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Abstract—The Internet of Things applications require small
wireless sensors with quasi-isotropic radiation, so that their com-
munication is orientation insensitive. A method to realize quasi-
isotropic antenna is by placing multiple radiators on the faces of
a cube, which also acts as a package for the embedded electronics.
In this work, we demonstrate quasi-isotropic radiation through a
3D Antenna-in-Package with multiple magnetic Hertzian dipole
radiators. For quasi-isotropy, the dipoles on four faces of the
cube must be in phase, while the dipoles orthogonal to the plane
carrying the other four dipoles must be 60◦ out of phase. With
this feeding arrangement, an isotropy of 7.3 dB has been achieved
in the whole radiation sphere in simulations and 6.5 dB in a
prototype where the ideal dipoles were replaced by practical
microstrip patch antennas. The inner walls of the cube have been
metallized to provide effective shielding between the antennas and
the embedded electronics. We also optimized the size of the cube
while maintaining a decent isolation between the adjacent patches
so that the required quasi-isotropic radiation can be achieved.
It is observed that the isotropy increases by reducing the size of
the cube until the coupling between the multiple radiators starts
to negatively affect it. As a trade-off between size, acceptable
coupling and decent isotropy, a cube with λo

2
sides has been

designed, prototyped and tested.

Index Terms—Quasi-isotropic Antenna-in-Package, magnetic
Hertzian dipoles, microstrip patch antenna.

I. INTRODUCTION

The Internet of Things (IoT) wireless sensor nodes require
reliable communication and sensor enclosure capabilities in
a small form factor. Due to the unknown orientations each
node can have when randomly deployed, keeping the radiation
pattern of each node as isotropic as possible, increases the
probability for connection. More over, due to the large amount
of nodes used in IoT applications, there is an increased interest
in lowering the fabrications costs of both the device and the
antenna structure, through additive manufactured methods, as
shown in [1]-[3].

A known method for designing systems with both em-
bedded electronics and wireless communication, is through
cubic structures with Antenna-in-Package (AiP), [4] - [6].
Of these, only [4] reports the isotropy value for the entire
radiation sphere but the isotropy is negatively affected due to
the embedded electronics as they implement folded dipoles
that are easily detunable. Reference [6] presents a design
with a shielded core for electronics but there is no mention

of the overall isotropy. These constraints make the reviewed
approaches sub optimal for wireless sensor networks.

We propose an AiP by placing a radiator on each face of
a hollow cube. The internal walls of the cube are covered
with metal so that it doubles as a Faraday cage, this way,
the electronics (inclusive of sensors, circuit, and battery) can
be placed inside. For quasi-isotropy, it is important to feed
the multiple radiators with correct phases. To determine the
phase conditions, for simplicity, we have utilized magnetic
Hertzian dipoles as our base radiator structure. As these are
ideal radiators, we implemented a practically equivalent design
replacing the dipoles with microstrip patch antennas in a
prototype for verification.

In order to miniaturize the overall size of the cube, element
to element separation must be studied as it affects the coupling
between them and eventually deteriorates the isotropy of the
system. The coupling between microstrip patches has been
studied before [7]-[8], but the effect of coupling on the
overall isotropy has not been extensively investigated. Here
we explore the tradeoffs between different sizes of cube
lengths, interelement coupling and quasi-isotropic radiation
pattern. Based on this study, an optimized AiP design has
been fabricated and characterized.

II. DESIGN AND SIMULATIONS

In this work, isotropy is defined as the difference between
the highest and lowest gain in the 3D radiation pattern, thus a
lower isotropy value is preferable. Fig.1 shows the proposed
design of six magnetic Hertzian dipoles on the outer surface
of a hollow cubic structure of side length a given in terms of
the wavelength.

Four of the dipoles (shown in red in Fig.1(a)) create an
omnidirectional radiation pattern with two nulls orthogonal to
their plane (shown in Fig.1(b)). For covering these nulls, two
dipoles excited with a phase difference of 65◦ are placed on
the remaining faces (shown in blue in Fig.1(c)). The resultant
near isotropic radiation pattern, with an isotropy of 7.3 dB, is
shown in Fig.1(d).

For practical implementation, the dipoles are replaced with
λo

4 microstrip patch antennas. The substrate used for simula-
tion is 3D printable ABS, with εr = 4.8 and tanδ = 0.008
[9]. The patches are excited individually with lumped ports of



Fig. 1. Design steps of proposed AiP for achieving quasi-isotropic radiation.
(a) Four magnetic dipoles in phase (shown as arrows in red) over the surface
of the cube. (b) Omnidirectional radiation pattern obtained from (a). (c)
Two orthogonally placed dipoles with a phase of 65◦ (shown in blue) for
covering the nulls of the previous iteration. (d) Quasi-isotropic radiation
pattern obtained.

unit magnitude, and the phase arrangement is the same as that
of the magnetic dipoles case.

To optimize the size of the cube, different values of a
have been simulated and the results are shown in Fig.2. For
the dipoles case, the closest the radiators are, the better the
isotropy is. This is also true for the microstrip patches till
a = 4

9λo, after which the coupling parameters between the
patches |Sij |, start to negatively affect the isotropy. The best
tradeoff between coupling and isotropy is obtained at a = λo

2 ,
where the coupling |Sij | is −18.32dB and the isotropy is 5.9
dB. It is understandable that for larger dimensions such as
a = λo, the isotropy is bad because the superposition of the
fields is not optimum. At such dimensions coupling of different
elements has negligible effect on the isotropy. When the cube
becomes very small, the isotropy gets highly affected by the
coupling between the patches.

Fig. 2. Effects of size reduction on isotropy of dipoles and patches structures.
Coupling coefficient for the patches structure is also shown in blue.

III. FABRICATION AND MEASUREMENTS

A prototype of the structure has been built by 3D printing
each face with the ABS filament. The microstrip patch anten-
nas have been screen printed using silver ink from DuPont
with resistivity of 10mΩ/sq/25µm. Lastly, all the faces have
been assembled together forming a cube, as shown in Fig.3(a).

We measured the S11 of a single patch in the cubic
assembled structure, obtaining a matching band from 2.351
GHz to 2.516 GHz. We also obtained the radiation pattern
in a Satimo Starlab anechoic chamber as shown in Fig. 3(b)
for the whole 3D sphere, by implementing a feeding network
that provided the previously discussed phases to each antenna
element.

Fig. 3. (a) Built prototype. (b) Measured gain pattern for the whole sphere

These results are a good proof of concept for the proposed
structure and its ability to radiate in a quasi-isotropic pattern.
The compromise between coupling and size with a = λo

2 ,
resulted in a 6.3cm side cube length. The maximum isotropy
in measurement is of 6.5 dB.

IV. CONCLUSION

In this work, we proposed a multi-radiator cubic AiP, which
can provide quasi-isotropic radiation pattern. The trade offs
between the size of the cubic AiP, inter element coupling and
isotropy have been studied. A prototype with λo

2 size has been
fabricated through additive manufacturing and the measured
results verify the design concepts.
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