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ABSTRACT A beam-changeable concentric annular Leaky-Wave Antenna (LWA) array is proposed, which
contains two annular LWAs with constant-interval slots. By changing the excitations of the two LWAs, the
radiation beam can be changed to different shapes and in different directions i.e. single beam to normal
direction, conical beam to 40° and a synthetic beam. A theoretical model for analyzing the radiation
properties of the LWA array is put forward, and a prototype of the array with the radius of 42.6 mm and
the height of 4 mm is fabricated. By comparing simulation and the measurement results, it is found that the
proposed LWA array exhibits a very well expected performance. The proposed antenna array is then applied
to construct a self-sensing smart antenna which can provide flexible radio wave coverage according to the
positions of users. Image-aware function is integrated into the smart antenna, and a series of tests including
received power and Error Vector Magnitude (EVM) measurements are carried out in indoor scenarios. The

results verify the effectiveness of the design.

INDEX TERMS Leaky wave antenna array, theoretical model, pattern synthesis, beamforming, smart

antenna.

I. INTRODUCTION

For the next generation of mobile communication, multi-
beam and beam-changeable antennas will provide flexible
radio wave coverage and ensure the quality of mobile com-
munication, which are attracting increasing attention. Many
works about multi-beam and beam-changeable antennas have
been published. In [1], a wideband Circularly Polarized
(CP) end-fire multi-beam antenna array is proposed. In [2],
a Rotman lens-fed low sidelobe multi-beam array antenna
is designed. In [3], an array antenna fed by 4 x 4 Butler
matrix is presented to provide two-dimensional multi-beam.
In [4], a planar holographic leaky-wave antenna capable of
generating four beams simultaneously is designed. In [5], a
3-D printed wideband Cassegrain antenna for linear multi-
beam is proposed. By stacking five Cassegrain sub-arrays
with different tilt angles, 2-D multi-beam radiation can be
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realized. In [6], by using a lens cavity with seven input
ports, a fourteen-element array antenna with multi-beam
property is achieved. In [7], a broadband CP multi-beam
antenna with an anisotropic impedance surface superstrate
is proposed, which generates five pencil beams covering a
range of (—33°, 433°). In [8], a beam-steering gravitational
Liquid antenna is proposed, of which the beam is stable
upward regardless of the antenna postures. In addition,
beam-changeable antennas are capable of changing their
beams in different shapes and to different directions, and
providing radio wave coverage over different desired regions.
In [9], a direction-changeable concentric conical beam array
antenna achieved by superimposing different conical beams
is proposed. In [10], a pattern-synthesis method based on
characteristic mode analysis is proposed, by which antenna
patterns with null in the axial direction and omni-directional
in the perpendicular plane can be obtained. In [11], a unidirec-
tional loop antenna that can achieve pattern reconfiguration
from —40° to +40° in the azimuth plane is presented, where
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the loop is loaded with p-i-n diodes and the radiation pattern
can be rotated by controlling the diodes states. In [12],
a beam changeable Fabry—Pérot antenna using a liquid-metal
partially reflective surface is proposed. By injecting the
liquid metal into the microfluidic channels under specifically
designed elements, the beam direction and beamwidth can
be changed. In [13], a graphene-based pattern-reconfigurable
antenna controlled by voltage to generate two beams is
designed. In [14], a beam changeable 4 x 4 antenna array
based on digital coding method is proposed. In [15], by using
a reconfigurable feeding structure, a pattern-reconfigurable
high gain spherical dielectric resonator antenna operating
on TE3)p; mode is proposed. Although these antennas
are capable of changing their beams, to further improve
the communication quality, smart antennas with automatic
beam-changing are preferable. In [16], a smart antenna with
automatic beam switching based on Frequency Modulated
Continuous Wave (FMCW) is proposed, which is designed
for one-dimensional radio wave coverage. In [17], an image-
aware smart antenna providing beam tracking is designed
for two-dimensional scenarios. These two antennas have
the function of automatic beam-changing according to the
positions of users in real time.

In this paper, a beam-changeable concentric annular
LWA array is proposed. Comparing to the multi-beam
antennas in [1]-[8], [16], [17] which mostly provides only
directive switchable beams, this work generates multi-beams
including directive beam, omnidirectional beam and synthetic
beam. This adapts to more coverage demands. Further-
more, although the beam-changeable antennas in [9]-[15]
reconfigures their beams to different shapes, the hand over
should be controlled and excited by the remote processing
center. Instead, the array in this paper enables its beams
to adaptively change both in direction and beamwidth
aligning with the changing of the environment and targets,
which empowers the antenna itself with the perceiving and
processing abilities. In this paper, a theoretical model to
analyze the radiation property of the array is presented
in Section II. The experimental validation of the proposed
LWA array is implemented in Section III. In Section IV,
a self-sensing smart antenna is constructed by integrating the
proposed LWA array with an image-aware circuit, and its
performance is verified in a real indoor scenario. Conclusion
is drawn in Section V.

Il. MODELLING AND ANALYSIS

In this section, a theoretical model of the two-annular LWA
array is given first. Then, in terms of radiation property,
a series of variable analysis is implemented based on the
theoretical model.

A. THEORATICAL MODEL OF ANNULAR ARRAY

In the previous work, theoretical model for single annularly
slotted LWA is proposed [18], by which the radiation
properties can be investigated and analyzed, and conical beam
with desired conical angle can be designed. Here, the model
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FIGURE 1. Spatial model of concentric slotted annular array excited by
traveling-wave.

is extended to the concentric LWA array, as shown in Fig. 1.
The array is composed of two annular LWAs. The numbers
of units contained in the inner and outer LWAs are denoted
by P and Q respectively. Due to the property of travelling
wave, each unit has a phase delay along the wave propagation
direction. Here, we assume that the direction of travelling
wave in the array is anticlockwise. It is noted that, although
the array is designed for multi-beam mode working, when
exciting its elements individually, the two-looped LWA array
is simplified to two single annular LWAs, whose radiation
property have been analyzed in [18].

When exciting the two-annular LWAs simultaneously, the
far field of the array is expressed by

P
Eg (0.9) = Y apEgs 0. 9—p—1) O5i—Op)e 1%

p=1
Q . .
+ D agEos 0, 9—@q—1) bse—Op)e e
g=1
()
P .
By @,9) = ) apEys 0, 9—(p—1 O5i—Opde %
p=1
Q . .
+ D agEps 0, 90— @1 Ose—Ope e 1%
g=1
)

where Eg; and E,q are the far field components of a unit,
which are calculated by electric field integration method
introduced in [18]. a, and a,, are the radiating field amplitudes
of slots of the inner and outer LWAs respectively, which are
calculated by

a=—In(Sn|/\/1—1S111%/L 3)

where L is the length of the LWAs. It is worth noting that
when two-annular LWAs are excited at the same time, mutual
coupling will occur. The calculation of a, and a, needs to
consider the coupling between the LWAs. However, if the
isolation of the two LWAs is large enough, the effect of
mutual coupling can be ignored and a,, and a, can be gotten
by the formula for the two single LWAs. 6;; and 6, are
the angular intervals of the two LWAs, and 6p; and 6, are
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the initial angles of the first slots counted from x-axis for
the inner and outer LWAS respectively. §¢ is the difference
between the initial feeding phases of the inner and outer
LWAs. The initial feeding phases of slots in the array is
expressed by

pp=p—-Dx2T  p=12,...,P
$g=(q—DxZF, ¢g=12,...,0

where 2n1 and 2n, 7 is the total phase variation in the inner
and outer LWAS respectively.

Hence, by using the two-annular LWA theoretical model,
far field of the concentric LWA array can be predicted.

“

B. ANALYSIS OF RADIATION PROPERTIES

In order to analyze the array by theoretical model, aperture
field of one slot in the concentric LWA array is extracted.
By adjusting the widths of the waveguides according to the
radiation condition in [19], fundamental wave of TE |y mode
is allowed to exist only. The radii of the two LWAs are set to
R¢i = 11.3 mm and R., = 32.5 mm. The operating frequency
is 5.8 GHz. The effect of wavelength numbers of the inner
and outer LWAs, n; and np, which are the two important
parameters, on the radiation properties is studied first. The
initial feeding phases of the two LWAs are assumed to be zero,
and én = ny — ny. In addition, the aperture field amplitudes
of all slots in one LWA are assumed to be the same, and
the wave in the two LWAs has the same travelling direction
(anticlockwise). When én = 0, the total phase variations in
the inner and outer waveguides are the same. In this case,
it is expected that the proposed concentric LWA array has a
higher gain than a single annular LWA. When n; = ny = 1,
a broadside beam is generated. If n; = np > 1, conical
beam with increasing conical angle is generated, as illustrated
in Fig. 2(a). On the other hand, for the situation of én #*
0, canceling of radiation field will occur in some azimuth
direction, and the lobe number 7. is related to én, which
is expressed by

Niobe = On (5)

In this case, the radiation pattern is not omnidirectional
in azimuth plane. The radiation pattern in Fig. 3 is the
circumferential pattern when 6 equals to the angle of
maximum radiation direction. When én = 1, the main
beam is unidirectional and located in yoz-plane, which can
be seen from Fig. 2(b) and Fig. 3(a). The consequence can
be explained by the leaky-wave antenna theory. It is well
known that fundamental wave of TE;p mode on traveling
wave antenna produces forward radiation. So for the two
traveling wave excitation sources with the same initial phase
and the anticlockwise direction, the far field generated by the
two rows of slots near the +x axis will be superimposed in
+y axial direction, and no radiation will be generated in -
y axial direction. The radiation generated by the two rows
of slots near the -x axis should be in the -y axial direction.
However, as én = 1, the excitations of the inner and outer
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FIGURE 2. Radiation patterns of the concentric LWA array with different
§n in yoz -plane given by the theoretical model, (a) 5n =0, (b) n =1,
(c)én=2.
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FIGURE 3. Radiation patterns of the concentric LWA array in the conical
plane when ¢ equals to the maximum radiation angle, with different én
given by the theoretical model, (a) sn =1, 6 = 24°, 47°, 64°,

(b) sn =2,0 = 38°,60°,71°, (c) én = 3, 0 = 45°, 65°.

slots are out of phase, so the far fields of the two rows of
slots cancel each other in the -y axial direction, and hence
there is no radiation in the +y and -y axial directions. The
phase difference between the inner and outer slots at other
positions is between O and 7, so the radiation of them
cannot be completely superimposed or cancelled, and a field
between the above two extreme cases is obtained. Therefore,
for the whole array, the main radiation direction is in the
+y axial direction, that is, in the plane of ¢ = 90°. When
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FIGURE 4. Radiation patterns of the concentric array for different 3¢ in
azimuth plane predicted by the theoretical model,
@n;=1,n=2,0=24°(b)n; =1,n, =4,0 =45°.

FIGURE 5. Calculated radiation pattern of cosecant-squared distribution
of the concentric array, the normalized amplitudes of the inner and outer
LWAs are 1 and 0.25, R¢; and Rce are set to 11.3 mm and 29 mm,
ny=ny=2.

dn = 2, there are bilateral beams in yoz-plane, as illustrated
in Fig. 2(c), and Fig 3(b). For én = 3, there are three
beams with interval of 120° in azimuth plane, as illustrated
in Fig. 3(c).

Furthermore, the initial phases of the two LWAs are also
crucial to radiation patterns. By changing é¢, the radiation
pattern of the array can be arbitrarily rotated around the array
center. The relationship between the rotating angle 6, and ¢
is expressed as

6, = —50 /8, ©)

Fig. 4 (a) and (b) show the radiation patterns in azimuth plane
for different §¢p, when §n = land3 respectively. It can be
observed from the figures that the proposed model predicts
the radiation patterns well.

In particular, as we know, for uniform radio wave
distribution, beamforming antennas generating cosecant-
squared beams are attractive and useful [20]. Here, based
on the proposed concentric LWA array, two-dimensional
cosecant-squared beam is obtained by adjusting the radius
and excitation amplitudes of the two LWAs. The radiation
pattern in xoz-plane is shown in Fig. 5.

lIl. EXPERIMENTAL VALIDATION

In order to validate the proposed method, a concentric
LWA array was fabricated. Measurement was carried out
by Agilent E8363C PNA network analyzer in an anechoic
chamber.

A. STRUCTURE DESIGN AND FABRICATION
As known, Substrate-Integrated Waveguide (SIW) is com-
monly used for low profile antennas, especially in the design
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FIGURE 6. Configuration of the proposed array, (a) top view of the
radiation layer, (b) back view of the radiation layer, (c) top view of the
feeding layer, (d) back view of the feeding layer.

TABLE 1. Structural parameters of the proposed array.

N 82 d dg d] d}, dv dz
2.1 1.4 1.4 1.8 2 3 52 1
da d3 0:1' 6se el 601’ ece L Si
1.3 0.5 30° 15° 45° 35.5°  26.3° 12
Lse lai Lo wi We Ws Wa R
10.5 15 15.5 15.8 16.3 1.2 0.6 42.6
R, R, R R X1 X2 i Y2

21.2 3.4 11.3 32.5 1.5 1.9 1.4 1.8

of leaky wave antennas. In this paper, for ease of integration
and fabrication, the LWA array is designed based on SIW.

Fig. 6 shows the structure of the double-layer LWA array.
F4ABM-2 substrate with ¢, = 3.2 and tan § = 0.002 is chosen
as the antenna dielectric. The thicknesses of radiation layer
and feeding layer are set as ;1 = 1 mm and Ay = 3 mm,
respectively. In the feeding layer, four arc-shaped cavities
and four ports are designed, among which port 1 and 3 are
used as the feeding ports of radiating layer, and port 2 and
4 are terminated by 50 Ohm matched loads to absorb the
rest power. In between the radiating and feeding layers, four
coupled slots are notched for energy coupling. The radiating
and feeding layers are compactly assembled by nylon screws.
Finally, four co-axial probes are welded to the four ports.
Structural parameters are listed in Table 1. The prototype of
the array is shown in Fig. 7.

B. MEASUREMENT OF ANTENNA PERFORMANCE

It should be noted that for the proposed concentric LWA array,
beam-changeable property is achieved by exciting the two
LWAs individually and simultaneously. Thus, the designed
array is tested under the two excitation types. Fig. 8 shows
the |S|-parameters of the LWA array. It is observed that the
isolations between the two LWAs are beyond 38 dB. The
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FIGURE 7. Prototype of the proposed array, (a) top view of the upper
layer, (b) bottom view of the upper layer, (c) top view of the lower layer,
(d) bottom view of the lower layer.
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FIGURE 8. |S|-parameters of the proposed LWA array.

difference between the measured and simulated results is
mainly caused by the fabrication and welding tolerance.

Fig. 9 shows the radiation patterns of the array working
under individual excitation. A broadside beam is generated by
the inner LWA and a conical beam is generated by the outer
LWA. The simulated, calculated and measured axial ratios
and the simulated and measured gains and the simulated
radiating efficiencies at 5.84 GHz are summarized in Table 2.
The difference in gain is mainly due to the manufacture
error and frequency shifting of the substrate which causes
the changing of phase constant in the circular SIW and
impacts the symmetry of the conical beam. The simulation
efficiencies from the two ports are not very high, because
higher radiating efficiencies for this structure will lead to
undesired higher axial ratio. Because the corresponding
parameters are n; = 1 and np = 3, according to (5), there
will be two main lobes when simultaneously exciting the two
LWAs. Here, an in-phase bridge is applied to provide in-phase
excitations for the two LWAs. As anticipated in the analysis
in Section II-B, two main lobes are generated in yoz-plane as
depicted in Fig. 10. Fig. 11 gives the axial ratio of the array
when working under simultaneously excitation mode.
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FIGURE 9. Radiation patterns of the LWA array when excited individually,
(a) xoz -plane by exciting port 1, (b) yoz -plane by exciting port 1, (c) xoz
-plane by exciting port 3, (d) yoz -plane by exciting port 3.
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FIGURE 10. Radiation patterns of the LWA array in yoz -plane when
exciting two elements in-phase simultaneously.

TABLE 2. Gains, axial ratios and efficiencies of the LWA array.

Sim. Cal. Mea. Sim. Mea. Sim.
Ports AR AR AR Gain Gain Effi.
(dB) (dB) dB) (dB) (dB) (%)
1 1.5 055 062 219 159 44
3 248 2.89 159 128 349 41

It can be observed that the measured results basically
agree well with the results of full-wave simulation, and also
agree with the calculated results of the proposed theoretical
model. Furthermore, the beam angles of the array are
listed in Table 2. The discrepancy of the measured and
simulated results is mainly caused by the measurement error
and fabrication tolerance. But the difference between the
simulated and theoretical mode results are mainly caused by
the assumption of infinite plane of the array aperture when
using theoretical model.
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FIGURE 12. Prototype of the intellectualized antenna based on the
double-loop array.

TABLE 3. Beam angles of the LWA array.

Ports Plane Sim. Cal. Mea.
beam angle beam angle beam angle

1 xoz 2.7° 0° 5.3°

1 yoz 10.4° 1.0° 11.0°

3 xoz 40.1° 42° 39.5°

3 yoz 42.8° 44° 44.3°

1&3 (in phase) yoz 37.0° 37.0° 36.0°

IV. APPLICATION TO SELF-SENSING SMART ANTENNA
In the previous work [17], a smart antenna integrated
with image-aware function for automatic beam switching
is proposed. Artificial-intelligence technology is used to
determine the position of users. In this section, based on
the proposed beam-changeable concentric annular LWA array
of this paper and integrating the target detection method,
a new self-sensing smart antenna for 2-D radio coverage,
as illustrated in Fig. 12, is constructed. A series of tests are
executed to see the performance of the self-sensing smart
antenna.

A. SELF-SENSING AND BEAM-CHANGING

The principle diagram of the smart antenna is illustrated in
Fig. 13. It is composed of a data acquisition element which
uses one micro-camera, a data processing element (a micro-
processor embedded with the target detection algorism),
a single pole two throw switch, and a radiation element (the
proposed antenna array). Here, the antenna array is working
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FIGURE 13. Principle diagram of the smart antenna. ICE, DPE, RE denote
the image capturing element, data processing element and radiating
element, respectively.

under multi-excitation mode. So, by feeding the two input
ports of LWAs individually, the array provides two types of
beams covering different regions. For acquiring the position
of the user, all the detection information is extracted from
the images of camera, and the two zone scores is given
individually by [16]

Y CYx Wyl x Ly,

- box

7= - @)
N x Wzone X lzone

where C’/ and Bbox'/ are configured by the deep neural
network (DNN) integrated in the micro-processor, C'/ is the
confidence rate of the corresponding Bbox, Bbox refers to the
bounding box in the image to bound objects, i and j here
denote the numbers of Bboxes and zones respectively, and
N is the number of the boxes in one zone. Comparing with
the other zone, the higher-scored one is seemed to be the
optimized region for radio coverage.

The integrated DNN, Mobilenet [21], is a light-weighted
target detection model with low latency, which is suitable
to detect moving objectives. For the Mobilenet DNN, the
micro-camera mainly aims to capture the images of the front
view of people, while the DNN of this work is retrained to
be adjusted for the top view of people. A series of recorded
data is collected at several different places i.e. shopping
malls, lecture buildings, etc. The training process is illustrated
in Fig. 14. After pre-processing the data using Labeling to
collect annotations of format VOC2007 [22], the processed
data are loaded in batch at first, then an iterator is employed
starting from shuffling, repeating, slicing and shuffling again
to further train the parameters of the model. The effectiveness
of the retraining is shown in Fig. 15. The retrained model is
now capable of identifying a person from the top view. Thus,
using equation (7), the positions of people are determined
immediately and the beam is correspondingly changed to
guarantee the wireless linking.

Fig. 16 presents the schematic diagram of the radiation
scheme when a user moves within the monitored area. The
data acquisition element keeps observing the monitored area
like an eye captures images continuously. If there is no user
inside the monitored area, the smart antenna will remain
idle state with no radiation. Once a user emerges in zone 2,
he will be detected by the camera and identified by DPE
instantaneously, so that the position is determined by the
locating element, and meanwhile, radiation will cover zone 2
by exciting port 3. As the user moves to zone 1, Port 1 will
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FIGURE 15. Illustration of the object detection of the modified model.

be excited by changing the excitation of SP2T and the main
beam will change to zone 1 based on the same principle.
In this way, the received power of the user is stabilized
and the communication quality is guaranteed. It is noted
that in order to adequately determine the trigger position for
automatic excitation changing, the radiation characteristic of
the antenna needs to be considered.

B. PERFORMANCE OF THE SELF-SENSING

SMART ANTENNA

In order to verify the performance of the smart antenna,
a series of measurements were carried out including received
power distribution and Error Vector Magnitude (EVM)
measurements in a real office scenario.

The size of the tested area is 4.2 m x 4.2 m. Fig. 17 shows
the setup of the measurement system. The received power
in the measured office is sampled by Agilent FieldFox RF
Analyzer N9912A. The smart antenna (transmitting antenna)
is mounted on an antenna holder with height of 2.67 m,
and located at the center of the area. A signal generator
of type R&S SMBI00A is used to feed the antenna with
power of 14 dBm at frequency of 5.84 GHz. The receiving
antenna is an (RHCP) omnidirectional antenna and is fixed
on an antenna platform with height of 0.7 m. During the
test, the signal is received by the omnidirectional antenna
and recorded by a PC connected to the analyzer, the spatial
sampling interval is 60 mm.

VOLUME 10, 2022
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FIGURE 16. Operation diagram of the smart antenna.

FIGURE 17. Set-up of received power test of the smart antenna.

TABLE 4. Average Value of EVM (%).

Operation mode Path 1 | Path2
P,_only 22.66 23.02
Ps_only 27.63 25.94

Smart 14.07 13.97

For verification and comparison, the radiation properties
of the smart antenna are investigated first. Fig. 18 depicts
the distributions of received power for the cases of exciting
two array elements respectively. When Port 1 is excited,
radio coverage occurs in zone 1, as shown by the contour in
Fig. 18(a). When Port 3 is excited, radio coverage of zone 2
is provided, as illustrated in Fig. 18(b). When working in
the smart mode, the beam of the antenna will automatically
change according to a series of trigger positions, which are
determined by a circle with a radius of 0.9 m in this paper,
and the center of circle is just under the smart antenna.
As seen in Fig. 19, when the antenna working on smart mode,
more stable distributions of received power along path 1 and
2 can be acquired (from the angle of receiving), which are in
between of -50 dBm and -40 dBm.

Furthermore, to investigate the performance of the smart
antenna in a real wireless communication system, EVM
is measured under the individual excitation mode and
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FIGURE 19. Distributions of measured received power for the smart
antenna operating in automatic beam-changing mode along Path 1 and
Path 2.
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FIGURE 20. Lock diagram of EVM test’s set-up.
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smart mode respectively along the two paths in Fig 16.
Schematic diagram of the communication system is shown
in Fig. 20. A pair of YunSDR Y320 baseband modules is
employed, comprising of a generator, encoder and decoder
etc. Quadrature phase shift keying (QPSK) modulation mode
is applied during the measurement. The data frames with a
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FIGURE 21. Distributions of EVM for transmitting antenna operating in
different modes along (a) Path 1 and (b) Path 2. The dashed and
dashed-dot lines correspond to the measured results for individual
excitations (without beam-changing), the results in solid line are
measured when the smart antenna is operated in smart mode in terms of
position information of users.

bandwidth of 20 Mbps are modulated on a carrier frequency
of 5.84 GHz. When the two ports are excited individually,
as the dashed and dashed-dot lines in Fig. 21(a) and (b) show,
EVM is lower in zone 1 and 2 but is very high in the
rest of the area. In these cases, users will experience bad
communication quality in the region with poor radiation.
As the solid curves depict, it is distinctly seen that the smart
mode of antenna leads to lower and more stable EVM,
most of which are below 22 % along both paths. More
exactly, the average EVM in different modes along path 1 and
2 are presented in table 3. Average EVM of the case of
automatic beam-changing (14.07% along path 1 and 14.97%
along path 2) is significantly smaller than those of individual
excitation of the antenna. Therefore, the smart antenna has the
merit of improving the communication quality in a wireless
communication system.

V. CONCLUSION

In this paper, a concentric LWA array is designed, which
is capable of changing its beam between different shapes
and orientations. For analyzing the radiating characteristics,
a theoretical model is established, by which a prototype is
designed and fabricated. The measurement results verify the
correction of calculation results of the theoretical model and
simulation results of the full-wave simulation, and show an
expected performance. Furthermore, based on the proposed
antenna, a self-sensing and automatic beam changing smart
antenna based on image-aware circuit is constructed. The
smart antenna is tested in a real office scenario, and
good performance is observed through the received power
and EVM measurement results. Therefore, the proposed
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smart antenna is a promising candidate for smart wireless
communication applications.
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