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ABSTRACT Internet of Things (IoT) devices require orientation insensitive communication and a small
footprint. Wireless communication should be maintained across the whole operation band, hence electri-
cally small antennas (ESAs) with wideband radiation isotropy are also desired. This paper proposes a
theoretical model based on annular ring currents to synthesize quasi-isotropic antenna radiation patterns.
The theoretical model shows that wideband radiation isotropy can be achieved by optimizing the com-
bination of azimuthal currents. We subsequently present spherical and cubical ESA designs that achieve
measured wide impedance and radiation isotropy bandwidths exceeding 10% for the GSM900 band. The
ESAs were fully printed, with substrates 3D printed and metallization applied using screen printing.
Despite the electrically small sizes and low cost fully printed fabrication, the antennas achieved approxi-
mately 90% radiation efficiencies. The proposed designs are low cost because of additive manufacturing,
can have embedded electronics because of their 3D structure and have the largest radiation isotropy
bandwidth for an electrically small antenna in published literature.

INDEX TERMS Azimuthal current rings, electrically small antennas, Internet of Things, antenna
miniaturization, printing, quasi-isotropic radiation patterns, antenna synthesis theory, wideband antennas.

l. INTRODUCTION

NTENNAS with quasi-isotropic radiation patterns

are attracting considerable research attention because
they can provide orientation insensitive communication for
Internet-of-Things (IoT) devices as well as generally reduce
wireless communication interruptions [1], [2], [3]. These
antennas are also attractive for energy harvesting, radio
frequency identification (RFID) [4], flood monitoring [5],
marine animal monitoring [6], etc. The huge volume of
IoT devices requires antennas to be compact and minimal
cost, which can both be fulfilled with three-dimensional
(3D) antenna-in-package (AiP) and additive manufacturing
technologies [7]. The global system for mobile communica-
tion (GSM) frequency band is commonly preferred for IoT
network connection due to its widespread global infrastruc-
ture [8]. The GSM900 band operational bandwidth = 880.0
—915.0 MHz for uplink and 925.0 — 960.0 MHz for down-
link, hence antennas need to maintain their isotropic radiation
pattern across the entire 8.7% bandwidth. In the literature,
most previous designs have focused on antenna isotropy
only at a single frequency without considering the isotropic

radiation within a bandwidth [2], [3], [4], [5], [6], [7], and
their reported impedance bandwidth is also narrow (< 9%).
While some designs aimed at dual-band operation [1], [9],
[10], [11], [12]. However, either they have a narrow radiation
isotropy bandwidth (< 3%) in each band [9], [10], or the
gain variation is larger than 7 dB [1], [11], [12]. Therefore,
designing antennas with wideband radiation pattern isotropy
is challenging.

One of the most commonly used methods for design-
ing the antennas with quasi-isotropic radiation patterns is to
combine electric and magnetic dipoles with a phase differ-
ence between them [13], [14], [15], [16], [17], although
quasi-isotropic radiation patterns can be synthesized by
a linear and slot antenna [18], U-shaped antenna [19],
triple current sources [20], and multiple electric dipoles [1],
[2], [21]. However, these designs produce narrow radiation
isotropy bandwidths. A proposed antenna with four L-shaped
monopoles has been reported [22], [23], where one uti-
lized distributed phase shifters [22], and the other a lumped
components based phase shifter [23]. Although the radia-
tion pattern isotropy bandwidth (=7 dB from the radiation
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Azimuthal current rings

FIGURE 1. Quasi-isotropic antenna synthesis on a sphere using azimuthal current
rings.

peak pattern) was acceptable (11.5% and 6%, respectively),
the antennas were electrically large; and incorporated planar
designs, which are unsuitable for AiP concepts, and hence
could not embed electronics within the antenna structure.
Finally, the antennas were realized with standard subtrac-
tive manufacturing technologies, which also makes them
unsuitable for IoT applications where high throughput and
low cost manufacturing is required. On the contrary, addi-
tive manufacturing, such as the fully printed fabrication
process, for the design of high-performance antennas is
attractive and promising, which is low-cost and avoids mate-
rial wastage [5], [6], [7]. Specifically, the antenna substrates
can be 3D printed, while the metallic pattern could be real-
ized through screen printing or inkjet printing. Therefore a
fully printed fabrication process for antenna design can be
achieved for low-cost and mass manufacturing [1], [3].

Thus, this paper proposes a theoretical approach to syn-
thesize antennas with wide radiation isotropy bandwidth,
as shown in Fig. 1, incorporating multiple azimuthal elec-
tric current rings. Two azimuthal current rings with 90°
phase shift provide optimum radiation isotropy performance
(2.1 dB gain variation). Analytical results were validated
by full-wave simulations. We subsequently fabricated 3D
electrically small antennas (ESAs) following the proposed
radiation isotropy synthesis theory, achieving current best-
practice wide impedance and radiation isotropy bandwidths
for GSM900 band. The antennas were fully printed and
achieved approximately 90% radiation efficiency.

Il. ANALYTICAL MODEL

Consider an annular azimuthal electric current j¢ of radius
a located in the xy-plane in free space, as shown in
Fig. 2(a), which can be expressed in cylindrical coordinates

(p, @, 2) as:
380, 9,2) = I (9)3(p — a)é(2) 9. (1)

where 1 (¢) is the magnitude of the azimuthal electric cur-
rent, 8(z) is the Dirac delta function, and ¢@q is the unit
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FIGURE 2. Annular current in the (a) xy-plane and (b) xz-plane, and (c) combined
current.

azimuthal vector. Meridional Ey and azimuthal E, electric
field intensity vector components for the radiation pattern
from the annular current can be expressed in the spherical
coordinate system (r, 0, @) as [24]:

iaZ —ikr
Eg(r,@,go):—ZZ—AO[DXCOSQCOS(/J—i—DyCOS@Sin(p]e ,
r
iaZy . e ikr
@m&@:zrpmw—mmw]r. (2)

where i is the imaginary unit, A is the wavelength, and Zj
= 120m. The expressions for parameters Dy and D, are:

T
Pr= ‘f 19 (go)e! T 0009 in g dg,,
”_T[ 2 .
Dy = f I (pe)e 4SO eR0=00) cos godipe. (3)
-7

Let us rotate the annular current jo to locate in the xz-
plane (x'y’-plane) (Fig. 2(b)), expressed as (o', ¢’, Z') in
the cylindrical coordinate system corresponding to Cartesian
coordinates (x’, y', 7):

€0 0. 2) =12(¢)8(p' — a)8(2) @) )

Meridional and azimuthal components of the radiation pat-
tern from the rotated annular current can be expressed in the
spherical coordinate system (¥, 8’, ¢’) corresponding to the
Cartesian coordinates (x', y', ') as:

iaZ, —ikr’
Ey(r,0,¢) = —u;TO [Dy cos@’ cos ¢’ + Dy cos 0’ sin¢'] ¢ —,
) r
iaZ . e~ ik’
Ey(r.0,¢) = T[Dﬂ sing’ — Dy cos ¢'] o 5)
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(@) (b)

FIGURE 3. (a) Single bent half-wavelength dipole, and (b) Two combined orthogonal
bent half-wavelength dipoles.

where the expressions for parameters D, and D, are:

7
2 s ool o) — ol .
Dy _ / Iéo ((p;)e’T“ sin®’ cos(¢'—¢,) sin (ﬂ;d(ﬂ/e,

-7

T
2 o) r_ !
Dy’ _ / Ie(p (§0é)€l L asing’ cos(¢'—¢,) cos Qﬂéd(P;. (6)

-
The relationship between (r, 0, ¢) and (¥, 0, ¢')
coordinate systems is [20]

0’ = arccos(sind sin ¢),

¢’ = arg(sinf cos @ — icosf),

(8 - 80) = cos 6 cos g cos 6’ cos ¢’
— cos @ singsind’ + sinf cosf’ sin¢’,
(8 - @9) = —sing cos® cos ¢’ — cosgsinf’,
(90 - 80) = —cos 6 cos g sing’ + sin6 cos ¢/,
(9) - @o) = singsing’. (7
Hence, the radiation pattern of the combination of these

/
two annular currents j© and j¢ has the following meridional
EBZ and azimuthal E(p2 components:

EeZ =Fg + (96 . e())E@/ + ((96 . ﬂo)E(/,/,
EX = E, + (0) - 00)Ey + (9} - 90)Ey- (8)

Fig. 3(a) models a half-wavelength dipole bent around
a circle with radius = 0.08 A. The corresponding gain
variation for such annular current model with a=XA/47 and
1Y (p)=cos(¢/2), calculated using formulae (1-3), is 3.3 dB;
whereas gain variation for the bent dipole simulated in
Ansys HFSS software with ideal excitation = 3.2 dB. Thus,
the proposed annular current model describes the practical
antenna design well. By analogy, we calculate the gain vari-
ation of the combination of two orthogonal annular currents
with 90° phase difference between them (Fig. 2(c)) using
formulae (1-8). The gain variation, in this case, is equal to
2.1 dB. Fig. 3(b) shows the corresponding practical design
for two orthogonal bent half-wavelength dipoles with 90°
phase difference, with simulated gain variation = 2.3 dB.

For the annular current models constructed by the prac-
tical half-wavelength dipoles, the bending radius effect to
the radiation isotropy for the two practical models (Fig. 3)
has been calculated, as shown in Fig. 4. It can be observed
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FIGURE 4. Gain variation changed with the bending radius of these two annular
current models.

TABLE 1. Gain variation comparison between calculated and simulated models.

Bending radius / 4 Calculated gain Simulated gain
variation (dB) variation (dB)

0.08 2.1 2.3

0.16 2.7 2.7

0.24 33 32

oo (Planar case) 4.0 39

Gain Variation, dB

7dB Gain variation

0.0 05 1.0 15 2.0 25 3.0
Ve

FIGURE 5. Radiation isotropy bandwidth performance for two annular currents with
various phase shifts.

that the radiation isotropy generally becomes better when the
radius is smaller. For the proposed annular current model,
the theoretical gain variation of 2.1 dB has a better radi-
ation isotropy performance compared with the planar type
(4.0 dB). The theoretical analysis has also been validated by
full-wave simulation shown in Table 1, where we can see
that the simulated gain variation values matched well with
the calculated ones.

Fig. 5 shows gain variations calculated from formulae
(1-8) for the model in Fig. 2(c) for phase differences from
0° to 90°, normalized to fy (corresponding to wavelength
A = 4ma), where the annular currents have the same exci-
tation magnitude. The best quasi-isotropic radiation pattern
is achieved for 90° phase shift. Hence, the proposed annu-
lar currents model with 90° phase shift provides extremely
wideband radiation isotropy. Thus, the isotropy bandwidth
for the corresponding practical antenna design is limited only
by its impedance bandwidth.

Impedance bandwidth limits for ESAs can be determined
from Chu theory [25]. The relationship between bandwidth
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and electric size for a spherical antenna can be expressed

as [26]:
gw. S (1 3o\ 0
chu—T @ +E )

where k is the wavenumber for the impedance bandwidth
center frequency, a is the radius of the surrounding sphere,
and s is the voltage standing wave ratio (s = 1.925 when
return loss = 10 dB). Thus, when the electrical size ka = 0.5
(Fig. 3(b)), the theoretical limit of the —10 dB impedance
bandwidth is 6.7%.

lll. ANTENNA DESIGNS

A. ANTENNA DESIGN ON A SPHERE

Fig. 2(c) shows that two orthogonal annular half-wavelength
dipoles with 90° phase difference can provide 2.1 dB gain
variation, following the theory above. We validated this
by full-wave simulations using ideal excitations to feed
two annular half-wavelength dipoles with equal magnitude
and 90° phase difference for the entire frequency band
(Fig. 3(b)). However, a realistic 90° phase shifter is required
for a practical antenna design, and the phase shifter may dis-
turb antenna radiation isotropy. Thus, physically small phase
shifters are strongly preferred to minimize effects on the
overall radiation pattern. Therefore, we select a ring phase
shifter [27], which can not only provide 90° phase shift
between two annular current rings but can also help main-
tain wide impedance bandwidth. This design is also suitable
for 3D printing process in contrast with lumped element
based phase shifters [23].

Since we aim to achieve wideband anisotropy, it is pos-
sible the final phase shift may not be exactly 90° over the
entire bandwidth. However, this will be acceptable since
excellent isotropy can be maintained over a wide frequency
band even when the phase difference is not exactly 90°
(Fig. 5). The designed antenna should also offer wide-
band impedance bandwidth equal to the isotropic bandwidth.
However, ESA maximum impedance bandwidth is limited
by formula (9), i.e., 6.7% for ka = 0.5. This is insufficient
to cover the intended application bandwidth (GSM band
from 880 to 960 MHz, i.e., 8.7%). Therefore, we increased
electrical size to ka = 0.62, which has 11.5% bandwidth
limit.

Fig. 6 shows the proposed antenna design based on the
annular currents model where the conductor in the simula-
tion is lossless. The two annular dipoles are wrapped on the
surface of a printed spherical shaped acrylonitrile butadiene
styrene (ABS) substrate. The ring phase shifter generates
the desired 90° phase shift between the annular dipoles, and
incorporates two layers. The top ring layer connects to one
arm of each of the orthogonal annular dipoles (Fig. 6 inset),
and the bottom ring connects to the other arms. The bot-
tom ring phase shifter has the same configuration as the
top one, just rotated by 180° to form a sequential feeding
network providing 0°, 90°, 180°, and 270° phases to the four
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FIGURE 6. Practical antenna with wideband radiation isotropy on a sphere; I; =
67.6 mm, L, =67.6 mm, w; =11 mm, w, =1.2mm, =9 mm, and r, = 32 mm.

Bottom layer

arms. This also ensures 90° phase difference is maintained
between the two annular dipoles. The ring phase shifter is
approximately A,/4 (A = guided wavelength at the center
frequency) long, while the width of the ring is used to adjust
the impedance matching. A bazooka balun is attached to
the outer surface of the coaxial cable to ensure balanced
current distribution. The length of the bazooka balun is
quarter-wavelength at the desired frequency of operation,
which is 81 mm for this case. The distance between the
dipole arms and the balun is 10 mm in the practical design.
Simulations assumed 15 cm coaxial cable to model the long
cable used for experiments. This is particularly for radia-
tion pattern measurements in anechoic chambers, because
long cables can affect antenna radiation isotropy. Radiation
pattern isotropy deterioration due to the coaxial cable is
not usually a problem for practical IoT devices since their
antenna is fed by the embedded electronics. Fig. 7 shows
the simulated radiation pattern for the proposed antenna,
which operates at center frequency = 922 MHz. Maximum
gain variation = 4.15 dB, a little higher than the ideal
case (2.1 dB). This is to be expected due to including a
practical phase shifter, balun and cable. Nonetheless, this
is well below the 7 dB limit for quasi-isotropic radiation.
Section IV compares simulated and measured results in more
details.

B. ANTENNA DESIGN ON A CUBE

Although the antenna on the sphere achieved good
performance, it is practically difficult to build antennas on a
sphere. Fig. 8 shows a more practical quasi-isotropic antenna
design on a cube. The proposed isotropic radiation theory
remains valid for the cube design and variations due to shape
effects can be adjusted in the simulations. Based on the Chu
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FIGURE 7. Simulated radiation pattern for the antenna on a sphere at 922 MHz.

:: > Dipoles

Ring phase shifter 3

Bazooka balun’~ CE)axial cable

FIGURE 8. Practical antenna with wideband radiation isotropy on a cube: /; =
59.5mm, L =41.5mm, 5 =84 mm, w; =11 mm, w, =1.2 mm, r; =9 mm.

limit theory, the antenna design on a sphere has the maximum
impedance bandwidth for a particular electrical size. As a
result, when the radiator is moved to a cube shape from a
sphere, the impedance bandwidth is decreased for the same
electrical size. To maintain the radiation isotropy bandwidth,
the electrical size of the cube model is increased to ka =
0.71. Fig. 9 shows the radiation pattern of the proposed cube
model at center frequency = 925 MHz. Maximum gain vari-
ation = 5.29 dB, slightly larger than corresponding sphere
model for the same simulation environment. This slight dif-
ference is most likely due to the sharp 90 degree bends in the
cube design, causing higher current fluctuations compared
with the sphere design.

IV. FABRICATION AND MEASUREMENT

Fig. 10 shows fabricated prototypes undergoing testing in
an anechoic chamber, with fabrication details as follows.
Substrates were 3D printed using PREFERM® ABS300
filaments on a Raise3D Pro2 printer. The spherical proto-
type substrate was printed in the form of a planar flexible
sheet that was subsequently rolled to form a spherical shape.
Metallic patterns were printed using screen printing DuPont
PE819 silver paste before the substrate was rolled. In con-
trast, each ABS substrate surface was separately printed
for the cubical shape including screen printing the metal-
lic patterns. Substrates pieces had holes or humps to assist
with assembling the complete cube structure. All 3D printed
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FIGURE 9. Simulated radiation pattern for the proposed antenna on a cube at
925 MHz.
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FIGURE 10. Fabricated prototype of the proposed antennas (a) sphere design.
(b) cube design.

ABS substrates were 0.76 mm thick. Fully printed prototypes
were assembled and placed in an oven at 70°C for two
hours to cure the conductive paste. PREFERM® ABS300
filament has initial permittivity = 3 (from the manufac-
turer), which reduced to 2.68 after printing due to air gaps
in the printed substrate. The resulting 3D printed substrate
exhibited loss tangent = 0.0042 at 1 GHz, measured by
impedance analyzer, which is sufficient for antenna designs
in this frequency range. This fully printed process ensures
very low cost and lightweight fabrication, which are highly
desirable features for practical IoT applications.

Figs. 11 and 12 show impedance performance for the
sphere and cube designs, respectively. Measurements were
performed using a Keysight N9912A network analyzer. The
proposed quasi-isotropic antenna on a sphere operates from
875 to 979 MHz with impedance bandwidth = 11.2%, very
close to the Chu limit (11.5%) for an antenna with electrical
size ka = 0.62. In contrast, the quasi-isotropic antenna on a
cube operates from 879 to 976 MHz with 10.5% bandwidth.
Measured results for both designs closely follow simulated
results with only minor deviations, which is caused by the
3D printing process errors and the fabrication tolerance.
Nevertheless, both designs cover the full GSM900 band
(880-960 MHz).
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TABLE 2. Antenna performance compared with published works.

Ref. Isotropic synthesis Antenna ka* Overall size Impedance Gain Radiation isotropy Efficiency Fully
approach type (Mo or A®) bandwidth Deviation bandwidth** (%) (%) printed
(%) (dB) (7 dB criteria)
[22] Four L-shaped Planar 1.13 0.36x0.36 20.82 5.75 11.5 80 No
monopoles
[23] Four L-shaped Planar 1.02 0.23x0.23 18 4.65 6.0 87.1 No
monopoles
[1] Three electric 3D 1.16 | 0.32x0.13x0.13 8.9/33.3 8.8/9.8 Gain variation > 7 dB NA/NA Yes
dipoles
[2] Three electric 3D 2.62 | 0.48x0.48x0.48 30 93% 7dB Gain variation > 7 dB NA No
dipoles isotropy
[21] Two cross dipoles Planar 0.82 0.26x0.26 11 6.67 33 NA No
[20] Triple Current Line Planar 0.93 0.21x0.21 3 3.6 3 NA No
Sources
9] Orthogonal electric Planar 0.49 nx0.0782 1.0/2.2 5.83/8.24 1.0/2.2 63/91 No
and magnetic dipoles
[6] Orthogonal electric 3D 0.49 0.1x0.1x0.34 29 33 2.9 NA Yes
and magnetic dipoles
[13] Orthogonal electric 3D 1.05 | 0.22x0.22x0.12 7.3 3.4 <73 95 No
and magnetic dipoles
This Annular currents on 3D 0.62 471/3%0.098? 11.2 4.6 11.2 90.6 Yes
work a sphere
This Annular currents on 3D 0.71 | 0.18x0.18x0.13 10.5 4.8 10.5 87.3 Yes
work a cube

* ka refers to the electrical size of radiated structure only.

** The radiation isotropy bandwidth refers to the effective bandwidth within the impedance bandwidth.

GSM900 Band

S, /dB

---------- Simulation
Measurement

50 F

1

-60
0.850  0.875

0.900 0.925 0950 0.975
Frequency / GHz
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FIGURE 11. Simulated and measured S;; for the proposed antenna on a sphere.

Figs. 13 and 14 compared measured and simulated
radiation performance for the two fabricated antennas,
respectively, measured in a Satimo StarLab anechoic cham-
ber. Measured results follow the simulation trends well,
with some variations over the bandwidth. Nonetheless, both
designs have gain variation < 7 dB across the entire band-
width. These measurements were taken using the long
feeding cable and balun. Although these were simulated, the
actual cases have various practical imperfections that will
cause deviations between simulated and measured results.
Practical IoT applications feed their antennas from the
internal requisite electronics, rather than requiring coaxial
cable and balun, and hence one could expect better agreement
for that case. Fig. 15 shows simulated and measured efficien-
cies for the two fabricated prototypes (Eff = P./P;,, where
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FIGURE 12. Simulated and measured S;; for the proposed antenna on a cube.

P; and Pj, are the radiated power and input power of an
antenna, respectively). Measured results show the antennas
achieved average radiation efficiency = 90.6% and 87.3%
within their impedance bandwidth, respectively. This is an
excellent result for a fully printed electrically small antenna.

Table 2 compares the wideband radiation isotropy
performance of fabricated prototype with previous
quasi-isotropic antenna designs. Some planar quasi-isotropic
antennas have been proposed [9], [13], [20], [21], but these
antennas did not consider wideband radiation isotropy and
typically have narrow radiation isotropy bandwidths (= 3%).

Two 3D AiP designs generated quasi-isotropic radia-
tion patterns [1], [2], but the orthogonal electric dipoles
based designs only generated very narrow band isotropy,
and they were electrically large. One 3D antenna with a
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FIGURE 13. Simulated and measured gain variation with respect to frequency for
the proposed antenna on a sphere.
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FIGURE 14. Simulated and measured gain variation with respect to frequency for
the proposed antenna on a cube.
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FIGURE 15. Simulated and measured efficiency with respect to operating frequency
for fabricated prototype antenna (a) on a sphere and (b) on a cube.

quasi-isotropic radiation pattern [6] was electrically small,
but also suffers from narrow bandwidth. Therefore, in terms
of the radiation isotropy at a single frequency, our measured
gain deviation is more excellent compared with some of its
counterparts [1], [2], [9], [21], [22], [23]. Although those
works have lower measured gain deviation [6], [13], [20],
they show very narrow bandwidth. Considering the quasi-
isotropic radiation pattern in a wide band, only two previous
studies achieved wide radiation isotropy bandwidths =
11.5% and 6%, respectively [22], [23], based on four
rotated L-shaped monopoles. However, they are electrically
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large compared with the proposed design and planar, hence
somewhat unsuitable for 3D AiP, where the electronics can
be embedded in the antenna. They were also not realized
using low cost printing process and offered no theoreti-
cal approach to design isotropic antennas. By contrast, we
present a novel theoretical approach to design quasi-isotropic
antennas with wideband performance. Two fabricated anten-
nas inspired by the theoretical model demonstrate wideband
impedance bandwidth and radiation isotropy bandwidth of
11.2% and 10.5% that are close to Chu-limit (11.5%), with
compact sizes (ka = 0.62 and 0.71) and high radiation
efficiency (~90%).

V. CONCLUSION

In our work, two orthogonal annular currents with 90°
phase differences were proposed as the practically applica-
ble quasi-isotropic synthesis method with wideband radiation
isotropy performance. We fabricated two fully printed ESAs
based on the proposed annular currents model, covering the
GSM900 band for IoT applications. Fabricated ESAs on a
sphere and a cube exhibited radiation isotropy bandwidths >
10% with small electrical sizes ka = 0.62 and 0.71, respec-
tively, which are suitable for miniaturized IoT devices. The
designs presented in this paper have been fully printed and
despite being electrically small and realized through low-
cost printing methods, they demonstrate measured radiation
efficiencies of around 90%. In conclusion, the proposed the-
ory, the design methodology, excellent radiation isotropy
performance with an electrically small size, and low cost
fully printed fabrication that is suitable for mass manu-
facturing make this work attractive for a number of IoT
applications that require orientation insensitive communica-
tion for a large bandwidth. The annular currents model has
shown good matching with folded dipoles antennas on a
sphere. Thus, it can be used for designing larger and more
complex folded dipoles antennas, which will be able to pro-
vide larger impedance and radiation isotropy bandwidths.
Also, such the ESA is a good candidate for designing an
element of adaptive conformal antenna arrays.
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