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Pattern and Polarization Diversity Multisector
Annular Antenna for IoT Applications

Abel Zandamela , Graduate Student Member, IEEE, Nicola Marchetti , Senior Member, IEEE,
Max J. Ammann , Fellow, IEEE, and Adam Narbudowicz , Senior Member, IEEE

Abstract— This work proposes a small pattern and polarization
diversity multisector annular antenna with electrical size and
profile of ka = 1.2 and 0.018λ, respectively. The antenna is
planar and comprises annular sectors that are fed using different
ports to enable digital beamforming techniques, with efficiency
and gain of up to 78% and 4.62 dBi, respectively. The cavity
model analysis is used to describe the design concept and the
antenna diversity. The proposed method can produce different
polarization states (e.g., linearly and circularly polarized pat-
terns) and pattern diversity characteristics covering the elevation
plane. Owing to its small electrical size, low-profile and diversity
properties, the solution shows good promise to enable advanced
radio applications like wireless physical layer security in many
emerging and size-constrained Internet of Things (IoT) devices.

Index Terms— Annular sector antennas, beamforming, pattern
diversity, polarization diversity, small antennas, small Internet of
Things (IoT) devices.

I. INTRODUCTION

THE ability of an antenna to alter its radiated pattern and
polarization characteristics is a highly desirable property

in many wireless systems [1], [2], [3], [4], [5], [6], [7]. In that
regard, the rapid advance of the Internet of Things (IoT)
technology creates an increasing need for small pattern and
polarization diversity antennas to support cutting-edge appli-
cations like ON/OFF-body communications, medical body area
networks, localization, physical layer security, and others [8],
[9], [10], [11], [12], [13], [14].

Small pattern diversity antennas have been proposed,
e.g., [14], [15], [16], [17], [18], [19], [20], [21]. In [16],
a unilateral turnstile-shaped patch antenna is proposed for
azimuth plane beamsteering; the antenna has size ka = 1.32,
and profile 0.024λ (where a is the radius of the smallest
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sphere that completely encloses the antenna at the center
operating frequency f = c/λ, k = 2π/λ is the free space
wavenumber, and λ is the wavelength). Magnetic and electric
near-field resonant parasitic elements are used for pattern
diversity in [18] (size: ka = 0.98, and profile: 0.0026λ).
A shared-aperture pattern diverse quasi-Yagi antenna with size
ka = 3 and a profile of 0.005λ is proposed in [19]. A modified
array structure (size: ka = 0.98 and profile: 0.004λ) is used
to switch between unidirectional and omnidirectional patterns
in [21]. Further studies in miniaturized antennas are presented,
e.g., [22], [23], [24], [25], [26], [27], [28]. A quad-polarized
Huygens dipole antenna with ka = 0.944 and profile 0.044λ
is discussed in [22]. The theory of characteristics modes is
used for quad-polarization in [25], with size ka = 2.36 and
a profile of 0.008λ. Li et al. [26] proposed a tri-polarized
planar antenna with ka = 2 and a profile of 0.04λ. While
the above-discussed designs present significant advances in
efficiency, bandwidth, and single-diversity performance, some
works either still have a relatively large electrical size or
profile [14], [16], [24], [25], [26], [27], or the pattern diversity
is restricted to a few discrete states that cannot be activated
simultaneously, e.g., [15], [16], [17], [18], [20], [21], [22],
[23], [24], [25], [26], [27]. This limits the implementation of
many emerging and advanced wireless radio applications like
localization and physical layer security techniques in small
IoT devices.

It should be highlighted that all the above works either allow
for pattern or polarization diversity. Therefore, it is difficult to
design a dual-diversity antenna with a small electrical size
and low-profile; however, such antennas have the potential to
enable many advanced wireless applications. In recent years,
only a few works have proposed pattern and polarization
diverse compact antennas, e.g., [28], [29], [30], [31]. The work
in [29] proposed a three-layer Yagi patch antenna with ±45◦

dual-polarization and pattern diversity (size: ka = 5.2 and
profile 0.08λ). In [30], a radiating patch antenna is combined
with diagonal metal walls for multipolarization and multidi-
rectional beams (size: ka = 2 and profile: 0.14λ). In [28],
a dual-polarized beamsteering active reflection metasurface
antenna is proposed (size: ka = 4.68, and profile 0.4λ). Lastly,
an aperture-stacked patch with cross-shaped parasitic strips is
used for dual-polarization and pattern diversity in [31] (size:
ka = 5.3 and profile: 0.23λ). While the above designs can
enable pattern and polarization diversity, their dimensions are
still relatively large (i.e., ≥ 2ka) for size-constrained IoT
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applications. In addition, these structures are not planar, which
can limit their integration in many emerging IoT systems.

Microstrip patch antennas are a well-known solution for
designing low-cost, low-profile, and planar antennas, which
are some of the key requirements for IoT applications. For
a microstrip patch antenna occupying an area that can be
bounded by a region of radius r , one can design a sector
microstrip patch by using only a portion of the patch area.
The sector area is then given by Asector = πr2(α/2π), where
α is the sector angle. Such structures can be advantageous
over standard shapes like circular, annular rings, or rectangular
shapes in terms of size and profile miniaturization, as well
as simpler design structures. Sector microstrip antennas have
been proposed, e.g., [32], [33], [34], [35], [36], [37], [38].
In [33], a driven circular sector and annular sector directors
are used to design a quasi-Yagi array. In [34], a sector annular
ring with a coupled sector patch is used for dual-band oper-
ation. Circular sector antennas are investigated for bandwidth
enhancement and antenna miniaturization in [35], [36], [37],
and [38], with null-scanning in [36], tilted circular polarization
in [37], and low cross-polarization in [38]. However, pattern
and polarization diversity are not realized in the above designs,
limiting their use for advanced radio applications in emerging
small IoT devices.

In this work, we propose for the first time a small pat-
tern and polarization diversity multisector annular microstrip
patch antenna. The design comprises four-ports and operates
near 4 GHz, with electrical size ka = 1.2, low-profile of
0.018λ, and a 10 and 6 dB impedance bandwidth (IBW)
of 11 and 79 MHz, respectively. The antenna is planar and
exploits annular sectors, slits, and vias-based mutual coupling
enhancement methods to realize a simpler design configuration
with different polarization, e.g., linear, circular, and ±45◦ dual-
polarization. In addition, good beamsteering characteristics
covering the elevation plane are also demonstrated with an
antenna gain of up to 4.62 dBi. At first, the design principle of
an annular sector antenna is presented. Then a multiport design
is derived, and the mutual coupling enhancement techniques
are discussed. Next, the diversity characteristics are described.
Finally, experimental results are presented to validate the
proposed design concept.

II. WORKING PRINCIPLE AND ANTENNA CONFIGURATION

A. Design Principle

For an annular sector microstrip antenna printed on an
electrically thin substrate, i.e., t ≪ λ (where t is the substrate
thickness), the cavity model can be used to determine the
generated electric fields at a point (ρ, φ) [39]

E(ρ, φ) = jωµẑ
∑
m,n

ψmn(ρ, φ)ψmn(ρ
′, φ′)

k2 − k2
mv

(1)

where k is the wavenumber, (ρ ′, φ′) is the feed point in polar
coordinates, µ is the permeability of the medium, and the
eigenfunctions are computed as [40]

ψmn =
[
Jv(kmvρ)N ′

v(kmvri )− J ′

v(kmvri )Nv(kmvρ)
]

cos vφ
(2)

Fig. 1. Annular sector microstrip antenna. (a) S-parameters and 3-D patterns
of the first two modes of the proposed annular sector antenna [(Ant. A) shown
as inset, with the color gray used for the metalization layer and the color blue
represents the slots (no metalization, i.e., the substrate material)]. (b) Surface
current distribution of the annular sector at different time points for f1 (the
fundamental mode, i.e., mode 1). (c) Surface currents at f2 (mode 2).

where Jv and Nv represent the cylindrical functions of the first
and second kind (Bessel and Neumann functions) of order v,
respectively; v = nπ/α, α is the sector angle, kmv are the
resonant wave numbers, which are solutions of

J ′

v(kmvri )N ′

v(kmvre) = J ′

v(kmvre)N ′

v(kmvri ) (3)

where ri and re are the annular sectors’ inner and outer
radii, respectively. The corresponding resonance frequency
for the specific mode can then be approximated by f =

ckmv/(2πre
√
ϵr ), where c is the light velocity in vacuum, and

ϵr is the substrate relative permittivity.
The inset in Fig. 1(a) shows Ant. A, a simple annular

sector antenna with α = π/2, n = 1, ri = 1.5 mm, and
re = 14 mm. The sector is printed on a TMM6 substrate
(ϵr = 6.3, tanδ = 0.0023, and thickness t = 1.27 mm). The
S-parameters are shown in Fig. 1(a), where the fundamental
mode resonates at f1 = 4.2 GHz, and the second mode at
f2 = 5.35 GHz. The surface current distribution at different
time points is shown in Fig. 1(b) (for mode 1) and Fig. 1(c)
(for mode 2), with the current direction highlighted for easier
observation. It is noted that for mode 1 (at f1), strong currents



ZANDAMELA et al.: PATTERN AND POLARIZATION DIVERSITY MULTISECTOR ANNULAR ANTENNA 7243

are seen at the center of the sector, and they are basically in
the y-direction. At phase angle t = 0◦, the flowing direction
is toward +y, while they flow toward −y for the next two
quarters of the period and return to +y-direction for phase
angle t = (3T/4); this configuration then produces a linearly
polarized broadside pattern with the main beam in the xz plane
[see Fig. 1(a) (top)]. For mode 2 (at f2), the currents are
along the x-direction. It is seen that the currents are stronger
near the center and closer to the edges of the inner radius;
at t = 0◦ strong currents are seen at the center, and the
flow is toward the +x-direction; they then flow toward the
−x-direction for the next two-quarters of the period reaching
another state with strong currents at t = (T/2) while returning
to +x for t = (3T/4). This indicates that strong currents
are seen at every one-quarter of a period with a change in
direction of the currents, which produces a linearly polarized
beam pattern but with the main beam pointing at broadside
θ = 0◦. In both cases: |S11| > 16 dB, and the total efficiency
is >85%. This performance is realized with total dimensions:
28 × 28 × 1.34 mm or 0.39λ × 0.39λ × 0.018λ, where λ
is the wavelength at f1 = 4.2 GHz.

B. Multiport Design

In the next design step, three additional annular sectors are
integrated into the antenna volume. The total electric field of
the antenna at r > 8r2

e /λ can then be approximated as the
superposition of the L = 4 annular sectors using

Etot (r, θ, φ) =

L∑
l=1

cl El (4)

where cl = |Al |e j1βl is the excitation coefficient of the
lth annular sector; |Al |, 1βl are the amplitude and phase
excitation, respectively; El is lth sector electric field obtained
from (1).

To allow separation between the annular sectors, four slits
of width w1 = 0.5 mm, and length l1 = 12.5 mm are
used [see Fig. 2(a)]. The coordinates of the feed point are
P1(x, y) = P1(−6.5, 2.3 mm), and the feed of the remaining
ports are obtained by rotating P1 by 90◦ with respect to the
center of the substrate. The mutual coupling |Smn| between
different sectors is obtained from a finite element method 3-D
full-wave solver. For the multiport Ant. B [inset of Fig. 2(a)],
which uses the basic structure of Ant. A, the |Smn| < 4 dB
and are shown in Fig. 2(a). Such mutual coupling values
are considered insufficient for many applications, as they
can significantly reduce the overall system performance, e.g.,
antenna gain and beamsteering characteristics.

To improve |Smn|, reactive loading in the form of shorting
pins is introduced, which also allows for improved frequency
tuning. From Ant. B, a single pin of radius r is placed
at d1 = 1 mm from the edge of the outer diameter [see
Fig. 2(b)]; because of the proximity to the edge, this value
should be adjusted for larger pin radius. Next, different r
values 0.125–0.5 mm are tested and |Smn| stays below 5.2 dB
in all cases. The value d1 is also tested from 1 to 3 mm
(with r = 0.25 mm), and the |Smn| also stays below 5.2 dB.
In the next step, a second pin also of radius r = 0.25 mm is

Fig. 2. S-parameters of the proposed antennas. (a) Ant. B (shown as inset),
obtained using the basic structure of Ant. A operating at f1 mode and (b) Ant.
C operating at f1 mode with electrical size ka = 1.2.

introduced at distance d2 [see Fig. 2(b)]; this value is tested
from 1 to 7 mm, and d2 = 4.5 mm with |Smn| < 6.2 dB
is chosen. Further mutual coupling enhancement is realized
by tuning the feed position, tuning the gap between each
sector (w1), and adding slits of length (l2) and width (w2).
The slits are placed at distance s from the sector side; also
note that the surface currents’ path will increase as they
flow around the slit, providing miniaturization. For further
size reduction, a second slit with a similar configuration
is introduced at the opposite side of the sector. Note that
techniques like high-permittivity loading can also be used with
the proposed antenna. However, for lower ka values, increased
antenna losses are observed, with decreased total efficiency
and deterioration of the coupling characteristics.

Fig. 3 shows parametric studies of Ant. C. For brevity,
only |S11| and the coupling between the opposite sector |S31|

and one adjacent sector |S21| are shown. Fig. 3(a) shows
the |Smn| for different l2 values with s = 1.3 mm. It is
seen that |Smn| > 11 dB is realized for l2 = 8 mm, and
the center frequency increases for smaller l2 values. The
parametric results for w2 are shown in Fig. 3(b); it is observed
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Fig. 3. Full-wave simulated parametric results for (all values in mm) (a) slit length (l2), (b) slit width (w2), (c) feed position, and (d) sectors gap (w1).

Fig. 4. 3-D realized gain for Ant. C. (a) P1. (b) P2. (c) P3. (d) P4.

that w2 = 0.4 mm achieves better isolation characteristics.
Fig. 3(c) shows the results for different feed positions along the
slit length, and the optimal feed location is (7.1, 1.6 mm). The
gap between each sector is also tested for different values and
the results are shown in Fig. 3(d). It can be seen that the center
frequency increases for larger w1 values, and |Smn| > 11 dB
is realized for w1 = 0.35 mm. The |Smn| with optimized
parameters are shown in Fig. 2(b), the frequency is lowered
from f1 = 4.25 GHz (Ant. B) to f1 = 4.065 GHz (Ant. C),
where the total efficiency is > 60% and |Smn| > 11.7 dB.
The 10 and 6 dB IBWs are, respectively, 36.5 and 82 MHz,
and the total efficiency is >40% across the entire 6 dB IBW
region. The antenna dimensions are 0.38λ × 0.38λ × 0.018λ,
and ka = 1.2.

III. PATTERN AND POLARIZATION DIVERSITY

Fig. 4 shows the radiation pattern for each sector of
the proposed antenna, and the peak realized gain is around

2.64 dBi for each case. Using (4), different states are created
to obtain pattern and polarization diversity. When P1 and P4
are simultaneously excited with no additional phase-shifts,
i.e., P1 (|A1|e j1β1 = |A1|) and P4 (|A4|e j1β4 = |A4|),
sectors 1 and 4 generate a radiation pattern with the main
beam in the xz plane Quadrant I [see Fig. 5(a)]. When P2 and
P3 are excited simultaneously, they produce a pattern with the
main beam in the xz plane Quadrant II, or at 70◦ with respect
to the main beam of P1 and P4 (i.e., θP2P3 = θP1P4 + 70◦).
To cover the yz plane (φ = 90◦), P1 (|A1|e j1β1 = |A1|) and
P2 (|A2|e j1β2 = |A2|) are excited simultaneously to create
a pattern with the main beam in the yz plane Quadrant I
[see Fig. 5(b)]; and a second pattern in Quadrant II, can be
generated by simultaneously exciting P3 and P4.

Fig. 6 shows a horizontally polarized omnidirectional pat-
tern obtained by simultaneous excitation of all the antenna
ports without additional phase shifts in each excited port.
Fig. 7(a) shows a linearly polarized pattern with the main beam
pointing at θ = 0◦. The pattern is generated by exciting pairs
(P1, P3) and (P2, P4) with a 180◦ phase difference between
the ports; this is (|A1|e j1β1 = |A1|, |A3|e j1β3 = −|A3|), and
(|A2|e j1β1 = |A2|, |A4|e j1β4 = −|A4|). It is also interesting
to note that the excitation of only one pair will produce a
±45◦ polarization. In this case exciting only P1 and P3 (with
180◦ phase difference) will produce a broadside pattern with
−45◦ polarization and the pair P2 and P4 (with 180◦ phase
difference) will generate a +45◦ polarization.
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TABLE I
INPUT AMPLITUDES AND PHASE CONFIGURATIONS FOR PATTERN AND POLARIZATION DIVERSITY OF THE PROPOSED ANTENNA

Fig. 5. Pattern diversity of the proposed antenna. Linearly polarized broadside
patterns covering (a) xz plane (φ = 0◦) and (b) yz plane (φ = 90◦).

Fig. 6. Proposed antenna horizontally polarized omnidirectional pattern.
(a) θ = 90◦ plane. (b) φ = 0◦ plane.

The results in Fig. 7(b) also show the polarization diver-
sity of the proposed antenna. To realize circular polariza-
tion, a sequential feed with 90◦ phase difference between
each adjacent port is used, i.e., P1 (|A1|,1β1 = 0◦), P2
(|A2|, 1β2 = 90◦), P3 (|A3|,1β3 = 180◦), and P4 (|A4|,
1β4 = 270◦). The configuration produces a broadside right-
hand CP (RHCP) pattern [see Fig. 8(a)]. The axial ratio of
the obtained patterns is <1 dB within the entire 6 dB IBW
[see Fig. 8(b)]. Note that a left-hand CP (LHCP) pattern can be
obtained by reversing the above-presented phase configuration.
Lastly, Table I outlines each port excitation value to generate

Fig. 7. Polarization diversity of the proposed antenna. (a) Linearly polarized
patterns for xz and yz planes. (b) RHCP pattern for the same cuts.

Fig. 8. Axial ratio of the proposed antenna. (a) Axial ratio for xz and
yz planes at f1 = 4.065 GHz. (b) Axial ratio over frequency.

the pattern and polarization diversity characteristics of the
proposed design.

IV. EXPERIMENTAL RESULTS

To validate the proposed concept, the antenna was manu-
factured using LPKF ProtoMat M60 and is shown in Fig. 9.
The S-parameters measurements were conducted using a four-
port VNA (R&S ZVA40). It can be seen that the center
frequency shifted upward from 4.065 GHz [simulated case,
Fig. 2(b)] to 4.16 GHz (see Fig. 10). The 10 dB IBW changes
from 36.5 MHz in simulations to 11 MHz in measurements;
while the 6 dB IBW changes from 82 MHz in simulations, to
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Fig. 9. Manufactured prototype. (a) Perspective view. (b) Top view.
(c) Anechoic chamber measurement setup.

Fig. 10. Measured S-parameters of the manufactured antenna shown in Fig. 9.

Fig. 11. Measured (dotted lines) and simulated (solid-lines) normalized
patterns of the proposed antenna in the xz plane (φ = 0◦) for each antenna
port. (a) P1. (b) P2. (c) P3. (d) P4.

79 MHz in measurements. These discrepancies are most likely
due to manufacturing and permittivity tolerances.

Anechoic chamber measurements were conducted and the
measurement setup is shown in Fig. 9(c). The measured
patterns (xz plane, φ = 0◦) are shown in Fig. 11 at
f1 = 4.16 GHz for each respective port. Overall, it is seen
that the measured patterns have comparable properties with
the respective simulated cases, with their main beams point-
ing toward: θ = −23◦ (in simulations) and θ = −25◦

Fig. 12. Realized gain over frequency of each port of the proposed antenna
for simulated results (solid lines) and measured results (shown using markers).

(in measurements) for port 1 as shown in Fig. 11(a); θ = 21◦

(in simulations) and θ = 19◦ in the measured case, for port 2
[see Fig. 11(b)]; for port 3, θ = 23◦ for both the simulated
and measured cases [see Fig. 11(c)]; and finally for port 4,
θ = −21◦ for both the simulated and measured cases [see
Fig. 11(d)]. The small beamwidth discrepancies seen in the
measured patterns, the main beam direction for ports 1 and 2,
are most likely due to antenna holder reflections during the
measurements [see Fig. 9(c)].

Fig. 12 shows the comparisons between the measured and
simulated realized gain for each port. At the center frequency
of each case (i.e., 4.065 GHz in simulations and 4.16 GHz in
measurements), the peak realized gain is 2.64 dBi in simula-
tions, and it slightly decreases to 2.21 dBi in measurements.
Such a discrepancy may be attributed to manufacturing and
substrate tolerances and reflections due to the antenna holder
during measurements. Fig. 13 shows the pattern diversity of
the proposed design in the xz plane, Fig. 13(a) shows the radia-
tion pattern for θ = −35◦ direction, and the θ = 35◦ radiation
pattern is shown in Fig. 13(b). Overall, good agreement is
obtained between the simulated and measured cases, and the
beamwidth differences may be explained by the beamwidth
discrepancies highlighted in Fig. 11.

Fig. 14(a) shows a horizontally polarized omnidirectional
pattern. In this case, too, a good agreement is obtained between
the simulated and measured cases, with the small shouldering
and dips most likely resulting from the beamwidth discrepan-
cies seen in Fig. 11. A linearly polarized broadside pattern
is shown in Fig. 14(b). The results also demonstrate good
agreement with their counterpart simulated values, validating
the efficacy of the proposed design concept.

To highlight the novelty and main advantages of the pro-
posed antenna, a comparison with previously published works
is outlined in Table II. The works in [15], [16], [17], [18],
[19], [22], [23], [24], [25], [26], [27], and [41] either allow
for different beam patterns or polarization diversity. Even
though the works in [28], [29], [30], and [31] realize different
beam patterns and polarization states, it can be seen that our
proposed solution is planar and is capable of pattern and
polarization diversity with a structure of only ka = 1.2 and
0.018λ profile. To further complement the above compar-
isons, Fig. 15 shows the Harrington maximum theoretical
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TABLE II
COMPARISON WITH PREVIOUSLY PUBLISHED WORKS

Fig. 13. Measured (dotted lines) and simulated (solid-lines) normalized
patterns for φ = 0◦ plane. (a) θ = −35◦ obtained from P1 and P4. (b) θ = 35◦

generated from P2 and P3.

Fig. 14. Measured (dotted lines) and simulated (solid-lines) normalized
patterns for (a) linear horizontally polarized omnidirectional pattern (θ = 90◦

cut-plane) and (b) linearly polarized broadside pattern for xz plane.

gain (Gmax ) computed with respect to the size of the small-
est sphere that fully encloses each proposed antenna [42].
It is observed that the multisector design realizes 4.62 dBi
gain; therefore, it quickly approaches its maximum theoretical

Fig. 15. Peak gain comparisons for the proposed antenna and previously
published works against the Harrington maximum gain (computed with respect
to the size of the sphere enclosing the antennas).

gain of 5.84 dBi as compared to other previously published
pattern and polarization diversity antennas, making it a good
candidate to enable advanced radio applications in emerging
small IoT devices.

V. CONCLUSION

A very low profile (0.018λ), compact size (ka = 1.2), pat-
tern, and polarization diversity annular sector-based antenna,
with a gain close to its Harrington maximum gain, was
presented. The diversity characteristics are realized by analysis
of the modes excited in an annular sector antenna. By using
a simple mutual coupling enhancement technique based on
slits and vias loading, four concentrically rotated annular
sectors are excited using four different ports. The proposed
method realizes pattern diversity covering the elevation plane
and generates a horizontally polarized omnidirectional pattern,
a broadside pattern with linear, circular, and a ±45◦ dual-
polarization. A prototype was manufactured and tested, and
a good agreement was demonstrated between the measured
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and simulated results, validating the design concept. The
diversity characteristics were achieved using a planar structure
designed on a single printed layer without requiring externally
controlled switches. The structure is simple, compact and
supports pattern and polarization diversity with simultaneous
excitation of multiple beams within a structure requiring only
ka = 1.2. Therefore, it offers performance and size to
allow advanced wireless radio applications in emerging size-
constrained IoT devices.
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