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ABSTRACT Quasi-isotropic antennas are promising candidates due to their applications in modern com-
munication systems, where full spatial coverage and/or uniform signal reception is required. In this work,
an in-depth review of quasi-isotropic antennas is presented, with the aim of understanding the working
principles of such antennas and presenting the recent advancements, challenges, and solutions offered by
various researchers. First, different design techniques adopted to achieve quasi-isotropic patterns, such as
the use of complementary dipoles, multiple monopoles or dipoles, and an array of discrete elements are
discussed. Then, different types of quasi-isotropic antennas—for example, planar, electrically small, 3-D
printed, dual-band/wideband, circularly polarized, metamaterial-inspired, and dielectric resonator-based
quasi-isotropic antennas—are revisited. Their applications in various technologies, such as RFID, energy
harvesting, wireless sensor networks, and the IoT, are briefly explained. Lastly, different key performance
parameters, such as complexity of configuration, design approach, physical profile, far field and radiation
characteristics, reflection coefficients, operating frequency and bandwidth, gain deviation, and fabrication
process, are discussed and tabulated. This review not only provides a guideline but will also help antenna
engineers in designing a quasi-isotropic antenna with desirable performance.

INDEX TERMS Quasi-isotropic antennas, gain deviation, electric dipole, magnetic dipole, metamaterials.

I. INTRODUCTION

Wireless networks are a cost-effective and scalable alter-
native to cable networks for a wide range of applications,
as using cables in complex control environments presents
prohibitive costs and practical difficulties. Their simplicity
in deployment, low installation costs, and ease of operation
and monitoring make wireless networks highly attractive in
modern communication systems. Wireless networks are now
considered a crucial infrastructure in industries for mission-
critical control systems, such as automation, monitoring,
power grid protection, IoT devices, and many more. In such
situations, instability, or interruption in communication links
can have a substantial impact on the performance of the
system. Therefore, it is crucial to maintain stable connectivity
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of the network all the time, regardless of the orientation of the
transmitter and receiver.

To date, several techniques have been employed to ensure
stable connectivity in the entire region. A beam-scanning
antenna array system may be used; however, it usually takes
a large footprint and increases complexity. A more practi-
cal solution involves designing an antenna that can radiate
electromagnetic energy equally in all directions with no radi-
ation nulls in the space, which is also called an isotropic
antenna [1]. Isotropic antennas that can provide full spatial
coverage are currently fictional and cannot be realized the-
oretically. This is because the transverse electric field in the
far field region cannot be uniform over a sphere if the field
is linearly polarized everywhere [2], [3]. However, scientists
have proposed null-free quasi-isotropic antennas [4].

Due to their isotropic-like characteristics, quasi-isotropic
antennas can be very useful for several modern wire-
less communication technologies, such as IoT applications,
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FIGURE 1. Scenarios requiring quasi-isotropic antennas (adapted
from [5]-[7] and google images).

monitoring purposes, wearable gadgets, wireless power trans-
fer, wireless sensor networks, wireless access points, intra-
vehicle wireless communication, and radio frequency energy
harvesting. Fig. 1 pictorially depicts various applications of
quasi-isotropic antennas.

It is worth mentioning that gain deviation is the key
parameter in evaluating quasi-isotropicity of an antenna. Gain
deviation refers to the difference between the maximum and
minimum gain values of an entire radiation sphere. An ideal
isotropic antenna will have a zero-gain deviation because it
radiates perfectly equally in all directions.

An alternative way is to calculate the integral isotropy
factor, which can be determined by finding the ratio of the
surface on which the gain deviation exceeds the threshold
gain level, TH;s,, over the entire sphere surrounding the
antenna [29], [61]. Radiation pattern isotropy is defined as
the sum of the solid angles formed by radiation pattern beams
whose gain lies between the peak gain (PG) and the THjy,
below the PG relative to a closed spherical surface surround-
ing the antenna. Mathematically, this can be described by the
integral parameter /"~ presented in equation (1).

: in0dod
Ith—lsa — 100% x f/ % (D
s1

The S; surface is determined by

S, such that PG — TH s, < Gain (6, ¢) < PG

Howeyver, there is no standard definition for the maximum
gain deviation value yet. In the reported literature the gain
deviation varies with respect to the operational characteristics
of the antenna. For instance, from Table 1, II, and III we
can see maximum gain deviation of single band antennas
in planar and non-planar configurations are reported as 6.84
[30] and 7.9 dB [3] respectively. Similarly, for dual band
antennas the maximum gain deviation has been reported as
8.9 and 9.9 dB, for each resonance, respectively [31], whereas
for wideband antennas the reported gain deviation is around
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6 dB [24]. The reported gain deviation for the circularly polar-
ized antenna is 3.6 dB [32]. In the last decade, several studies
have been presented to design quasi-isotropic antennas to
minimize gain deviation [2], [3], [7], [8], [10], [13]-[24], [2],
(31, [71, [8], [10], [13]-{24], [29], [31]-{53].

Different design approaches, such as split-ring res-
onators (SRR)-based antennas [17], electrically small anten-
nas [10], [18], [35], [36], 3-D printed antennas [25],
[30], [38], [54], planar antennas [23], [24], [36], dielec-
tric resonator antennas [3], [14], and shorted patch anten-
nas [15], [16], have been used to minimize gain deviation.
Quasi-isotropic antennas based on some other techniques
have also been reported like by folding dipole [8]-[12], mag-
netic dipole [13] and by symmetrically stacked planar antenna
configurations [2], [28]. Figure 2, categorizes the different
approaches for designing quasi-isotropic antennas. However,
due to the design complexity and feeding mechanism, these
techniques are not very common and only few antennas have
been designed using these techniques. Antennas with quasi-
isotropic characteristics can also be divided into different
categories based on their operational characteristics, as shown
in Fig. 3.

Depending on their geometric configurations, quasi-
isotropic antennas can be classified as planar and non-planar,
as depicted in Fig 4. So far classification in terms of designing
is concerned, an intuitive way is to combine two orthogo-
nal electric and magnetic dipoles [2], [10], [13]-[18]. The
orthogonal horizontal and vertical dipoles have omnidirec-
tional radiation patterns in the vertical and horizontal planes,
respectively, as shown in Fig. 5. Therefore, a quasi-isotropic
radiation pattern is achieved when two perpendicular comple-
mentary dipoles are excited with quadrature signals of equal
amplitude. This concept was first employed in [33] and [34]
by combining linear and slot antennas. In [34], a combination
of a slot antenna and a linear dipole antenna was presented
to obtain a quasi-isotropic pattern. The slot and dipole can be
arranged in three orthogonal orientations, providing desirable
performance in terms of quasi-isotropic coverage [34]. First,
when the dipole antenna is kept parallel to both the slot and
the plane of the slot, it results in circular polarization over
a wide range. Secondly, when the dipole is placed parallel
to the plane of the slot but perpendicular to the slot itself,
maximum coupling is achieved, and both antennas react as a
conventional two-element array of parallel dipoles. The third
orientation of the dipole is interesting in the way that when the
dipole is placed perpendicular to both the slot and the plane
of the slot, both antennas completely decouple, and their
mutual independent fields superimpose to achieve the total
field. This approach can be used to achieve quasi-isotropic
radiation patterns in phased array antennas [33]. This concept
has also been used to realize a dielectric resonator-based
quasi-isotropic antenna [14].

The second way to design a quasi-isotropic antenna is to
use an array of discrete elements in a circular fashion to cover
nearly isotropic region. Several antenna designs employ-
ing this approach have been reported [19]-[21]. However,
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FIGURE 3. Classification of quasi-isotropic antennas based on operational characteristics.

antennas designed using this technique are bulky, large in
size, and require a complex feeding network. The third way
to design quasi-isotropic antennas is to use multiple electric
monopoles, electric dipoles, or magnetic dipoles to achieve
quasi-isotropic radiation coverage. This procedure has been
employed in many designs [22]-[25].

This article presents a detailed analysis and in-depth review
of different types of quasi-isotropic antennas that can provide
full spatial coverage with minimum gain deviation. It also
discusses the implementation of different design techniques
to achieve a quasi-isotropic pattern, including a tabulated
detailed performance comparison between different tech-
niques. The purpose of this article is to provide a guideline
to the research community for designing a quasi-isotropic
antenna with the desired specifications and performance.
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This paper is arranged as follows: Section II presents the-
ory and well-known design approaches for different types of
quasi-isotropic antennas. Section III presents state-of-the-art
quasi-isotopic antennas.

Section IV presents applications and Section V presents
some challenges and future directions. Lastly, the concluding
remarks are presented in Section VI.

Il. DESIGN APPROACHES FOR QUASI-ISOTROPIC
ANTENNAS

A. COMBINATION OF ELECTRIC AND MAGNETIC DIPOLE
The intuitive way to obtain the quasi-isotropic radiation pat-
tern is to use two orthogonal magnetic dipoles [13], two
orthogonal electric dipoles [23], or orthogonal electric and
equivalent magnetic dipoles [14], [15], [17]. According to the
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FIGURE 5. (a) Radiation pattern of an electric dipole, (b) radiation pattern
of a magnetic dipole [17], (c) configuration of the orthogonal electric and
magnetic dipoles, (d) elevation patterns of the complementary dipoles for
different values of ¢ [14].

concept of complementary dipoles [2], [3], [14], when two
equivalent dipoles are fed with two signals of the same ampli-
tude and quadrature phase, the maximum-field direction of
the one is along the null-field direction of the other one. This
is due to the generation of omnidirectional radiation patterns
by dipoles that are in perpendicular planes with each other.
As a result, the directions of the weak power density can be
strengthened, and the blind spot can be minimized. Hence,
nearly full spatial signal coverage can be obtained.

Fig. 5 (c) depicts the antenna configuration, which consists
of a pair of orthogonal electric and magnetic dipoles aligned
with the y-axis and x-axis, respectively. By superimposing the
far fields of complementary antennas, the overall far fields
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FIGURE 6. The basic principle of complementary dipole-based
quasi-isotropic antenna [3].

can be obtained [33]. The E-fields of the x-directed magnetic
dipole (denoted by En9 and E,,p) is given by (1) to (4) [14]:

Eno = jlnlnFpsing 2)
Eng = jlnlnFmcosdcosd 3)
Eeop = —jl I F.cosOsing 4
Eep = —jleloFecosd 5

where;

F = (B/4mr)eli=070)
Fe = B [4rr)el' =07

The fields of the magnetic dipole are deduced from the
results of a small electric loop for a magnetic moment of
Eng = Inly = joulS [66]. The components of the total
field can be obtained if the phase difference between the two
sources is ¢ (say).

El' = Eug + Eng = —jlolFcosOsing

+&? Lyl Fonsing (6)
Ej = Eep + Enp = —jloleFcosp
+& Lyl Fncosdcosd @)

Suppose nlele = Iyply, or equivalently, n = Iml’”/le I,
The total field E7 is then given by:

2 2
Er = \JIEjI" + |E]]

= IlF\/l + cos2 0 — 2cosbcosg ®)

Apparently, E7 is a function of 6 and ¢ only, and inde-
pendent of azimuthal angle ¢, revealing that the field is
omnidirectional in the azimuthal plane [14]. The radiation
patterns for the different values of phase difference (¢), for
the elevation field of combined complementary dipoles are
shown in Fig. 5(d). The complementary theory is pictorially
elucidated in Fig. 6 [3].

Based on the complementary dipole technique, differ-
ent types of quasi-isotropic antennas, such as non-planar
and planar, electrically small antennas, shorted patch anten-
nas, folded split-ring resonators, and dielectric resonator
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FIGURE 7. Electrically small planar antenna, (a) perspective view, (d) xz
plane, (e) yz plane, (f) xy plane [10].

antennas, have been reported in the literature [2], [3],
[10], [13]-[18], [37]. A planar, electrically small antenna as
shown in Fig. 7, with a quasi-isotropic radiation pattern was
reported in [10].

B. METHOD OF USING THE ARRAY OF DISCRETE
ELEMENTS ON CONDUCTING LOOPS

Quasi-isotropic antennas can also be designed using a cir-
cular array of discrete elements. The common approach for
obtaining nearly isotropic patterns using this method is to use
discrete antenna arrays along the circumference of a cylin-
der [19]-[21], [40], [41]. However, this approach involves
unavoidably bulky antenna designs and complex feeding net-
works. A conformal cylindrical array was proposed in [67],
and it was found that some of the conformal cylindrical
antenna structures proposed in the literature have omnidi-
rectional direction patterns in some planes but not with full
spherical coverage [59], [61], [68]-[70].

In another study [20], a low-profile, tri-polarized planar
quasi-isotropic antenna was proposed for 2.4-2.5 GHz. The
antenna had three layers, where the top and bottom layers
were composed of dielectric material with a similar thickness,
while an air layer was incorporated between them.

A dual-polarized circular patch was designed on the top
side of the upper substrate, whereas two orthogonal feed lines
were designed on the bottom side of the lower substrate,
and the top side of the lower substrate contained ground
plane. The ring patch of the top substrate was excited by
etching a pair of H-shaped slots in the ground plane. Since
the three ports of the antenna independently worked in three
different modes, the radiating electric fields were excited
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FIGURE 8. An example of an array of discrete elements to realize
quasi-isotropic antenna (a) antenna geometry [20], (b) antenna element
arrangement on cylindrical surface, (c) designed prototype [19].

by patch modes and were parallel to the x- and y-axes,
as shown in Fig. 8(a). Moreover, the electric field excited
by the monopole was parallel to the z-axis. The presented
design on the surface of a conducting cylinder in different
combinations is shown in Fig. 8(b), and the final prototype is
depicted in Fig. 8(c). Collectively, the antenna radiated three
orthogonal polarized fields. The measured —6 dB impedance
bandwidths for the three ports were 2.34-2.54 GHz, 2.35-
2.52 GHz, and 2.38-2.49 GHz, respectively. The isolation
between the three ports was also better than —24 dB. In sum-
mary, the proposed tri-polarized antenna can be used with
each port to transmit independent signals.

Similarly, in [19], another conformable switchable antenna
was presented, whose basic element structure is based on the
design presented in [20]. Full spatial coverage was obtained
by switching among the three tri-polarized antennas over
the complete spherical region. The proposed antenna was
low profile and easy to integrate on cylindrical surfaces.
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FIGURE 9. Evolution of proposed planar quasi-isotropic antenna:
(a) evolution process, (b) top view, (c) cavity model [13].

As the three ports of this antenna radiated orthogonal polar-
ized fields, it could receive signals with any polarization,
thus avoiding polarization mismatch. Furthermore, another
extremely important feature of this type of antenna was
the complementary radiation properties of the patch and
monopole antenna mode. By switching among them, full
radiation coverage for a hemisphere was obtained. Therefore,
to realize a full coverage for the cylindrical antenna system,
only two tri-polarization antennas are needed [19].

C. METHOD OF USING MAGNETIC DIPOLE

A U-shaped quarter-wavelength radiator current source
which is an example of magnetic dipole can exhibit a near-
isotropic radiation characteristic. Normally, it consists of two
vertical arms spaced by about a quarter-wavelength separated
by a short crosspiece that is far less than the operational
wavelength.

The analysis is simplified by considering a centered-fed,
U-shaped dipole with the approximate length of one quarter-
wavelength in free space shown in Fig. 9(a) [13]. Suppose
the short cross piece (with a length of h) is aligned with the
z-axis. By rotating the two vertical arms to a certain angle
with respect to the z-axis, the U-shaped quarter-wavelength
dipole can be transformed into a planar antenna as shown
in Fig.9 (a). The two vertical arms evolving into the top and
bottom surfaces of the cavity, the short cross piece forms
a shorting wall with a height of h. As a result, the linear,
1-D antenna becomes a cavity-like, 2-D antenna as shown
in Fig. 9 (b) - (c). An antenna formed by the two sectors will
exhibit the typical behavior of a magnetic current sheet on
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an aperture. An antenna can be modeled as a planar circular
sector magnetic dipole, and the cavity model can be used to
predict its radiation behavior rigorously.

When h — 0, the fields inside a circular sector cavity can
be determined by solving the wave equation. At the edge of
the sector, and for the magnetic-wall boundary conditions to
be satisfied, the radial surface current must vanish, such that,

Jp (p = Ro)

Ry is the radius of the circular sector, whose value can
be calculated using the first-order derivative of the Bessel
function of order v

=H, (p=Ro) =0 ©)

J, =0 =0
Xvl Xvi€
Ry=—="—- 10
0 k 2fo (10)

where v = nmr/a, n represents the number of circumferential
variations, c is the speed of light, f is the central frequency
J) and x,; are the first-order derivatives of the v-order Bessel
function respectively. For a very low height &, the radius of the
circular sector can be slightly modified as that of low-profile
antenna,

(1)

As h < Mg, there is no variation along z-axis. Therefore,
the electric field within the cavity has only a z-component,
and magnetic field essentially has only p and ¢ components.
The equivalent magnetic current aperture is given by:

M =Pxp=Ezp

[0
¢S Euu(kp)cosvp, v= % n=135,...

E,J, (kp)sinvyp, v=

R/< <R/+ﬁ
0=P=RoT5

Il
ASH
S

niw
—, n=13,5,...
o

(12)

The radiation field can be obtained by integrating the far
fields generated by the magnetic current along the circular
sector from —a/2 to «/2. In this way, the E-field of the
planar antenna can be calculated by analyzing its azimuthal
components.

—ik —jkr
b= [

x cos(p— go)xe[fkp“"““‘ﬂ ‘/ﬂpdpdgé (13)
—]k eIk

E, = e cos 6
x sin(p =) x eU/k? Sm@cow Ylodpdg — (14)

Since a virtual, infinite electrical wall occurs at z = 0 based
on the natural boundary condition of the cavity, so, the mag-
netic current should have an effective radial extent of
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h/2 owing to the exponential decay of the electrical field for
p > R;,. Based on resonance approximation, the expressions
for the components Ey and E,, can be simplified (considering
only the non-static, fundamental mode) as follow:

—jk e=Ikr 5
Ey = — RGhEWT, (Xv1) cos vg’
4 r —g
x cos(p—g) x elkRosin® cos (“’;“’]d(pﬁ (15)
_jk e—jkr / ? /
Ey = — RohEJy, (xv1) cost cos Vg
4 r —g
x sin(pg) x eUkRosind cos(v=¢ly g (16)
where hEvJv (xvl) is the edge voltage at ¢ = 0. The
magnitude of the total field E;,; is given by:
|Evorat] =/ |Eo|* + |Ey|? (17)
otal 0 2

When radius R6 is determined, the total radiation pattern
is only dominated by the flared angle « of the circular sector.
The normalized total field pattern for three principle planes,
ie., ¢ = 0° (the xz-plane), ¢ = 90° (the yz-plane), and
6 = 90° (the xy-plane) are theoretically predicted by using
(15) - (17). This means that by changing the flared angle «
we can adjust the uniformity of the antenna’s radiation pattern
since the uniformity of the radiation pattern is dominated by
order v of the resonant cavity mode. It is observed that when
o = 3m/2, the total field patterns have non-uniformities less
than 1dB, suggesting the antenna should have quasi-isotropic
radiation patterns.

D. METHOD OF USING MULTIPLE MONOPOLES OR
DIPOLES

Another way to design quasi-isotropic antennas involves the
use of multiple monopoles or dipoles with planar as well
as 3-D structures [22]-[25], [30], [31], [39], [54]. In [31],
a dual-band wire antenna bent and wrapped on the surface
of a package was proposed and fabricated using an addi-
tive manufacturing technique. The antenna was a dual band
with quasi-isotropic radiation patterns and can be used for
the GSM900 and GSM1800 bands. The radiation pattern
of the wire antenna can be visualized as the superposition of
the radiation patterns of a set of electrical dipoles. Each bent
portion of the wire antenna was assumed to act as an electric
dipole. The basic analysis model for the set of orthogonal
electric dipoles is shown in Fig. 10. The current densities
along the x-, y- and z- directions in the cartesian coordinates
system can be expressed as:

Je (x,y,2) = me8 (x) 8 (y) 8 (2) X (18)
Jy (%, y,2) = myd (x) 8 (¥) 8 (2) Yo (19)
Jo (X, 9,2) = m8 (x) 8 (y)8(2) 20 (20)

where m,, my, and m, are the dipole moments along the x,
y, and z axes, respectively, x,, y,, and z, are the unit vectors
along x-, y-, and z-axes, § is the Dirac delta function, and

146302

FIGURE 10. The basic model of an orthogonal set of x-, y-, and z-oriented
electric dipoles [31].

Jy, Jy, and J; are the current densities of the dipoles along
the respective axes.

In spherical coordinates system (r, 8, ¢), the electric dipole
along the x-axis has the meridional component Eg, and
azimuthal component E,,.

k
Eo (0, ¢) = —jncos0c0s¢4—mx 21
T

.ok
Ey (¢) = jnsing —my (22)
4
Similarly, the components along the y-axis of the radiation
pattern of the dipole are:

k
Eq (0, 9) = —jncos@sin<p4—my (23)
T

k
E =—j — 24
o (9) = —jncosp —m, 24)

The radiation pattern of the z-oriented component has only
a meridional component:

k
Eg (0) = jnsind —m;, (25)
4

Thus, the total radiation pattern of the three orthogonal
dipoles with unit vectors (my, my, m, = 1), having a phase
shift yr; within x- and y-oriented dipoles and a phase shift
within z- and x-oriented dipoles can be expressed as:

2
[EX 0, 9)]
kO P
= (ﬁg) (2 — sin 951n(2g0) cosyr
— sin (260) cospcosyrr — sin (20) sinpcos(y — ¥)).

(26)

where n = 1207, k = ZT”
When ¢ = 7/2, (25) can be simplified as:

2 O\ 2
EX 0, ¢) =<n5) 2 —sin(20)cos(¢ — ¥2)  (27)

The variation of the field pattern from maximum to min-
imum and the null direction can be found using (27). It was
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observed in [31] that as long as there was a phase difference
of 90° between any two dipoles (either x-y, y-z or z-x ori-
ented), the configuration of three orthogonal electric dipoles
provided quasi-isotropic radiation pattern with gain deviation
of 4.77 dB regardless of the phase of the third dipole. More-
over, the quasi-isotropic pattern can also be achieved by using
only two orthogonal electric dipoles. By using (3) and (5), and
expressing the total radiation pattern for ¢ = 7 /2 as:

)EZ (9)‘2 = (nﬁ)z (1 n Cos29> (28)

In [23], two crossed curved dipoles are designed on top
side of a substrate to get a nearly full spatial coverage. The
compact printed planar quasi-isotropic antennas can serve for
2.4 GHz wireless local area network (WLAN) applications.
The lengths of the two curved dipoles can be adjusted to
achieve an isotropic radiation pattern in the frequency range
of 2.4-2.48 GHz. The design of the crossed dipole antenna,
along with its quasi-isotropic radiation pattern, is depicted
in Fig. 11. The lengths of the straight part of two dipoles are
L, whereas the angles of the curved parts of two dipoles are o
+Aa and a-Aw, respectively. The widths of the two dipoles
are the same, defined as W), and the distance between two
branches of a dipole is twice of P,. Ly is the width of the
connecting sections that connects a branch of one dipole to
the other. The length and width of the substrate is L. The
presented antenna had an impedance bandwidth of 270 MHz
(2.26-2.53 GHz, 11%) and the gain deviation was lower than
6 dB over the full space.

lIIl. STATE OF THE ART QUASI ISOTROPIC ANTENNAS

A. PLANAR QUASI-ISOTROPIC ANTENNAS

In modern wireless technology, planar antennas play an
increasingly important role due to their nearly isotropic radi-
ation pattern. In portable devices, such as mobile phones,
tablets, laptops, and smart wrist watches, where profile, ease
of installation, and cost are key performance constraints,
planar antennas are used because these antennas are low
profile, compatible with planar and non-planar surfaces,
simple, mechanically robust, inexpensive to manufacture
using advanced printed circuit technology, and very versa-
tile in terms of resonance. Various quasi-isotropic anten-
nas in planar configuration are proposed in [2], [13], [20],
[23], [24], [37], [39], [55], [63].

Quasi-isotropic radiation characteristics were achieved
using a planar folded dipole antenna in [55]. The design
was based on a triple current line source. The spatial dis-
tance between these sources was optimized, providing phase
differences to achieve a quasi-isotropic radiation pattern.
The antenna consisted of three current elements fed by a
single-port coaxial cable, as shown in Fig. 12. The current
pairs I and II supported the quarter wavelength mode, while
current III was almost uniform. A matching network com-
prising a capacitor and a pair of inductors was introduced
for matching purpose. These current sources with known
modes and current distributions made this design an efficient
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FIGURE 11. Isotropic antenna using two crossed dipoles (a) crossed
dipole antenna configuration, (b) 3-D radiation pattern of the antenna,
(c) the reflection coefficient [23].

and favorable choice for practical implementation. In full
space, the simulated and measured gain deviations were less
than 3 dB and 6 dB, respectively, for the frequency range
of 0.83 GHz to 1.06 GHz.

In another study [13], a circular centered-fed quarter-
wavelength magnetic dipole antenna was used to achieve
quasi-isotropic coverage, as depicted in Fig. 13. The
U-shaped antenna can be modified to a planar antenna if
both vertical arms are rotated to a specific angle « in the
z-axis. The radiation pattern of the resulting antenna was
dominated by the corresponding magnetic sheet of current on
the aperture created by the two-sector surfaces. The antenna
can then be treated as a magnetic dipole with a planar circular
field. Within the three major planes, the antenna shows a
better non-uniformity of lower than 5.7 dB and an average
radiation efficiency of more than 82% within 2.4 GHz to
2.5 GHz. A planar angled dipole antenna with two para-
sitic radiating elements was reported in [39]. The parasitic
elements were used to alter the near field and to help in
improving the isotropy. This antenna system was designed
at 2.4 GHz and provided an efficiency of almost 90% with a
gain variation of 2 dB. A brief summary of the various planar
quasi-isotropic antennas is presented in Table 1. Different
key performance parameters, such as operating frequencies,
fractional bandwidth, electrical size, and gain deviation are
given.
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TABLE 1. Summary of the planar quasi-isotropic antennas with their respective parameters and adopted techniques.

Ref. Design Frequency  Fractional Electrical Efficiency Gain 3-D Printed

Approach (MHz/GHz) Bandwidth Size (ka) (%) Deviation
(%) (dB)

[1] Combination of 2.47 GHz N/A 0.47 79.2 5.2 No
electric and
magnetic dipole

[2] Complementary 2.4 GHz 5 N/A N/A 6.8 No
dipole

[10] Complementary 2.45 GHz 0.99 0.73 90 3.14 No
dipoles

[13] Magnetic 2.45 GHz 4.1 1.23 82 5.7 No
dipole

[15] Patch with 2.4 GHz 4.48 0.98 90 1.9 No
ground

[18] Complementary 993.5 MHz  0.50 0.33 30 3.8 No
dipoles

[23] Crossed dipoles 2.395 GHz  11.27 1.14 N/A 5.8 No

[24] Four L-shaped 2.450GHz  20.82 1.63 82 5.75 No
Monopoles

[25] Combination of 959 MHz 2.4 0.48 81 4.5 Yes
electric and
magnetic dipole

[27] SSR Based 763 MHz 1.05 0.68 77 2.88 No

[28] Orthogonal 895-924 3.2 N/A 87 6 No
Electric dipoles MHz

[30] Monopole AoP 2.4 GHz 11.7 0.4 N/A 6.84 Yes

[36] Wounded 911.25 0.77 0.24 N/A N/A No
dipole MHz

[37] Magnetic SRR~ 762 MHz 1.05 0.68 77 3 No

[39] Angled dipoles  2.451 GHz  6.12 1.28 90 6.4 No

[53] Loop antenna 3.29 GHz N/A N/A 42.8 6.2 No

with truncated
ground plane

Table 1 shows that a planar quasi-isotropic antenna in its
simplest form can be designed by using the complementary
dipole approach. Some other approaches such as meander-
ing and metamaterial inspired designs, can be employed to
realize quasi-isotropic antenna have also been reported. Nev-
ertheless, these techniques are somewhat more complex than
using complementary dipole. Further, the electrical parame-
ters show a trade-off with different design approaches. Over-
all, bandwidth of compact planar quasi-isotropic antennas is
usually very small. Some wide band quasi-isotropic antennas
were designed using multiple monopole or dipole techniques
that are low cost, support high data rates, and have relatively
low power requirements [23], [24], [30].

B. QUASI-ISOTROPIC ANTENNAS USING 3-D PRINTING
TECHNOLOGY

The demand for the fabrication of electromagnetic structures
using 3-D printing technology has significantly increased
during the last few years [7], [25], [30], [31], [38], [54].
This is due to the fact that the 3-D printing technology offers
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several advantages over traditional fabrication methods, for
instance, low cost, ease of fabrication, lightweight, smaller
form-factor, and being more bio-friendly. Based on these
advantages, several quasi-isotropic antennas have been pre-
sented [44]-[47].

A 2.45 GHz additively manufactured, inkjet printed, 3-D
in-package antenna was presented for marine animal mon-
itoring purpose [7]. The design consisted of a meandered
dipole, which was folded as a split-ring resonator struc-
ture that generates orthogonal electric and magnetic dipoles
simultaneously, thus generating a quasi-isotropic radiation
pattern. A low-cost antenna design with wide bandwidth
and isotropic radiation characteristics for both GSM bands
consisting of 3-D geometry is very suitable for variety of
GSM applications. To design such, an on-package monopole
antenna with a near-isotropic radiation pattern with dual-band
response is presented [54]. To achieve an isotropic radiation
pattern in both bands, their current distributions must satisfy
the theoretical condition of a 90° phase difference for both
operating frequencies at the same time. Therefore, the dimen-
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FIGURE 12. Quasi-isotropic antenna in planar configuration, (a) antenna
design, (b) axial Ratio [55].
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FIGURE 13. Proposed antenna, (a) top view, (b) whole view [13].

sions of the antenna and the box are optimized to have a phase
difference of 90° for both bands. The antenna was designed
using an additive manufacturing technique and was optimized
to work with embedded electronic components and a large
black metal battery within the available space. The proposed
design and fabricated prototype are shown in Fig. 14. At fre-
quencies of 900 and 1800 MHz, the measured maximum
gains were 0.90 and 1.71 dBi, whereas the measured gain
variations were 8.92 and 9.99 dB, respectively. An electrically
small antenna that operates in the ISM 900 MHz band was
proposed in [25]. The antenna achieved a quasi-isotropic
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Antenna Part 3

(b)
FIGURE 14. (a) Proposed design of the antenna, (b) fabricated
prototype [54].

FIGURE 15. Antenna prototype (a) top and bottom structures,
(b) perspective view of assembled structure [25].

radiation pattern by integrating small electric and magnetic
dipoles. The antenna was fabricated using 3-D printing tech-
nology. It consisted of a core meander dipole antenna and
a circulating loop antenna, as shown in Fig. 15. The loop
antenna can be split into two parts: a clockwise part at the
bottom and a counterclockwise part at the top. The current
was fed into the center of the meandered electric dipole,
generating a coherent current in the loop structure that flows
in one direction. The meander line made the antenna self-
resonant. The proposed antenna had a radiation efficiency
of 81% at 959 MHz, and a 4.5 dB maximum gain deviation.
Furthermore, an additively manufactured, 3-D printed on-
package, T-shaped monopole antenna with nearly isotropic
coverage was presented in [30]. The antenna was designed
with an in-package Wi-Fi chip and a battery. A nominal gain
of 1.78 dBi and a gain deviation of 6.84 dB were obtained
within the 2.4 to 2.7 GHz frequency range.

C. THREE-DIMENSIONAL QUASI-ISOTROPIC ANTENNAS
USING OTHER TECHNOLOGIES

One of the advantages of quasi-isotropic antennas is that
they can easily be designed in three-dimensional configu-
ration. 3-D antennas are intensively used for on-package
applications and miniaturization purposes, as 2-D anten-
nas require a large planar space. These antennas are also

146305



IEEE Access

S. I H. Shah et al.: Recent Advancements in Quasi-Isotropic Antennas: A Review

Feed loop

(c)

FIGURE 16. 3-D cubic antenna (a) presented antenna, (b) fabricated
prototype, (c) radiation pattern [38].

lightweight and easy to mount on surface. Based on these and
several other advantages offered by 3-D configuration, vari-
ous 3-D quasi-isotropic techniques have been reported [25],
[30], [31], [38], [54], [60], [61].

In [38], a 3-D cubic quasi-isotropic antenna for wireless
sensor networks and RFID applications was presented as
shown in Fig. 16. The design contains a meander-line dipole
antenna configuration folded into a cubic structure. The
quasi-isotropic radiation pattern is achieved by optimizing the
arms of the dipole and by the inductive coupling matching
technique. This antenna was designed for the UHF RFID
902 MHz-928 MHz frequency band. It is worth mentioning
that the designed antenna can easily be integrated with sensor
equipment inside the cube, allowing smart and robust pack-
aging. The antenna had an almost isotropic radiation pattern
with an efficiency of about 72% and a gain of 0.5 dBi within
the spatial coverage. Similarly, a compact shorted patch coax-
ial fed antenna with a quasi-isotropic radiation pattern was
presented in [15]. The design consisted of a quarter-wave
rectangular radiating patch at 2.4 GHz, a small ground plane,
and a metal sidewall connecting the patch and the ground
with an aired substrate between them, as shown in Fig. 17.
The antenna operated in its fundamental TEM mode; the
electric field generated magnetic current on the surface of the
open-ended aperture and the magnetic field generated electric
current on the surface of the shorted sidewall.

Due to the inherent phase difference of 90° between elec-
tric and magnetic fields, perpendicular electric and magnetic
currents were generated on the shorted sidewall and open-
ended aperture, respectively, generating a quasi-isotropic
radiation pattern without requiring a complex feeding net-
work. A gain deviation of 2 dB was observed over the entire
radiating surface of the antenna. Table 2 presents various non-
planar quasi-isotropic antennas. Different key performance
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FIGURE 17. Quasi-isotropic shorted patch antenna (a) design,
(b) fabricated prototype [15].

parameters, including operating frequencies, fractional band-
width, electrical size, gain deviation etc., are compared with
the respective adopted techniques. Some non-planar tech-
niques offer electrically small designs [7], [17], [25], [41]
that are very useful in complex circuitry design environ-
ments, where there are space constraints. It is worth men-
tioning that in contrast to fused deposition modeling (FDM),
stereolithography (SLA) 3-D printing technology, due to its
better resolution and precision, is most suitable for design-
ing quasi-isotropic antennas. As quasi-isotropic antennas are
very sensitive and slight variation in design leads to higher
gain deviation, especially for higher frequencies, 3-D print-
ing technology is preferred due to its better resolution and
precision. Furthermore, for designing the conductive pattern,
we can use inkjet printing in combination with the 3-D
printing technology reported in [54]. Nano-polycrystalline
copper coating technologies can also be employed when the
pattern is a bit complicated and manual cutting of copper
tape is challenging. Notably, the radiation efficiency of 3-D
printed quasi-isotropic antennas is lower compared to anten-
nas designed using PCB technologies [7], [25], [30], [38].
This is due to the lossy filament used in the 3-D printing fabri-
cation process. However, this lower radiation efficiency does
not influence the quasi-isotropic radiation characteristics
of 3-D printed antennas. Miniaturized and multiband anten-
nas are inevitable components of modern wireless devices
because of their low-cost and space-saving attributes [12],
[31], [54], [56], [71], [72].

D. DUAL-BAND QUASI-ISOTROPIC ANTENNAS

In [56], an electrically small dual-band quasi-isotropic
antenna was reported. The design consisted of a small dipole
with extended arcs wounded in opposite directions etched
at the upper and the lower side of the substrate, creating
a current distribution similar to a loop antenna, as shown
in Fig. 18. The cross electric and magnetic dipole generated a
quasi-isotropic pattern, and to achieve a dual-band response,
a similar radiating element of different sizes was connected in
parallel. The antenna was low profile, with an electrical size
of 0.48 ka. The reflection coefficient at the port is illustrated
in Fig. 18(b), showing that the antenna resonated at two
different frequencies of 900 MHz and 1.75 GHz with gain
deviations of 5.83 dB and 8.24 dB, respectively. Radiation
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TABLE 2. Summary of non-planar quasi-isotropic antennas with their respective parameters and adopted techniques.

Design Frequency  Fractional Electrical Efficiency Gain 3-D

Ref. Approach (MHz/GHz) Bandwidth Size (ka) (%) Deviation Printed

(%) (dB)

[3] Complementary 2.4 GHz 7 N/A >90 7.9 No
dipoles

[7] Meandered 2.4 GHz 2.9 0.49 N/A 3.6 Yes
folded dipole on
3-D cuboid

[12] SSR with 868 MHz 5 0.47 76 4 No
folded dipole

[14] Complementary 2.44 GHz 6.9 1.05 N/A 5.6 No
dipoles

[17] Magnetic 888 MHz 1.8 0.41 89 5.6 No
Dipoles

[27] SSR Based 763 MHz 1.05 0.68 77 2.88 No

[35] Loop SWA 327.33 2 0.42 93.2 3 No

MHz

[38] Meandered 930 MHz N/A 0.51 72 N/A Yes
dipole in a cube

[41] Multiple 1.5 GHz 15 0.9 96 N/A No

dipoles
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FIGURE 18. Dual-band quasi-isotropic antenna (a) fabricated prototype,
(b) reflection coefficient [56].

efficiencies of 63% and 91% were observed for lower fre-
quency and higher frequency bands, respectively.

Due to the electrically small configuration, the impedance
bandwidth for both bands was very narrow, which is a limita-
tion of this configuration. Hence, integrating such an antenna
with the communication system can degrade the performance
of the system and detune the resonance. To increase the
impedance bandwidth, both resonance frequencies can be
merged. For instance in [12], a compact dual-band quasi-
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FIGURE 19. Current distribution (a) at first resonance (859 MHz),
(b) at second resonance (886 MHz), (c) simulated and measured
reflection coefficients [12].

isotropic RF energy harvesting antenna was presented, where
both bands resonated close to each other to enhance the band-
width. The proposed design consisted of two perpendicular
folded split-ring resonators (FSRR), one in the horizontal
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TABLE 3. Summary of dual-band quasi-isotropic antennas with their respective parameters and adopted techniques.

Design Frequency  Fractional Electrical Efficiency Gain 3-D
Approach (MHz/GHz) Bandwidth Size (ka) (%) Deviation  Printed
(%) (dB)
[9] Orthogonal 792 MHz/ 2.8/1.8 0.47 86/ 85.5 4.42/ No
SRR 1124 MHz 5.76
[31] Electric dipoles 900 MHz/ 8.9/34.4 1.16 N/A 8.9/9.9 Yes
1800 MHz
[54] Wire monopole 900 MHz/ 9.3/49.1 N/A N/A 5.3/9.5 Yes
1800 MHz
[56] Electric dipole 942 MHz/ N/A 0.49 57/ 95 5.83/ No
and loop 1.71 GHz 8.24

plane and the other in the vertical plane. This system was
fed through via holes connecting the feeding points of two
elements. Such arrangement achieved a quasi-isotropic pat-
tern with enhanced bandwidth. The current distributions
in Fig. 19 (a) and Fig. 19(b) show that at first resonance,
the x-oriented FSRR resonated only acting as an electric
dipole in the x-axis and magnetic dipole in the y-axis, which
resulted in dual polarization in the xz-plane. On the other
hand, at the second frequency, the y-oriented FSRR resonated
only acting as an electric dipole in the y-axis and magnetic
dipole in the x-axis, resulting in dual-polarization in yz-plane.
The electric and magnetic dipoles generated a quasi-isotropic
radiation pattern with a gain deviation of 4.0 dB at both res-
onant frequencies. The reflection coefficient graph illustrates
that the antenna resonated at 868 MHz and 884 MHz, with
a 10-dB bandwidth of about 5%. Moreover, the radiation
efficiency was higher than 76%, and the maximum realized
gain was from 0.94 to 1.98 dBi. Although, by using this
procedure, one can increase the impedance bandwidth, it will
still not be wide enough to cover various desired applications.
Therefore, numerous quasi-isotropic antennas with wideband
characteristics have been reported, which are presented in
the next section. Table 3 summarizes a few key performance
parameters of various dual-band quasi-isotropic antennas,
including operating frequencies, fractional bandwidth, gain
deviation, etc.

It can be noted that the dual band is achieved at the expense
of gain deviation and efficiency.

E. WIDEBAND QUASI-ISOTROPIC ANTENNAS

Wideband antennas have sparked a lot of interest in the
industry and academia recently due to their low cost, straight-
forward design, ability to support high data rates, and rel-
atively low power requirements. Modern IoT applications
demand connectivity among devices over wide frequency
bands and full spatial coverage. To address this, different
quasi-isotropic antennas with wideband coverage have been
reported in [24], [42], [48], [51], [57], [73]. Note that wide-
band characteristics can be achieved by merging the res-
onance of the driven and parasitic element. For instance,
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the antenna designed in [57] consisted of an elliptical ring
and a parasitic arm, as shown in Fig. 20. This system had
a vast bandwidth ranging from 820 MHz to 3.5 GHz and
was suitable for CDMA, GSM900, GSM 1900, 3G, 4G, and
Wi-Fi bands. The vertical polarization was achieved by the
elliptical ring and horizontal polarization by making a hori-
zontal slot in the antenna. The parasitic arm was added to the
antenna to provide a uniform radiation pattern with almost
equal horizontal and vertical field components over the entire
frequency range. With wideband and uniform radiation pat-
terns, these antennas can find applications in UAVs, RF
energy harvesting, and RSSI measurements. Wideband quasi-
isotropic antenna can also be designed by four sequentially
rotated L-shaped monopoles connected by a compact feeding
network of equal magnitude and with sequential phase delay
of 90°, as reported in [24].

M1, M2, M3, and M4 are four monopole elements that are
excited with different phases to obtain radiation patterns in
different directions. The antenna design is shown in Fig. 21,
along with the radiation patterns with various different steps.
For instance, in step 1, only M1 and M3 are excited with
equal amplitude and a phase difference of 180°; the achieved
radiation pattern is depicted in Fig. 21 (b). Similarly, in
step 2, only M2 and M4 are excited with equal amplitudes
and 180° phase difference generating the radiation pattern of
Fig. 21 (c). In step 3, M1, M2, M3, and M4 are excited with
equal amplitude and phases of 0°, 0°, 180°, and 180°, result-
ing in the radiation pattern shown in Fig. 21 (d). Similarly, in
step 4, M1, M2, M3, and M4 are excited with equal amplitude
as well as equal phases, and the obtained radiation pattern is
depicted in Fig. 21 (e). Lastly, when M1, M2, M3, and M4 are
excited with equal amplitude and phase differences of 0°,
90°, 180°, and 270°, the desired quasi-isotropic radiation
pattern can be achieved, as shown in Fig. 21 (f). Figure 21 (g),
presents the gain deviation graphs which is less than 6 dB
for the entire range. The measured 6.9% wider impedance
bandwidth with only a 6-dB gain deviation was much better
in the case of quasi-isotropic antennas. It is obvious from
all the tables herein that a limited number of quasi-isotropic
antennas have been reported with wide impedance bandwidth
characteristics in both planar and non-planar configurations.
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FIGURE 20. Broadband quasi-isotropic antenna (a) modified elliptical

ring antenna, (b) fabricated prototype, (c) simulated and measured S,
plot [57].

F. CIRCULARLY POLARIZED QUASI-ISOTROPIC ANTENNAS
The attribute inherently exhibited by quasi-isotropic antennas
to suppress multipath interference and reception of signals
irrespective of the orientation of the transmitting and the
receiving antenna can be widely used to design circularly
polarized antennas for portable devices [32], [S8]-[61].

One of the interesting techniques for designing quasi-
isotropic antennas in miniaturized form uses inverted F anten-
nas, as proposed in [28]. Circular polarization can be achieved
by arranging four inverted-F antenna elements in a rota-
tional geometry. To optimize the efficiency of the antenna,
the top layer of the antenna was designed using a low per-
mittivity substrate, whereas the bottom layer, which held
the feeding network, was designed with a high permittivity
substrate to reduce size. The antenna resonated at 2.4 GHz,
and the efficiency and bandwidth of the antenna were 65%
and 100 MHz, respectively. The reduction in efficiency and
bandwidth was probably due to the use of a high permittivity
substrate. A quasi-isotropic radiation pattern was observed,
with an absolute gain deviation of only 3.6 dBi. The antenna
showed circular polarization in upward and downward large
circular sectors with an average 3 dB axial ratio and a
beam width of 105°. In [60], a 3-D on-package antenna
was designed by combining three orthogonal dipole antennas
and then optimizing using the particle swarm optimization
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FIGURE 21. (a) Sketch of four L-shaped monopoles; (b) only M1 and

M3 are excited with equal amplitude and 180 phase difference; (c) only
M2 and M4 are excited with equal amplitudes and 180 phase difference;
(d) M1, M2, M3, M4 are excited with equal amplitude and phases
differences of 0, 0, 180, 180; (e) M1, M2, M3, M4 are excited with equal
amplitude and phases; (f) M1, M2, M3, M4 are excited with equal
amplitude and sequential phases of 0, 90, 180, 270. (g) the gain deviation
over the broad range [24].

(PSO) technique to achieve circular polarization and near
isotropic coverage simultaneously. The three half-wavelength
dipoles were mounted on the orthogonal edges of a cubic box,
as shown in Fig. 22. PSO algorithm was applied to deter-
mine the phase conditions to achieve maximum CP coverage
while maintaining the isotropic radiation pattern. A detailed
guideline for the design and optimization is provided in [60].
The antenna showed impedance matching from 1.34 GHz to
1.81 GHz.
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(a) (b)

FIGURE 22. (a) Fabricated roger boards with metallic patterns for three
half wave dipoles, (b) antenna in cubic form [60].

Due to the orthogonal arrangement of dipoles, the antenna
showed isotropy of almost 93% and CP coverage of ~18% at
1.52 GHz.

Table 4 presents different performance parameters of wide-
band and circularly polarized antennas including operating
frequency, fractional bandwidth, radiation efficiency and gain
deviation. The gain deviation and fractional bandwidth varies
with the design approaches.

In single band quasi-isotropic antennas, the highest
achieved bandwidth is 11.7% with a gain deviation of 6.84 dB
[30]. For the dual band antennas, the highest achieved band-
width is 8.89 and 34% with the gain deviation of 8.9 dB
and 9.9 dB, respectively [31]. For the wideband antennas,
the highest achieved bandwidth is 20.82% with the gain devi-
ation of around 6 dB [24]. So far, as the circularly polarized
quasi-isotropic antennas are concerned, the highest achieved
bandwidth is 4.1%. However, other relevant information such
as gain deviation and axial ratio bandwidth have not been
reported [52], [59]-[62].

In some studies, quasi-isotropic antennas are designed to
improve the CP coverage over the entire radiating sphere of
the antenna [32], [60]. Therefore, it needs further attention
and research to explore the wideband and circularly polarized
quasi-isotropic antennas.

G. ELECTRICALLY SMALL QUASI-ISOTROPIC ANTENNAS

The miniaturization of the sub-systems of modern wireless
devices increases the demand for electrically small antennas.
These electrically small antennas are very useful in com-
plex circuitry design environments, where there are space
constraints [74], [75]. The placement, orientation, and rel-
ative position of the antenna in such devices is typically
random and unknown. Thus, the quasi-isotropic antennas
are preferred in such complex environments. Several electri-
cally small quasi-isotropic antennas have been proposed [1],
[10], [56], [62], [63], [13], [18], [25], [271, [35]-[37], [39].
It is believed that the SSR structure generates electric and
magnetic dipoles with equal magnitude and orthogonal radia-
tion pattern. To demonstrate this, an electrically small unipo-
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FIGURE 23. Split-ring resonator based electrically small quasi-isotropic
antenna (a) 3-D model, (b) fabricated prototype [27].

lar antenna with quasi-isotropic characteristics was presented
in [61].

This antenna was designed on a 150-um thick PDMS
substrate. The patch consisted of a split-ring resonator with
the stripes stretched inside and a pair of driven strip lines
that extend inward from the end of the ring gap to its center.
The antenna was fed directly by a coaxial cable linking the
two ends of the strip lines, as shown in Fig. 23. Since the
antenna was electrically small, fractional bandwidth is mini-
mal, around 1.05%, and efficiency was higher than 75%. The
proposed antenna had an overall gain deviation of 2.88 dB,
which is, in principle, lower than the minimum value
of 3 dB.

H. METAMATERIAL-BASED QUASI-ISOTROPIC ANTENNAS
Metamaterials are artificial media that represent the unusual
behavior of electromagnetic waves. Metamaterials can be
employed in different types of antenna designs [62],
[73], [76]-[79]. The quasi-isotopic designs have also
been reported using metamaterials as split-ring resonators
(SRR) [9], [17], [37], through thin Kapton film [26], realizing
E-field-driven LC metamaterials resonator, and by employ-
ing multiple metamaterial unit cells [11]. The metamaterial
technique can be categorized mainly under the approach
of orthogonality [17], [37]. However, some quasi-isotropic
antennas have been designed using two or more monopoles,
or electric and magnetic dipoles as well [9], [26].

In [26], an isotropic antenna was demonstrated on a flexi-
ble substrate using a thin folded dipole and split ring resonator
to achieve quasi-isotropic coverage, as depicted in Fig. 24.
The SRRs were excited by gap coupling to the dipole, and
by changing the radius of the flexible film, the resonance
frequency shifted accordingly. When the radius of the curved
film was decreased by rolling it, the frequency increased
and vice-versa. The antenna possessed an electrical size (ka)
of 0.75, with a maximum gain of 1.83dBi and a maximum
efficiency of 83%. The antenna was made of a cylindrical
dielectric resonator with a small ground plane, as shown
in Fig. 24, where the ground plane and DR plane work as
electric and magnetic dipoles, respectively. By the interaction
of both orthogonal dipoles, a quasi-isotropic radiation pattern
can be attained.
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TABLE 4. Summary of wideband/circularly polarized quasi-isotropic antennas with their respective parameters and adopted techniques.

Design Approach  Frequency  Fractional Circularly Efficiency Gain 3-D Printed
Ref. (MHz/GHz) Bandwidth Polarization (%) Deviation
(%) Coverage (dB)
[22] Inverted-F 10.5 GHz 15 N/A N/A 10.78 No
antenna
[24] Multiple 2.45 GHz 20.82 N/A 80 6 No
monopoles
[31] Electric Dipole 900 / 1800 9.8/34 N/A N/A 89/99  Yes
MHz
[32] Multiple dipoles 2.4 GHz 4.1 Yes >65 3.6 No
[48] Meander dipole 840-950 20 N/A N/A N/A No
MHz
[51] Multiple dipoles ~ 880-940 8.5 N/A 90 <6 No
MHz
[60] Orthogonal 1.52 GHz 30 Yes N/A N/A Yes
Dipoles

Feeding

R=0.08AL

FIGURE 24. An example of a flexible metamaterial-based isotropic
antenna where SRR is designed on a Kapton substrate [26].

I. DIELECTRIC RESONATOR-BASED QUASI-ISOTROPIC
ANTENNAS

Based on attributes such as ease of excitation, low loss,
lightweight, and relatively wide impedance bandwidth,
dielectric resonator antennas (DRA) are extensively used in
wireless communication systems [3], [14].

A compact microstrip-coupled slot-fed quasi-isotropic
DRA with a filtering response was designed [3] and depicted
in Fig. 25. The ground plane and microstrip feedline was
inverted to integrate filtering response. The antenna showed
impedance bandwidth ranging from 2.31 to 2.48 GHz, gen-
erating two radiation nulls beside the passband that helped
in achieving high-frequency selectivity. An average mini-
mal gain deviation of 5.8 dB in the full space of 360° was
observed.
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FIGURE 25. Dielectric resonator based quasi-isotropic antenna
(a) proposed DRA design, (b) simulated gain, reflection coefficient, and
efficiency graph [14].

Similarly, in another study [14], a coaxial probe-fed quasi-
isotropic DRA with a compact ground plane for a 2.4 GHz
WLAN was presented. The ground plane and the fundamental
mode of the rectangular DR served as electric and magnetic
dipole, respectively. The combination of both magnetic and
electric dipoles generated a quasi-isotropic radiation pattern.
The antenna can be tuned by altering the length and position
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of the feed. The proposed antenna had a quasi-isotropic radi-
ation pattern with a gain variation of 5.6 dB over the entire
spherical region. Gain deviation can be further reduced by
using a narrow ground plane.

IV. PERFORMANCE VERIFICATION AND APPLICATIONS
PERSPECTIVES OF QUASI-ISOTROPIC ANTENNAS

A. PERFORMANCE VERIFICATION

Due to the arbitrary distribution of indoor wireless signals,
the incoming signal direction to the receiver is generally
random. In such a scenario, an antenna with a quasi-isotropic
pattern having nearly full spatial coverage can be more
suitable for receiving signals compared to a conventional
omnidirectional antenna. The antenna designed in [1] was
evaluated for link reliability of wireless links for the indoor
environment case using the packet delivery ratio (PDR) and
received signal strength indicator (RSSI) values at 2.47 GHz.
The performance of the presented antenna was compared with
the transmitter and receiver pair of omnidirectional antennae
as a reference under different circumstances, with transmit-
ted power of 5 dBm, and receiver possessed sensitivity of
—95 dBm. The PDR and RSSI graphs for the measured values
are shown in Fig. 26. For the line of sight (LOS) communi-
cation, there was a minimal difference between the two pairs.
However, a quasi-isotropic antenna performance was slightly
better because of the addition of scattering fields from differ-
ent obstacles. In the case of non-line of sight (NLOS) com-
munication, the use of an omnidirectional antenna degraded
PDR and RSSI due to metal obstacles and weak multipath
signals, whereas a quasi-isotropic antenna provided robust
performance in terms of PDR and RSSI for various NLOS
positions. PDR and RSSI were also evaluated for the deploy-
ment scenario of transmitter and receiver on different floors
of the same building. The transmitter was installed on the
lower floor, and the vertical separation between the two nodes
was around 3.7 m. When the transmitted power was greater
than -9 dBm, the proposed design provided approximately
3 dBm gain in terms of RSSI compared to the omnidirectional
antenna pair, as depicted in Fig. 26. It also showed PDR
greater than 70 for a transmit power level between —11 and
—9 dBm, whereas the omnidirectional antenna pair PDR level
was less than 35%. In another study [65], a practical demon-
stration was presented for wireless power reception using the
dual band quasi-isotropic antenna. The antenna performance
was analyzed under different LOS and NLOS situations using
a transmitted power of 15 dBm for all situations and then
compared with a reference omnidirectional antenna.

The measured results for the received power signal
in Fig. 27 depict that the received power was almost the same
for both antennas in the LOS environment. However, due
to multipath channels, the peak gain of the quasi-isotropic
antenna was higher than that of the reference omnidirec-
tional antenna, while for NLOS positions, the quasi-isotropic
antenna usually received more power compared to the omni-
directional antenna because of its uniformity of field inten-
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FIGURE 27. Measured received power levels at (a) 942 MHz, (b) 1.71 GHz,
() 942 MHz, (d) 1.71 GHz [56].

sity. Sensors intended for monitoring purposes in different
scenarios, such as drone and UAV’s operations, marine ani-
mal tagging, and flood monitoring, need to be equipped with
antennas that can radiate in all directions so that a stable com-
munication link exists between the transmitter and receiver
regardless of their orientation. Quasi-isotropic antennas can
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FIGURE 28. (a) Proposed receiver system, (b) active test setup, (c) active
range test results [7].

play a vital role in such situations [7], [63], [64]. In [7],
an on-package antenna was designed for marine animal mon-
itoring purpose. Active and passive tests were conducted to
verify the performance of the antenna. During the active test,
the antenna was placed in water in an open area to avoid
reflection, and a smartphone with a custom-built Bluetooth
app was used to measure the received power from the floating
antenna. Fig. 28, shows the test setup and the relationship
between received power and distance. The maximum gain
was obtained at ¢ = 270° (or 90°) and minimum gain at
¢ = 0° or (—180°), which indicates that at other angles,
the communication range will be in between the values at ¢
=270° (or 90°) and ¢ = 0° (or —180°).

The antenna had a maximum gain deviation of 3.5 dB and
a communication link can be established from any direction.
In [64], a dipole antenna was implanted on the outer faces
of an inkjet-printed buoyant 3-D Lagrangian sensor designed
for real-time flood monitoring purpose. The arrangement is
shown in Fig. 29 (a). The performance of the prototype was
evaluated using field tests in air and in water. The radiated
power of the antenna was measured with a transceiver having
a sensitivity of half of the sensor was immersed in water, and
measurements were conducted from above the water surface.
—100 dBm in two different planes in stationary and floating
conditions.

Fig. 29 (c) indicates the upper half of the radiation pattern
only. The results indicate that the variation in radiation power
in different orientations did not exceed —7 dB in all direc-
tions, both in air and in water. Hence, the proposed antenna
exhibited almost isotropic radiation characteristics.
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FIGURE 29. (a) Setup for field tests in water, (b) radiation pattern in air,
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B. APPLICATION PERSPECTIVES

Due to full spatial coverage, quasi-isotopic antennas are
promising candidates for several applications, as shown
in Fig. 30. Some applications are discussed in detail in the fol-
lowing section to understand the advantages of using quasi-
isotropic antennas.

C. INTERNET OF THINGS

The Internet of Things (IoT) will take connectivity one step
further in the near future, as billions of smart devices will
communicate with each other to perform various tasks. Most
of these devices use Wi-Fi to connect, as it is widely avail-
able indoors. Devices intended for use in IoT applications
must be able to maintain stable and reliable communication
links, regardless of their orientation, as these devices can be
dispersed in arbitrary positions. Such devices, however, have
quite challenging antenna design requirements. To meet these
requirements, antenna designers must meet a variety of per-
formance metrics. The intended antenna should be low cost,
be able to integrate with miniaturized devices, and radiate
equally in all directions to communicate with other devices
without being affected by their orientation. Certain antenna
designs with quasi-isotropic radiation patterns have been dis-
cussed that can be easily integrated with IoT devices [30],
[60], [80].

D. RADIO FREQUENCY IDENTIFICATION
Radio frequency identification (RFID) is used in a variety of
applications, such as identification, tracking, automatic data
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FIGURE 30. Applications of quasi-isotropic antennas.

acquisition, and access control. RFID systems rely heavily
on the antennas that are attached to the tags, as its per-
formance significantly affects reading range and error rate.
A dipole-type antenna with omnidirectional radiation is the
most common RFID tag antenna used in commercial RFID
tags. However, they have nulls or very low gains in some
directions, resulting in very small reading ranges. To ensure
the reliability of the RFID system, the tag should therefore
have uniform radiation characteristics in all directions close
to isotropic. In this regard, the use of a quasi-isotropic antenna
can be handy [16], [22], [36], [48], [49], [51].

E. RF ENERGY HARVESTING

Radio frequency energy harvesting has gained popularity as a
battery-free energy source for sensor nodes in wireless com-
munication systems. Recently, the research into zero-power
solutions for the Internet of Everything has grown exponen-
tially. Different scavenging techniques, such as mechanical,
solar, thermal, and radiofrequency (RF), are being employed
to attain battery less solutions. Antenna is the key component
in RF energy harvesting. Despite its popularity, dipole anten-
nas are not very efficient owing to polarization mismatches
and radiation nulls along their axis direction. Since the radio
frequency energy is distributed randomly, receiving antennas
with isotropic radiation patterns, which can provide compre-
hensive coverage of the surrounding space, can be efficient
way to harvest ambient energy [12].

V. CHALLENGES AND FUTURE DIRECTIONS

The sensitivity of the radiation characteristics is one of the
main challenges in designing quasi-isotropic antennas since a
slight design variation can have a significant effect on the gain
deviation. For instance, in [63], the gain deviation increased
to 12.9 dB from 5.2 dB of computed expectations due to
a minor fabrication error that occurs when the top-loaded
monopole was combined with the slotted loop configuration.
This problem arises whenever there is an air gap within the
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layers of the antenna design, which is challenging to fabricate
with high accuracy as reported in [25]. To overcome this
challenge, antenna designs should be chosen in a manner
that ensures fabrication with a minimal fabrication toler-
ance. The next point of concern relates to 3-D printed quasi-
isotropic antenna structures especially where 3-D printing
filament is not fully covered by conductor pattern. In this
case, the radiation efficiency could be lower compared to
antennas designed on PCB [7], [7], [25], [30], [38]. This is
due to the lossy filaments used in the 3-D printing fabrication
process. Even though this lower radiation efficiency of 3-D
printed antennas might have not have much influence on the
gain deviation, it affects the radiation efficiency so is overall
radiation performance of the antenna. On the other hand,
the 3-DP quasi-isotropic antenna composed of meandered
geometries where the 3-D printed filament is fully covered
by metals, the lossy filaments do not have much impact on
the radiation characteristics of the antenna.

Multi-band, electrically small isotropic antenna designs
also have some notable limitations which need further atten-
tion. For instance, the large frequency span between the mul-
tiple resonances is hard to achieve as they are strongly related
to the size of each resonator. Similarly, as multiple resonators
need to be placed, it is usually challenging to design the multi-
band isotropic antenna small. Furthermore, it can be noted
that multi-band and wideband characteristics is achieved at
the expense of gain deviation and efficiency [2], [22], [31],
[56]. Therefore, further research is worth to be carried out
to design multi-band and wideband quasi-isotropic anten-
nas with minimum gain deviation. Sometimes, the gain
deviation of the electrically small quasi-isotropic antennas
can be increased due to the current flowing over the outer
conductor of the cable, which can effect on the radiation
performance during the measurement [56]. As far as polar-
ization purity is concerned, it is rather difficult to achieve
uniform polarization in quasi-isotropic antennas since linear
polarization cannot span the entire sphere in the antenna
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configurations intended to achieve the quasi-isotropic pattern.
In other words, polarization varies from linear to circularly
polarized by the observation point of the radiation spheres [1].
Therefore, it can be stated that the polarization dependency of
the quasi-isotropic antennas in radiation sphere is the prac-
tical bottleneck that should be overcome and worth further
research.

VI. CONCLUSION

In this work, different design techniques, working princi-
ples, and characteristics of various kinds of quasi-isotropic
antennas were discussed. We also presented a detailed review
and analysis for each study. We believe that this work will
provide a guideline for antenna engineers and researchers
to build a quasi-isotropic antenna with desirable perfor-
mance. The reviewed design techniques can be classified into
three major categories: orthogonal complementary dipoles,
the array of discrete elements mounted on a cylindrical sur-
face, and the method of using multiple monopoles or dipoles.
Since the orientation, placement, and relative position of the
antenna in small communication devices is usually random
and unknown, a quasi-isotropic antenna having near-uniform
power distribution in all directions is the most suitable option
in such complex environments. Moreover, quasi-isotropic
antennas can be very useful for 5G communication tech-
nology, RFID systems, RF energy harvesting, IoT, on-body,
wearable solutions, wireless access points, drone communi-
cations, flood monitoring systems, marine animal monitoring
systems, and many more. We believe that the emerging 5G,
subsequent systems and subsystems may be equipped with
the available and new quasi-isotropic antenna designs target-
ing multiple bands, higher efficiency, low profile, small gain
deviations over spherical coverage, and wider beam width,
enabling a robust, fast, and secure communication system.
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