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Abstract—This work proposes an electrically small 3D beam-
forming antenna for PHYsical Layer (PHY-layer) security. The
antenna comprises two layers of stacked patch structures, and is
a five-mode five-port MIMO system operating around 1.85 GHz
with electrical size ka = 0.98 and radiation efficiency of up to
55%. By studying the properties of the excited modes, phase
and amplitude control allow for unidirectional beam scanning
towards any direction around the elevation and azimuth planes.
PHY-layer security is investigated using the directional modu-
lation (DM) technique, which transmits unscrambled baseband
constellations symbols to a pre-specified secure direction, while
simultaneously spatially distorting the same constellations in all
other directions. Bit Error Rate (BER) calculations reveal very
low values of 2 × 10−5 for the desired direction of the legitimate
receiver, with BER< 10−2 beamwidths of 55◦ and 58◦ for the
azimuth and elevation planes, respectively.

Index Terms—PHY-layer security, directional modulation
(DM), beamforming antennas, electrically small antennas, mul-
timodal antennas, pattern reconfiguration, MIMO antennas.

I. INTRODUCTION

Antenna radiation pattern reconfigurability is a highly
sought-after feature to enable many cutting-edge systems like
smart cities and the Internet of Things (IoT) [1], [2]. Pattern
control is essential for localization using triangulation via
relative angles measurements [3]–[5] and emerging wireless
cryptography methods based on physical radio propagation
[6]–[10]. However, modern technological trends pose size
constraints in many IoT applications, leading to the high
demand for miniaturized antennas.

In recent years different compact pattern reconfigurable
antennas have been proposed in the open literature, e.g.
[11]–[14]. A single-layer dual-mode circular patch antenna is
investigated for self-scanning and nulling properties in [11];
the design has a total size of ka = 4.2 (where a is the radius of
the smallest sphere that can completely enclose the antenna at
the centre operating frequency f0 = 1/λ0, and k = 2π/λ0

is the free space wavenumber). Modified array structures
(ka = 0.98) controlled by PIN diodes are used to switch
between unidirectional and omnidirectional patterns in [12]. In
[13], a single-layer pattern reconfigurable antenna (ka = 0.75)
comprising six PIN diodes for three switchable endfire states,
is investigated for full-azimuth plane coverage. An ultra-thin
pattern reconfigurable metamaterial-inspired Huygens dipole
antenna (ka = 0.98), using two PIN diodes to switch between
two unidirectional endfire states, is proposed in [14]. However,
in the above works, some structures either still have a relatively
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Fig. 1. Proposed 3D beamforming electrically small antenna: (a) exploded
view showing the two stacked layers and the configuration of the bottom
layer; (b) side view highlighting antenna diameter and thickness; (c) top-
view of the shorted-ring patch with port arrangement and (d) top-view of
the central patch; antenna dimensions (all in mm): a1 = 10.4, d1 = 50,
d2 = 22, d3 = 21, dvias = 0.5, h1 = 1.57, h2 = 2.54, l1 = 11,
l2 = 16, l3 = 8, l4 = 10, l5 = 10.5, l6 = 7.5, w1 = 3.05, w2 = 3.05,
w3 = 0.6, w4 = 7.3, w5 = 0.7, w6 = 1, w7 = 5.2, w8 = 0.6, w9 = 0.7,
α = 135◦; feed locations from the disk center (in mm): P1 = P2 = 2,
P3 = 0, P4 = P5 = 3.5.

large electrical size [11], or due to the integration of externally
controlled PIN diodes, the beamsteering performance of such
designs are restricted to a few discreet states that cannot be
activated simultaneously [12]–[14]; which limits their use for
advanced applications like localization, PHY-layer security,
and frequency-division multiple access systems.



In this work, we investigate for the first time the fea-
sibility of electrically small 3D beamforming antennas for
PHY-layer security via directional modulation (DM). The
proposed antenna exhibits total efficiency of up to 55% and
is capable of unidirectional beamforming in the azimuth and
elevation planes. DM performance shows that the antenna
realizes secure transmissions with BER< 10−2 of 55◦ and
58◦ beamwidths for either azimuth or elevation plane.

II. ANTENNA DESIGN AND WORKING PRINCIPLE

A. Antenna Configuration

The proposed electrically small antenna is shown in Fig. 1.
It comprises two stacked layers of diameter d1 = 50mm, with
thickness h1 = 1.57mm (bottom-layer) and h2 = 2.54mm
(top-layer). The top layer consists of a central circular patch of
diameter d3 = 21mm (see Fig. 1d) and a concentric shorted-
ring patch (shown in Fig. 1c), and is supported by a TMM6
substrate (ϵr = 6 and tanδ = 0.0023). The shorted-ring patch
excites two orthogonal TM21 modes and is fed using ports
P4 and P5, rotated by α = 135◦ and located at 3.5mm from
its inner edges. A total of 24 shorting-pins (dvias = 0.5mm)
rotated by 15◦ and located 0.6mm from the inner edge, are
introduced in the ring for frequency control and isolation
enhancement. For further miniaturization, eight double T-
shaped slits rotated by 45◦ are present in the concentric ring;
the double T-shaped slits have different lengths (l1 for the top
T-shaped and l2 for the bottom T-shaped slits), and the width
is w3 = 0.6mm.

The central patch (Fig. 1d) excites two orthogonal TM11

broadside modes and is fed using ports P1 and P2 rotated by
90◦, and located at 2mm from the disk center. To increase the
current path, four triple T-shaped slits are rotated by 90◦ in the
patch. The width of the slits is w8 = 0.6mm and the slits have
different lengths as shown in (Fig. 1d); in addition, diagonal
slits of length l6 are also used for further miniaturization.

The bottom layer comprises a shorted-pin circular patch
fed using port P3 at the patch center, to excite a monopole-
like pattern. The patch uses TMM3 substrate (ϵr = 3.45 and
tanδ = 0.002) and includes a total of eight pins, rotated by
45◦ and located at a1 = 10.4mm from the disk center.

B. Working Principle

The beamsteering principle is based on phase and amplitude
control of the different feeding ports of the proposed antenna.
By studying the phase patterns of each excited mode, phase
shifts can be introduced to create constructive interference
towards the desired directions. To demonstrate this principle,
beamsteering is first analyzed for the azimuth plane. Fig. 2a
shows the phase patterns (without any phase shift) of each
port required for azimuth plane scanning (P3, P4, and P5).
Since P3 has a constant phase around this plane, it is used as
the reference port and phase shift (∆phase(Pn) = PhaseP3 −
PhasePn

) is introduced in P4 and P5 to steer the beam towards
the desired angle ϕ.

Fig. 2b shows the phase patterns for an exemplar angle
ϕ = 45◦. It is seen that by introducing ∆phase(Pn), all the

three ports are in-phase, and the generated beam pattern is
shown in Fig. 2c. Because a second in-phase state is also
observed around ϕ = 225◦, the obtained pattern will have
a bi-directional characteristic. This beamsteering performance
will also be observed for different angles, where a second main
beam will always be seen at ϕ+ 180◦. This performance can
compromise the secrecy of the transmitted signals as unwanted
users may exploit the ambiguity to retrieve the transmitted
information. As it will be shown in the following Sections, the
ambiguity can be eliminated by exciting different orthogonal
modes. It should also be noted that a closed-form expression
can be derived for the beamsteering around the azimuth plane
(see [15] for more details).
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Fig. 2. Phase properties of the modes used for beamsteering in the azimuth
plane: (a) phase patterns without phase shift; (b) phase patterns with phase
shifts in P4 and P5 for beamsteering towards ϕ = 45◦; and (c) normalized
synthesized patterns for ϕ = 45◦ direction. Note that this performance has an
ambiguity because a second main beam is also present at ϕ+180◦ direction.

III. FULL-WAVE SIMULATIONS AND DISCUSSION

A. Beamsteering Performance

The proposed electrically small 3D beamforming MIMO
antenna is simulated using the finite element method in CST
Studio Suite. The antenna S-parameters are shown in Fig. 3,
the center operating frequency is f0 = 1.875GHz, where
the isolation is better than 20.4 dB between all the antenna
ports. The overlapping −10 dB bandwidth between all the
antenna ports is 4.8MHz. The antenna total efficiency at
f0 is around 15% for ports P4 and P5, 30% for ports P1
and P2 and 55% for port P3. Note that the relatively low
efficiency of the ports P4 and P5 is due to increased phase
variations of the excited modes (TM21), which require a much



larger diameter to support the dual-phase variations around the
antenna perimeter, as discussed in [16].
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Fig. 3. Simulated S-parameters of the proposed antenna.

1) Elevation and Azimuth Planes Beamforming: The prin-
ciple described in Section II.B is used to realize the beam-
forming in the azimuth plane. The performance is shown in
Fig. 4 for four different angles to cover the entire plane.

The beamsteering in the elevation plane is obtained by
combining only the modes excited by the top-layer [TM21

modes excited by the shorted-ring patch (P4 & P5), and the
broadside TM11 modes excited by the circular patch (P1 &
P2)]. Fig. 5 shows the beamsteering performance for four
different directions: xz-plane θ = 22◦ obtained by combining
P1 and P4 (Fig. 5a), xz-plane θ = −22◦ derived from P1 and
P5 (Fig. 5c), yz-plane θ = 28◦ (Fig. 5b) obtained from P2
and P5, and yz-plane θ = −28◦ from P2 and P4 (Fig. 5d).

2) Azimuth-plane Directivity Enhancement: To eliminate
the ambiguity in the beamsteering performance around the az-
imuth plane, we investigate the simultaneous excitation of the
omnidirectional modes (P3, P4 and P5) and a broadside mode

Fig. 4. Bidirectional azimuth beamsteering (obtained by phase control of
ports P3, P4, and P5) for four different directions covering the entire azimuth
plane: (a) 0◦/180◦; (b) 45◦/225◦; (c) 90◦/270◦; and (d) 135◦/315◦.

(P1/P2). To enhance the directivity, the excited broadside mode
is chosen according to the desired ϕ direction. In other words,
the mode where the farfield pattern has a strong contribution
towards the desired ϕ angle is selected. Next, the phase pattern
of the broadside mode is analyzed to compute the phase shift
required to create the in-phase state (similar to the method
used in Section II.B). Lastly, the amplitude ratio between the
port of the selected broadside mode (P1/P2) and the modes
used for the bi-directional pattern in the azimuth plane (P3
P4 P5), is used to control the broadside modes’ contribution
to the generated farfield patterns. This is required to ensure
that the maximum directivity is around the azimuth plane.
Fig. 6a illustrates the above-described method to enhance the
directivity in the ϕ = 90◦ direction; the respective 3D patterns
are shown in Fig. 7. In this case, P2 is used to reduce the
magnitude of the second main beam located at ϕ + 180◦.
Different amplitude ratios are used to evaluate the proposed
method, revealing that higher amplitude ratios have higher
reductions of the ϕ+ 180◦ beam magnitude; however, higher
amplitude ratios might also increase the contribution toward
the elevation directions, for this reason, an amplitude ratio
between 0.5 and 0.7 is recommended.

Fig. 6b shows the performance of the proposed method for
a different direction, ϕ = 180◦. For this angle, the fields of
P1 will strongly contribute towards ϕ = 180◦; therefore, the
amplitude ratios of P1 and (P3 P4 P5) are studied to provide
the unidirectional performance. Similar to Fig. 6a, the ϕ+180◦

magnitude changes for different amplitude ratios.

IV. DIRECTIONAL MODULATION

This Section investigates the beamsteering performance of
the proposed electrically small antenna to realize directional
modulation (DM). DM is a physical-layer security method
proposed to transmit baseband constellation symbols to a pre-
specified secure direction of the legitimate receiver, while

Fig. 5. Proposed antenna beamsteering performance for the elevation planes
(obtained by combining the modes excited in the top-layer using ports P1,
P2, P4, and P5) for four different directions: (a) ϕ = 0◦, θ = 22◦; (b)
ϕ = 90◦, θ = 28◦; (c) ϕ = 0◦, θ = −22◦; and (d) ϕ = 90◦, θ = −28◦.
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Fig. 6. Antenna directivity analysis around the azimuth-plane using different amplitude ratios between P1/P2 and P3P4P5: (a) ϕ = 90◦; and (b) ϕ = 180◦.

Fig. 7. 3D visualization of the directivity enhancement for ϕ = 90◦ direction
shown in Fig. 6a: (a) AmpP2 = 0; (b) AmpP2/AmpP3P4P5 = .5; (c)
AmpP2/AmpP3P4P5 = .7; and (d) AmpP2/AmpP3P4P5 = 1.
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Fig. 8. BER calculations (using 12 dB SNR) of the proposed antenna for
eight different directions separated by 45◦, covering the entire azimuth-plane.

simultaneously spatially distorting the same symbols in all
the other directions. For this study the DM is investigated for

both the azimuth and elevation planes, and the directionally
modulated signals are given by

stn−>azimuth =
m⃗

Pn(ϕBob)
(1a)

stn−>elevation =
m⃗

Pn(θBob)
(1b)

where stn denotes the nth transmitted signal, n = 1, 2, ..5
represents the port number in the proposed electrically small
antenna; Pn(ϕBob) and Pn(θBob) are the complex patterns of
the nth antenna port in the direction of the legitimate receiver
in the azimuth and elevation planes, respectively; m⃗ is a com-
plex modulation vector (including artificially generated noise
used to scramble the constellation in undesired directions).

To study the DM performance, without loss of generality,
Quadrature Phase Shift Keying (QPSK) is used as the modu-
lation scheme. Bit error rate (BER) calculations are executed
using 105 transmitted symbols and 12 dB Signal to Noise
Ratio (SNR) at the intended receiver, with additive white
Gaussian noise assumed to be independent for each different
location.

Fig. 8 shows the DM performance for the azimuth plane
computed using (1a) for different ϕ directions covering the
entire azimuth plane. It can be seen that the method realizes
steerable transmissions with low BER towards the desired
angle ϕBob, without leakage into other eavesdroppers’ direc-
tions in the same plane. Low BER values around 10−5 are
observed at the desired directions of the legitimate user, and
the beamwidth with BER< 10−2 is around 55◦.

Fig. 9a and Fig. 9b show the DM performance for ϕBob =
50◦ and ϕBob = 180◦ directions. It can be seen, that the
communication cannot be intercepted by any eavesdropper
located at a different direction ϕ. The directional modulation
performance for the elevation planes is depicted in Fig. 10a
and Fig. 10b for θ = 50◦ and θ = 120◦, respectively. It is also
observed that steerable transmission is realized in the elevation
plane with a low BER of 10−5 at the desired angle θ, and the
beamwidth with BER< 10−2 is around 58◦. Analogously to
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Fig. 9. BER calculations using 12 dB SNR showing the DM performance in
the azimuth plane for (a) ϕ = 50◦; and (b) at ϕ = 180◦.
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Fig. 10. BER calculations using 12 dB SNR showing the DM performance in
the elevation planes for (a) the receiver located at θ = 50◦; and (b) θ = 120◦.

the previous case, the communication cannot be intercepted by
any eavesdropper located at a different direction θ other than
the θBob. This security is realized with highly miniaturized
antennas, making the proposed design a promising candidate
for size-constrained IoT applications.
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