in every direction [8]. Some re-
cent advances in similar designs research are focused on
enhancing the omni-directional radiation pattern to a quasi-
isotropic one by implementing folded dipoles [9] [10] [11]
[12] [13] [14], thus ensuring almost complete orientation
insensitive wireless communication. However, the energy
efficiency problem only gets worse. Furthermore, such an-
tennas suffer from low directivity, multi-path reflection and
higher interference.

Energy efficiency can be enhanced if the antenna is smart
enough to be aware of its orientation and the target location,
thus it can reconfigure its radiation pattern to focus all energy
in the target direction only. Few designs in literature have
adapted the above strategy by demonstrating reconfigurable
radiation pattern [15] [16] [17] [18]. For example, in [15]
[16], multiple microstrip patch antennas are implemented on
a package, and the radiation pattern can be reconfigured to
focus in a given direction for low interference and energy
efficient communication. Both these examples use power
hungry algorithms in charge of selecting the best patch for
communication making their proposed design useful only
for CNs connected to large processing computers. In the
case of reconfigurable CA for PN, [17] proposes a cubic
package with slot antennas that are manually short-circuited
to obtain different radiation patterns. Reference [18] shows a

CA, that through a combination of slot and patch antennas,
emits either an omnidirectional or a broadside radiation
pattern by directly applying DC voltage to the RF switches.
However, both of these designs are sensitive to the embedded
electronics in the package, which is in general a problem for
most of the CA designs. Proper shielding of the electronics
in the package is required, however very few examples,
such as [10],exist in the literature. From the above literature
review, it is clear that no round up solution exists for a
smart antenna AiP system that is aware of its orientation and
automatically reconfigures its radiation pattern for focused
and energy efficient communication, without getting affected
from the contents of the package.

Given the above mentioned challenges when deploying
IoT networks that involve large areas and a high amount of
PNs, this work presents the design of an IoT development
platform for multitude of scenarios: A cubic antenna system
with six microstrip patches, one in each face of the cube, that
automatically adapts its radiation pattern for better commu-
nication, and that can also emit radiation quasi-isotropically
in case of an unknown state to guarantee a link. The CA has
a shielded core, thus, changes of the contents do not require
a redesign of the system. In Fig.1 two common scenarios
for these networks are depicted: Storage warehouses where
package localization is usually challenging due to multiple
path reflections, and crop sensing where the temperature,
humidity, or soil composition can be measured by a sensor
loaded PN easily deployed from a drone which can also
double as the CN for large area coverage. The proposed solu-
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tion has two working modes: Automated switched beam, and
quasi-isotropic radiation. This paper shows the design steps,
measured radiation pattern, and power transferred in both
modes from a fabricated prototype. The measured results are
in agreement with electromagnetic (EM) simulations, and the
designed antenna shows a transfer power difference of 10 dB
when in switched beam mode compared to quasi-isotropic.
The gain variation of the radiation pattern in quasi-isotropic
mode was 6.4 dB. Furthermore, this microstrip patch based
design can easily adapt to other frequencies for different
protocols and applications like 5G, LoRa, GPS, and more,
which vows for this design to work on a high variety of IoT
scenarios.

II. CA DESIGN
The proposed CA structure is in the form of a cube package,
as shown in Fig. 2 (a). There is a microstrip patch antenna
on each face of the cube package, labelled as numbers from
1 to 6. The benefit of using this type of radiators resides
in their low back lobe levels as well as how versatile they
are for working on different frequency bands or achieving
different polarizations with small changes in the structure.
In this paper, the explored configuration is based on simple
rectangular microstrip patch elements adapted for BLE, but it
can easily be extended if required by the specific application.

FIGURE 2. CA design. (a) CA with patch radiators on each face. Radiators
are numerated for identification during the design process. (b) Schematic
of the proposed stacked patch antenna. (c) Top view of the patch antenna
with dimensions.

All these patches are fed individually from coaxial cables
connected to the electronics placed inside the cube package.
The geometry and dimensions of the λo

4 patch antenna
are shown in Fig. 2 (b) and (c) for a center frequency
of 2.45 GHz. The antenna consists of a metallic patch on
top of an acrylonitrile butadiene styrene (ABS) substrate.
It is planned to realize the CA through additive manufac-
turing (a combination of 3D and screen printing), that is
why ABS filament form Premix is selected as a dielectric
material. The filament properties from the manufacturer are
given as ϵr = 5.4 and tan(δ) = 0.0039 [19].However,
when this material is 3D printed, the properties in the
form of a substrate are somewhat different, ϵr = 4.8 and
tan(δ) = 0.008. These measured properties are then used in
the simulation model. The wall thickness is set at 0.45 mm

as a compromise between sturdiness as well as reasonable
antenna dimensions, and each side of the package has a
length of λo

2 which is the optimum size found in [20] for
this design. The inside walls of the hollow cube have been
completely metallized so that they can act as ground planes
for the respective patch antennas. This all-around ground
plane also acts as a shield between the radiating elements and
the embedded electronics, so the effect of the radiator on the
electronics and vice versa can be minimized. EM simulations
of this AiP have been carried out in Ansys HFSS.

As this is a very compact design with multiple radiators in
close vicinity of each other, mutual coupling is an expected
issue [20] [21] [22] [23] [24], therefore, a single patch has
been simulated in isolation (with no other element on the
package) as well as in the presence of other elements, and the
results are shown in Fig. 3. The surface current magnitude
of the single patch in isolation as well as with other patches
is shown in Fig. 3 (a) and (b), respectively. In this case,
only a single patch antenna is excited, while the surrounding
radiators behave as parasitic elements.

FIGURE 3. Effect of multiple patches placed on package surface. (a)
Surface current on a microstrip patch when placed alone in the cube. (b)
Surface current on a microstrip patch when five other patches are placed
on the remaining faces without being fed. (c) Reflection coefficient of the
single patch when alone and when the other patches are present. (d)
Radiation efficiency of the single patch when alone and when the other
patches are present. (e) Radiation pattern of single patch when isolated.
(f) Radiation pattern of single patch in the presence of other elements.

As can be seen, the current distribution on the patch
antenna is almost consistent for both cases, except for a
small decrease in the magnitude around the edges and
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center of the patch. This can also be verified from the
matching performance of the antenna in both conditions, as
the resonant frequency behavior is almost identical for both
cases with a minor shift of 6 MHz, as shown in Fig. 3 (c),
while keeping a good matching bandwidth of 156 MHz. A
similar observation can be made from the radiation efficiency
of the single patch antenna in both conditions, where it
drops by less than 1% in the presence of other elements
(Fig. 3 (d)).On the other hand, the radiation pattern of the
isolated patch antenna, shown in Fig. 3 (e), is that of a typical
patch antenna with slight more back radiation which can be
attributed to a relatively smaller ground plane [25]. When
this patch antenna operates in the presence of the parasitic
elements and their respective grounds, the half power beam
width (HPBW) is reduced from 108◦ to 84◦ and we also
see a small back lobe in the radiation pattern, as shown in
Fig. 3 (f). However, these small variations in the radiation
pattern are not detrimental for the overall operation of the
proposed system. Further exploration has also been done for
the quasi-isotropic mode of operation, which is discussed in
section IV.

The additive manufacturing process and the built prototype
are shown in Fig. 4. Each face of the cube has been
independently 3D printed, with Raise 3D Pro Printer, for
ease of manufacturing. An interlinked mechanism has been
designed for assembling all the faces into a cube package,
by locking tabs and slots together (Fig. 4 (a)). Ground and
antenna metallic layers have been realized through screen
printing with silver ink from DuPont (10mΩ/sq/25µm)
[26](Fig. 4 (b)). Screen masks for screen printing have been
created by laser cutting of Kapton tape. SMA connectors
are attached with conductive epoxy and coaxial cables are
used for connections with the microelectronics. Finally, the
independent faces have been assembled with the electronics
enclosed inside, as shown in Fig. 4 (c). For better shielding,
the inside wall edges have been also been covered with
copper tape. The built prototype is displayed in Fig. 4 (d).
This step by step process with different stations is proposed
so the design is compatible with assembly line type of mass
production needed for the applications depicted in Fig.1

It is important to note here that though both the modes
(switched beam and quasi-isotropic) can be excited through
a single feeding mechanism comprising of few additional
switches, for ease of manufacturing as well as character-
ization of each mode separately, the driving and control
circuits for each mode are realized on separate Printed
Circuit Boards (PCBs) in this work. In order to make the
connections between the patch antennas and the electronics,
SMA connectors are attached to the internal faces of the
cube, which then connect to the miniature RF connectors on
the electronics PCB through coaxial cables.

III. AUTOMATED SWITCHED BEAM MODE
Taking advantage of the six independently controlled mi-
crostrip patches that are facing in six different directions, the

FIGURE 4. Additive manufacturing of proposed design. (a) 3D print each
face and laser cut mask for microstrip patch antenna and ground. (b)
Align masks on substrate and print the pattern with squeegee. Solder
SMA connectors. (c) Place required electronics inside and cover internal
edges with copper tape to ensure core isolation. (d) Finished assembly.

device is able to emit focused radiation in each direction by
exciting one patch at a time. Typically, the CN of a network
is placed on an elevated plane compared to that of the PNs.
Keeping this aspect in mind, this CA has been designed
to continuously detect which face of the cube is oriented
upwards and turn ON the corresponding patch antenna.
Alternately, it can combine the radiation from all patches
and can generate a quasi-isotropic radiation pattern. For
the automated switched beam mode, the control, switching
and driving electronics are discussed in the following sub-
section.

A. RF Transceiver and Control Electronics
The system comprises a Bluetooth Low Energy (BLE)
system on chip (SoC) (Nordic NRF52832) transceiver, an
inertial measurement unit (IMU) (MPU9250) for orientation
sensing, and a single pole six throw (SP6T) RF switch
(HMC252AQS24 by Analog Devices) for independent ac-
tivation of patches, as shown in Fig. 5 (a). This system
automatically determines which radiator has to be selected
for a given orientation. Depending on which face of the
cube is facing upwards, the SoC activates the corresponding
port of the SP6T RF switch. Each port is connected to the
radiating microstrip patch antenna on the corresponding face
through an RF cable.

The BLE SoC is responsible for running the logic program
that identifies the orientation of the cube (upward face)
(Fig.5 (b)). For this, it communicates with an accelerometer
included in the IMU. This accelerometer measures the accel-
eration value on each axis (X Y and Z) and returns a value
for each of them to the BLE SoC. When a particular axis
is normal to the floor, the earth’s gravity is read as a large
acceleration for that specific axis. An internal clock is set to
read the acceleration values every second and the SoC based
on the readings turns the appropriate port on the SP6T, thus
turning ON the corresponding microstrip patch. For the wire-
less communication to run properly, the chip is programed
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FIGURE 5. Controlling system for radiator selection. (a) PCB design. (b)
Flowchart of system architecture.

with a stack software in charge of assembling information
packages that follows the BLE protocol requirements [27].
This stack is always running and the application is set to
send a signal every 100 ms with transmission power of 0
dBm for all experiments. When in PN mode, this stack also
determines which of the three advertising channels used by
the BLE protocol is more suitable to send the information
package [27]. Thus, in this mode, RF signals are sent in
2.402, 2.426 and 2.480 GHz.

B. Single microstrip patch measurements
The reflection coefficient of each patch antenna on the
fabricated CA prototype (shown in Fig. 4 (d)) has been
measured independently with Agilent PNA Network Ana-
lyzer E8363C. During the measurements, the CA is placed
on a large Styrofoam to avoid any effect of the surface
on antenna performance. Fig. 6 (a) shows the simulated
and measured reflection coefficients for a single microstrip
patch in this configuration. The reflection coefficient has
been measured in different orientations of the patch antenna
(top, side and bottom), as shown in Fig. 6 (a). This is
important because in the subsequent tests, the cubic CA has
to be placed in different orientations for automated switched
beam behavior verification. Under all studied orientations,
the antenna presents a good match (below -10 dB) covering
the band of interest from 2.372 GHz to 2.515 GHz. In
this figure, a small variation of the matching frequency is
attributed to the loading of the radiator with the Styrofoam
column, nonetheless this shift is negligible, and a good
matching is still achieved for that frequency range.

Gain and radiation pattern measurements have also been
carried out for the required frequency range. Fig. 6 (b)
shows the simulated and measured gain versus frequency.
A maximum realized gain of 5.9 dBi has been measured at
2.42 GHz, which is only 0.2 dB lower as compared to the
simulations. Other than a slight shift in frequency, the gain
measurements are in good agreement with the simulations.
From 2.4 GHz to 2.5 GHz the gain varies between 5.2 to 5.9
dBi. The microstrip patch antenna radiation pattern has been
measured in a Satimo Starlab anechoic chamber for 2.45GHz

FIGURE 6. Single microstrip patch antenna measurements when
assembled in cube. (a)Reflection coefficient of antenna under multiple
orientations. The colored lines are for the antenna measured when facing
upward, sideways or to the bottom in contact with a Styrofoam column to
check the effect of this loading on the resonant frequency. (b) Gain
change with frequency of one single patch.

center frequency, as shown in Fig. 7 good correlation can be
seen between the simulated and the measured results.

FIGURE 7. Simulated and measured radiation pattern of single patch
when assembled in cubic structure. (a) ϕ = 0◦ (b) ϕ = 90◦

C. Power transmission measurements
To measure the automated switching capabilities of the
proposed antenna system, active tests have been performed.
For this, the microelectronics shown in Fig. 5 (a) are placed
inside the cubic package. The test setup is depicted in Fig.
8 (a). In here, the proposed system works as a transmitting
antenna in PN mode. The receiving antenna is a linearly
polarized horn antenna connected to an Agilent E4442A
spectrum analyzer (SA). The measurements have been con-
ducted inside the anechoic chamber to avoid any external
interference.

The SA measures the received power in the three adver-
tising channels for BLE shown in Fig. 8 (b), as mentioned
in section III A and also specified in [27] [28]. For each
channel a bandwidth of 2 MHz has been set in SA to cater
for the frequency fluctuations during a sampling time of 10
seconds (enough to see at least one signal that is sent each
100ms). Ten measurements have been conducted for each
patch antenna, both in co-polarization and cross-polarization,
for all advertising channels, and the average value with
respective standard deviation is reported.
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FIGURE 8. (a) Test set up for power transferred measurement. The
distance between receiving and transmitting antenna has been set at 50
cm, four times the value for far zone condition for the horn antenna. (b)
Advertising channels for BLE protocol, these are the three scanned
frequencies for transferred power test.

The first characterization is done by testing the cube
antenna in different orientations (by manual rotation of the
faces), but without the switching capabilities of the system.
This means that the cube antenna is neither aware of its
orientation nor does it switch to the patch facing upwards.
The results are presented in Fig. 9 for the three orientations
of the antenna. It can be clearly seen that for the orientation
where the patch antenna facing upwards is communicating,
maximum power is received. In cases where the radiating
patch is either on the side or at the bottom, the received
power decreases by 10 and 20 dB respectively. This is a good
evidence to prove that for random orientations of the cube
antenna, detecting and turning ON the top patch is essential
for efficient communication with a fixed receiver placed
above the transmitting antenna. This is further verified in
the next set of measurements where these tests are repeated
with the switching capabilities of the antenna system.

FIGURE 9. Received power when there is no beam switching so the
activated patch is radiating towards the side and ground of the system
when rotated.

Again, the cube antenna is randomly rotated, however, this
time the control unit automatically detects and turns ON the

patch which is facing upwards. In Fig. 10 (a)-(f) the mea-
surements for all radiators are shown, both in co-polarized
as well as cross-polarized alignment. To establish the base
or reference value of transmission between transmitter and
receiver systems, the SP6T switch has been programmed to
turn off all the radiators. These readings are pretty low and
are presented as blue empty boxes in Fig. 10. This test also
indicates the low leakage levels of the switch in the OFF
condition. The co-pole and cross pole measurement results
for all the patches are almost at the same received power
levels for different orientations. This confirms that when the
system is randomly oriented, without knowing which face
is upwards, it re-configures itself, and always focuses its
radiation in the direction of the receiving antenna.

It can be seen that there is relatively lower received power
level for patch antenna 2 (Fig. 10 (b)). This issue is particular
to port 2 of the SP6T switch and not related to the patch
antenna itself. This was verified by connecting different
patch antennas with port 2 of the switch and the results are
similar to patch antenna 2 in Fig. 10 (b). Thus, variations
in the power levels of different antennas can be attributed
to small fabrication tolerances both from the SP6T and the
PCB. The difference between the co-pole and the cross-
polarization values range from -15 dB to -22 dB, which is an
acceptable difference between the orthogonal polarizations.

IV. QUASI-ISOTROPIC RADIATION MODE
The case with the known receiver position is well served
by the switching capabilities of the cube CA. However,
there are many scenarios in which the receiver position is
not known, as discussed in section I. In such cases, it is
best to have an all-around radiation pattern (quasi-isotropic)
instead of focusing the radiation in one direction to guarantee
communication. Since there are six patch antennas on the
cube, they can all be activated simultaneously with the right
excitation conditions, to obtain a quasi-isotropic radiation
pattern. The quasi-isotropic behavior of an antenna system
is typically represented with the gain variation (GV) in the
3D radiation pattern [29]. The aim for such designs is to
reduce the difference between the maximum and minimum
gains. Typical value of GV is taken to be 7 dB or below for
quasi-isotropic radiators as previously shown in [11] [13].

A. Design steps
A single microstrip patch antenna, placed on one of the faces
of the package, generates a broadside radiation pattern. If
three other patches are also excited along with the first one,
as shown in Fig. 11 (a), an omnidirectional radiation pattern
can be achieved, as shown in Fig. 11 (b) and (c).However,
the resulting pattern still has two nulls in the Y axis, which
can be avoided if two more patches are also added in the
remaining faces of the cube package (Fig. 12 (a)). When
these two patches are excited in phase with the previous
four, the obtained nulls are displaced from θ = 90◦ to θ =
48◦. This is clearly seen in Fig. 12 (b) and (c). The 3D
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FIGURE 10. Power received measurement for switched-beam mode of proposed structure when each radiator is turned ON and facing upward. (a)
Radiator 1. (b) Radiator 2. (c) Radiator 3. (d) Radiator 4. (d) Radiator 5. (e) Radiator 6. Each point in the figure represents the average of 10 measured
values, the standard deviation is also plotted for each point but in most cases is not appreciable. In each figure the measurement when all radiators are
off but the corresponding face is oriented up is presented in an empty blue square as baseline measurement.

FIGURE 11. Four co-phased microstrip patches in sequence form an
omnidirectional radiation pattern with two nulls in the Y axis. (a) Basic
structure microstrip patches antennas. (b) Gain pattern in 3D. (c) Gain
pattern in 2D for ϕ = 0◦ and ϕ = 90◦. GV in ϕ = 0◦ is 0.9 dB while in
ϕ = 90◦ is 47 dB.

pattern GV in this step is 14 dB. Further optimization has
been done by changing the phases of patch antennas no.
5 and 6. Keeping the first four radiators in phase for the
omnidirectional pattern, the phase (ψ) for patches 5 and 6
is swept. The simulation results for the GV in the complete
3D sphere are shown in Fig. 13.

FIGURE 12. Six co-phased microstrip patches on the cube emit an
omnidirectional radiation pattern with two opposite directed minimums.
(a) Basic structure with microstrip patches antennas. (b) Gain pattern in
3D. (c) Gain pattern in 2D for ϕ = 0◦ and ϕ = 90◦. GV in ϕ = 0◦ is 1.8 dB
while in ϕ = 90◦ is 13 dB.

The lowest GV of 4.3 dB is obtained for ψ = 65o. When
this phase is applied to patches 5 and 6, as shown in Fig. 14
(a), the radiation pattern becomes quasi-isotropic, with very
little variation in the radiation pattern, as can be seen in Fig.
14 (b) and (c).
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FIGURE 13. Change in GV of the electric field pattern due to phase shift
applied to patches placed in Y axis.

FIGURE 14. Six microstrip patch antennas on the cube form a
quasi-isotropic radiation pattern. (a) Basic structure. (b)Radiation pattern
in 3D. (c) Radiation pattern in 2D for ϕ = 0◦ and ϕ = 90◦. GV is 1.96 dB
for ϕ = 0◦ and 3.8 dB for ϕ = 90◦.

B. Feeding network for quasi-isotropic radiation pattern
Once the conditions to achieve a quasi-isotropic pattern have
been determined in simulations, the next step is to find a
practical way to provide the required phases to each patch.
For this purpose, a feeding network (FN), to simultaneously
excite the six patches, has been designed. The structure is
shown in Fig. 15. It consists of an input port that connects
directly with the RF transceiver, and six output ports, out
of which four are in phase and the remaining two are ψ =
65o out of phase. For miniaturization, a high permittivity
and low loss substrate from Rogers® with ϵr = 10.2 has
been selected [30]. Despite the high permittivity substrate,
the FN is still larger in size as compared to the available
space in the cube package, therefore, a folded configuration
with maximum dimension of 4.5 cm has been designed (Fig.
15 (b)). This FN works as a corporate feed for all the patches.
It has two stages of power division, the first one divides the
input power in three outputs while the second one divides
the remaining power in two parts.

The return loss (S11) for the proposed structure is between
-10.68 dB and -12.17 dB for the band of interest, as shown in
Fig. 16 (a). Thus at least 90% of the input power is delivered
at the output ports [31]. In simulations, the transmission S-
parameters from the input port to each of the output ports
(1-6), represented by Sij parameters of the FN, demonstrate
values between -7.8 dB and -8.57 dB, which is primarily due

FIGURE 15. Feeding network for quasi-isotropic pattern. (a)Planar form
for fabrication. (b) Folded form for inserting in cube.

to the power division stages [32]. In terms of phase, it can
be seen in Fig. 16 (b) that ports one to four present the same
phase (phase difference between the signal at port 1 and the
remaining three ports is 0o ± 2o), while ports 5 and 6 are
66o±1.5o out of phase at 2.45GHz with respect to the other
four ports. Thus, this FN can provide the required phases to
the respective patch antennas to achieve the lowest GV.

FIGURE 16. Simulated S-parameters for feeding network. (a) S parameters
in magnitude (dB) for input port and the 6 output ports (b) Phase
difference obtained at each output port when compared to that one on
port one.

The fabricated FN, both in the straight and bent forms, is
shown in Fig. 17 (a) and (b) respectively. It is worth mention-
ing here that for passive radiation pattern measurements in
the anechoic chamber (without the transceiver chip feeding
the antennas), a cable from the chamber must be inserted
in the package to connect to the FN. For this purpose, four
square holes have been etched in one of the faces of the
cube package, as shown in Fig. 17 (c) and (d). Though, one
hole is enough for this connection, the remaining three holes
have been etched to assess the effect of the position of the
cable on the overall radiation pattern of the CA.

The feeding network performance is measured by con-
necting wide band 50Ω loads to each of the output ports
and obtaining the S-parameters with the Network Analyzer
(setup shown in Fig. 18 (a)). For transmission S-parameters,
the second port of the PNA is connected to the output port
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FIGURE 17. Fabricated feeding network in planar and folded
configuration. (a) Fabricated feeding network from the LPKF with
miniature RF connectors for output ports (b) Rolled structure for fitting
inside the cube. (c) Special face design for different feeding entrances. (d)
Fabricated face for feeding with cable entering in one of the cutouts.

in the feeding network (sequentially from 1-6) through an
SMA (with a similar miniature RF connector cable as the
one used to connect the load to the remaining outputs ports).
This allows to measure the phase obtained at that specific
port.

FIGURE 18. Measurement of S-parameters for the feeding network. (a)
Setup with broadband loads at each port. (b) Obtained magnitude for the
power transferred to each port. (c) Phase of the signal obtained at each
port. The presented results are for the FN in folded form, the picture is to
clearly showcase the connections.

The obtained S-parameters are shown in Fig. 18 (b) and
(c). The reflection coefficient result confirms good matching
for the 2.4 GHz band in bent conditions, while the obtained
phases for ports one to four are almost the same. The average
value of phase differences of ports five and six with respect
to the other four ports is measured to be 55o, which is less
than the designed 65o. This can be attributed to the effect of
soldering of the connectors or minor variations in the cables.
This new value of the phase difference has been used in post-
measurement simulations, and a resultant GV value of 5.2
dB has been obtained.

C. Quasi-isotropic measurements
For measuring the radiation pattern, the feeding network
is connected to the patch antennas and the measurement
has been carried out in the anechoic chamber. The mea-
sured radiation pattern at 2.45 GHz, depicted in Fig. 19,
demonstrates a GV of 6.5 dB. When compared with the
simulated results shown in Fig. 14 (b), a reduction has been
seen in the maximum gain from 1.4 dBi to 0.9 dBi. This
half a dB variation can be attributed to the changes on the
phase obtained in the fabricated FN as well as to slightly
more losses in the fabricated module, as compared to the
simulations. These can stem from the rough 3D printed
surface of the antennas and the additional loss from the
feed network or soldered connectors. This has also affected
the GV which has risen from 5.2 dB in post-simulations
to 6.4 dB in measurements. However, this value is still well
below the specified 7 dB GV limit to consider the AiP quasi-
isotropic and the lowest GV reported in literature for such
systems.

FIGURE 19. Measured radiation pattern of proposed structure. (a) 3D gain
pattern. (b) 2D gain pattern

For the active measurements, a PCB (similar to the one
used for switched beam behavior) has been designed and
fabricated. This PCB does not include the single pole six
throw switch, rather the miniature RF connector from the
output of the BLE SoC is directly connected to the input of
the feeding network, as shown in Fig. 20. Active tests have
been performed inside the anechoic chamber by measuring
the power transferred to a receiving antenna.

Using this set up, the received power has been measured
for different orientations, as shown in Fig. 21 (a-f). It
can be concluded that the received power level is almost
consistent for all orientations ( -70 dB mark). The variations
can be due to the slightly different output power levels
for different advertising channels from the BLE chip in
active measurements [27]. Another interesting comparison
can be done between these measurements and the active
measurements in the switched beam mode (presented in Fig.
10). For the switched beam mode, power received is at least
10 dB higher than that of the quasi-isotropic mode, which is
expected because is power being radiated all around in the
latter case.

All the previously obtained results allow for the com-
parison of quasi-isotropic and switched beam modes while
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FIGURE 20. Assembly of components for quasi-isotropic power transfer
measurements. (a) The RF output of the SoC is connected to the input
port of the FN and the output ports of the FN are connected to the patches
on each face of the structure. (b) All components inside the measured
prototype including the connecting cables.

showing the main advantage of both achievable patterns.
When in quasi-isotropic, the pattern obtained has a low GV
and the system is able to communicate in any given direction
while keeping a shielded core that allows for changes of the
electronic contents without having to redesign the antenna.
In the switched beam mode, focusing of the radiation in a
specific direction increases the received power levels, which
can eventually result in increasing the communication range.
The results are encouraging for this first kind of completely
shielded and orientation aware AiP that exhibits pattern
diversity by achieving quasi-isotropic and switched beam
radiation patterns from the same structure in an automated
fashion.

V. COMPARISON WITH SIMILAR WORK
Table I shows the comparison between volumetric arrays
used for quasi-isotropic mode [13], [33]; volumetric arrays
used for switched mode [17]- [18]; single element 3D
antenna systems for quasi-isotropic mode [10] [11] [34]
[35] and this work. It can be seen in this table that the
proposed approach is covering a niche for an antenna that
can work both as a switched mode and quasi-isotropic mode,
while keeping the microelectronic contents isolated, making
it the only antenna capable of combining both modes of
operation. Further, this is the only antenna which has a
fully automated and embedded reconfiguration mechanism.
Finally, it can be seen that for the quasi-isotropic mode, the
proposed CA provides coverage for the entire 3D sphere with
a gain variation of 6.4 dB, which is one of the best reported
experimental values in literature for IoT compatible antenna
systems with similar characteristics.

VI. CONCLUSION
A reconfigurable cubic antenna system suitable for futuristic
IoT applications is presented in this paper. The design
consists of an additively manufactured hollow cube with
six microstrip patch radiators, one on each of its faces. An
accelerometer inside the cube determines its orientation so
the patch on the top face is turned ON for communication
with a bore-sight receiver. In case of an unknown positioned

receiver, the CA can combine the radiation from all the patch
antennas to provide a quasi-isotropic radiation pattern for
a better all-around radiation coverage. This antenna system
is unique due to its three main characteristics: A highly
shielded core for microelectronics, orientation aware auto-
mated reconfigurable radiation pattern, and quasi-isotropic
radiation when specific phases are applied to each radiator.
Design steps for switched beam and quasi-isotropic radiation
are discussed. The design has been fabricated and tested. The
prototype shows an isotropy of 6.4 dB at 2.45 GHz for the
quasi-isotropic mode and demonstrates 10 dB more received
power level for the switched beam mode.

REFERENCES
[1] A. Al-Fuqaha, M. Guizani, M. Mohammadi, M. Aledhari, and M.

Ayyash, “Internet of Things: A Survey on Enabling Technologies,
Protocols, and Applications,” IEEE Commun. Surveys Tuts., vol. 17,
no. 4, pp. 2347-2376, 2015.

[2] IEEE Standard for Low-Rate Wireless Networks, IEEE Standard
802.15.4, 2020.

[3] IEEE Standard for Information technology—Telecommunications and
information exchange between systems Local and metropolitan area
networks, IEEE Standard 802.11, 2016.

[4] IEEE Standard for Information technology– Wireless Medium Access
Control (MAC) and Physical Layer (PHY) specifications for Wireless
Personal Area Networks (WPAN), IEEE Standard 802.15.1, 2005.

[5] A. Zanella, N. Bui, A. Castellani, L. Vangelista, and M. Zorzi,
“Internet of Things for Smart Cities,” IEEE Internet Things J., vol.
1, no. 1, pp. 22-32, 2014.

[6] H. F. Abutarboush, M. F. Farooqui, and A. Shamim, “Inkjet-Printed
Wideband Antenna on Resin-Coated Paper Substrate for Curved
Wireless Devices,” IEEE Antennas Wireless Propag. Lett., vol. 15,
pp. 20-23, 2016.

[7] S. Kim, A. Shamim, A. Georgiadis, H. Aubert, and M. M. Tentzeris,
“Fabrication of Fully Inkjet-Printed Vias and SIW Structures on Thick
Polymer Substrates,” IEEE Trans. Compon. Packag. Manuf. Technol.,
vol. 6, no. 3, pp. 486-496, 2016.

[8] How to Choose the Right Antenna for Your IoT Application. D.
I. Inc. [Online]. Available: https://www.digi.com/blog/post/how-to-
choose-the-right-antenna-for-your-iot-appli, Accesed on: Nov. 4,2019.

[9] Z. Su, K. Klionovski, R. M. Bilal, and A. Shamim, “A Dual Band Ad-
ditively Manufactured 3-D Antenna on Package With Near-Isotropic
Radiation Pattern,” IEEE Trans. Antennas Propag., vol. 66, no. 7, pp.
3295-3305, 2018.

[10] J. R. Cooper and M. M. Tentzeris, “Novel “smart cube” wireless sen-
sors with embedded processing/communication/power core for “smart
skins” applications,” in SENSORS, Taipei, Taiwan, 2012.

[11] M. F. Farooqui, C. Claudel, and A. Shamim, “An Inkjet-Printed
Buoyant 3-D Lagrangian Sensor for Real-Time Flood Monitoring,”
IEEE Trans. Antennas Propag, vol. 62, no. 6, pp. 3354-3359, 2014.

[12] C. M. Kruesi, R. J. Vyas, and M. M. Tentzeris, “Design and Devel-
opment of a Novel 3-D Cubic Antenna for Wireless Sensor Networks
(WSNs) and RFID Applications,” IEEE Trans. Antennas Propag., vol.
57, no. 10, pp. 3293-3299, 2009.

[13] Z. Su, K. Klionovski, H. Liao, Y. Chen, A. Elsherbeni, and A. Shamim,
“Antenna-on-Package Design: Achieving Near-Isotropic Radiation Pat-
tern and Wide CP Coverage Simultaneously,” IEEE Trans. Antennas
Propag., pp. 1-1, 2020.

[14] M. F. Farooqui, M. A. Karimi, K. N. Salama, and A. Shamim, “3D-
Printed Disposable Wireless Sensors with Integrated Microelectronics
for Large Area Environmental Monitoring,” Adv. Mater. Technol., vol.
2, no. 8, 2017.

[15] S. R. Boroujeni, Z. Li, and S. Safavi-Naeini, “A smart beam-switching
multi-antenna system for UAV,” in 2017 IEEE Int. Symp. Antennas
Propag. USNC-URSI Radio Sci. Meet. APSURSI 2017 - Proc., San
Diego, CA, USA, 2017, pp. 1389-1390.

[16] A. Cidronali, S. Maddio, G. Giorgetti, I. Magrini, S. K. S. Gupta,
and G. Manes, “A 2.45 GHz smart antenna for location-aware single-

10 VOLUME ,

This article has been accepted for publication in IEEE Open Journal of Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJAP.2022.3190218

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



FIGURE 21. Power received measurement for quasi-isotropic mode of proposed structure when each radiator is facing upward. (a) Radiator 1. (b)
Radiator 2. (c) Radiator 3. (d) Radiator 4. (d) Radiator 5. (e) Radiator 6. Each point in the figure represents the average of 10 measured values, the
standard deviation is also plotted for each point but in most cases is not appreciable

anchor indoor applications,” in 2009 IEEE MTT-S Int. Microwave
Symp. Digest, BOSTON, MA, USA, 2009, pp. 1553-1556.

[17] J. Sarrazin, Y. Mahe, S. Avrillon, and S. Toutain, “Pattern Reconfig-
urable Cubic Antenna,” IEEE Trans. Antennas Propag., vol. 57, no.
2, pp. 310-317, 2009.

[18] S. Shamsinejad et al., “Pattern Reconfigurable Cubic Slot Antenna,”
IEEE Access, vol. 7, pp. 64401-64410, 2019.

[19] Premix, ”PREPERM ABS550 Technical datasheet TP20753,” in Tech-
nical datasheet TP20753 ed.

[20] M. B. Arboleda, K. Klionovski and A. Shamim, “Size Optimized
Antenna-in-Package with Quasi-Isotropic Radiation Pattern,” in 2021
IEEE Int. Symp. Antennas Propag. USNC-URSI Radio Sci. Meet.
APSURSI 2021 -Proc., Singapore, Singapore, 2021, pp. 1581-1582.

[21] R. Garg,“Antenna Arrays”in Microstrip antenna design handbook.
Boston, MA: Artech House, 2001, ch. 25, pp. 719–758.

[22] E. V. Lil and A. V. D. Capelle, “Transmission line model for mutual
coupling between microstrip antennas,” IEEE Trans. on Antennas and
Propagation, vol. 32, no. 8, pp. 816-821, 1984.

[23] E. Penard and J. Daniel, “Mutual coupling between microstrip anten-
nas,” Electronics Letters, vol. 18, no. 14, pp. 605-607, 1982.

[24] D. Pozar, “Input impedance and mutual coupling of rectangular
microstrip antennas,” IEEE Trans. Antennas Propag., vol. 30, no. 6,
pp. 1191-1196, 1982.

[25] J. Huang, “The finite ground plane effect on the microstrip antenna
radiation patterns,” IEEE Trans. Antennas Propag., vol. 31, no. 4, pp.
649-653, 1983.

[26] New Dimensions in Printed Electronics, product overview, Dupont
Inc., Wilmington, DE, USA, 2018.

[27] S132 SoftDevice: High-performance Bluetooth Low Energy protocol
stack, Nordic Semiconductor, Oslo, Norway, 2019.

[28] Bluetooth specification version 4.0 [vol 1], Bluetooth Special Interest
Group, 2010, pp. 35.

[29] D. Bugnolo, “A quasi-”Isotropic” antenna in the microwave spectrum,”
IRE Trans. Antennas Propag., vol. 10, no. 4, pp. 377-383, 1962.

[30] RT/duroid® 6006/6010LM High Frequency Laminates, Technical
Datasheet, Rogers Corp., Chandler, AZ, USA, 2019.

[31] C. A. Balanis, “Microstrip Antennas” in Antenna Theory: Analysis
and Design, 3rd ed. Hoboken, NJ, USA: Wiley-Interscience, 2005, ch
.14, pp. 855–856

[32] D. M. Pozar, “Power Dividers and Directional Couplers” in Microwave
engineering, 4th edition. Hoboken, NJ, USA: Wiley, 2012, ch. 7, pp.
308–317.

[33] Z. Zhang, X. Gao, W. Chen, Z. Feng, and M. F. Iskander, “Study
of Conformal Switchable Antenna System on Cylindrical Surface for
Isotropic Coverage,” IEEE Trans. Antennas Propag., vol. 59, no. 3,
pp. 776-783, 2011.

[34] H. Ryu, G. Jung, D. Ju, S. Lim, and J. Woo, “An Electrically Small
Spherical UHF RFID Tag Antenna With Quasi-Isotropic Patterns for
Wireless Sensor Networks,” IEEE Antennas Wireless Propag. Lett.,
vol. 9, pp. 60-62, 2010.

[35] A. Yalouskikh, Y. Huang, and Y. E. Wang, “Design of a Novel
Isotropic 3D Dipole,” in 2018 IEEE Antennas Propag. Soc. Int. Symp.
USNC/URSI Natl. Radio Sci. Meet. APSURSI 2018 - Proc., BOSTON,
MA, USA, 2018, pp. 1427-1428.

MARIA BERMUDEZ ARBOLEDA(Student
Member, IEEE) was born in Medellin, Colombia.
She received the B.Sc. degree from the National
University of Colombia, Medellin, Colombia,
in 2017, and the M.Sc. degree in electrical
engineering from King Abdullah University of
Science and Technology, Saudi Arabia, where
she is currently pursuing the Ph.D. degree. Her
research interests include reconfigurable antenna
systems, Antenna-in-Package, wireless sensing,
IoT, and wearables.

VOLUME , 11

This article has been accepted for publication in IEEE Open Journal of Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJAP.2022.3190218

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



:

TABLE 1. Comparison with close AiP designs in literature.

Ref
Type and number of

elements
Circuitry

Isolated core
Quasi-isotropic

Mode
Gain variation (simulated/

measured)
Switched

beam mode
Automated

reconfiguration

[13] 3- dipoles NO YES
7 dB in 94/92% of the

far-sphere
NO NO

[33]

3- tri-polarization
antennas (each has two

ring patch antennas and a
disk loaded monopole)

NO YES 11.75 dB/NR NO NO

[17] 6- rectangular slots NO NO NA YES NO

[18]
4- slots and 2 microstrip

patches
NO NO NA YES NO

[10]
1 - Meander antenna

folded on a cubic box
YES YES NR NO NO

[34]
1-Meander antenna
folded on a sphere

NO YES NR NO NO

[35]
1- Meander antenna

folded on a cubic box
NO YES 5 dB/ NR NO NO

[11]
1-Meander antenna

folded on a cubic box
NO YES 7dB/ 7 dB NO NO

[9]
1 - Meander antenna

folded on a cubic box
NO YES 8.8 dB/8.9 dB NO NO

This Work 6- microstrip patches YES YES 4.3 dB/ 6.4 dB YES YES

NR: Not reported. NA: Not applicable
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