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Abstract—Polarization reconfigurable antennas at millimeter-
wave (mm-wave) frequencies are important technologies for
5G and beyond wireless communications systems. This paper
presents a mm-wave multi-linear polarization (LP) reconfigurable
antenna. It employs a resonant TMs:o-mode air-filled cavity as
the base, and a circular array of slots is uniformly etched on its
top surface to provide a rotationally-symmetrical ‘“excitation”
for the multi-LP antenna. An upper substrate printed with
engineered patch layers is introduced above the slots for an
in-phase high-gain composition, and it is mechanically rotated
to facilitate the multi-LP reconfiguration. Each slot radiation is
separately monitored and analyzed by using single-slot cavity
models. A final multi-LP antenna that can switch among five
LP states at mm-wave band was constructed. To overcome the
classic high sidelobe problem associated with circular arrays, a
modified bottom layer is introduced to the multi-LP antenna.
The measured overlapped bandwidth of the optimized multi-LP
antenna ranges from 28.58 to 28.99 GHz. For all of the five
LP states, the simulated and measured sidelobe levels are —13
and —10 dB, respectively. The measured realized gains are varied
from 15.5 to 16.8 dBi in the overlapped operating bandwidth. This
is the first time to report a mm-wave multi-LP reconfigurable
antenna.

Index Terms—Cavity-backed antenna, millimeter-wave (mm-
wave), multi-linear polarization (LP), polarization reconfigurable
antenna, resonant cavity

I. INTRODUCTION

ECONFIGURABLE antennas can alter their characteris-

tics according to the varying environments [1]-[7]. They
have emerged as an important technology that can significantly
improve the overall system performance such as commu-
nications data rates and range. Polarization reconfigurable
antennas are particularly attractive for applications that require
polarization flexibility and minimum polarization mismatch
[8]-[13].

Considerable efforts have been devoted to advancing the de-
velopment of polarization reconfigurable antennas. Three main
types of polarization switching schemes have been reported in
the open literature, including switching between two circular-
polarization (CP) states [14]-[16]; CP and linear-polarization
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(LP) states [17]-[20]; multiple-LP (multi-LP) states [21]-[25].
Multi-LP antennas generally have a number of switchable
LPs with an equal angle interval (A¢), and the LPs number
P = 180°/A¢ > 4. This multi-LP functionality can deliver
many benefits in practical systems, for example, minimizing
the polarization mismatch for the randomly linearly-polarized
incoming waves in body-centric wireless communication sys-
tems [23]. To facilitate the multi-LP reconfiguration, the
researchers utilized innovative switching techniques in either
feed networks [21], [22] or main radiators [23]-[25]. A 45°-
interval four-LP reconfiguration was achieved in [21] and [22]
that respectively employed switchable shorting vias and feed
probes for a circular patch antenna. By controlling PIN diodes
soldered on the radiating arms of multiple dipoles, a number
of LP states was obtained in [23]-[25].

Note that all of the previously reported multi-LP recon-
figurable antennas are operating at lower-frequency bands,
i.e., less than 5 GHz. Currently, mm-wave antennas have
drawn special attentions for 5G and beyond wireless com-
munications [26]-[28]. They can facilitate a very high-speed
data communication link with a much compact configuration.
Several interesting polarization-reconfigurable antennas have
been reported to operate at mm-wave band. A dual-CP recon-
figurable antenna was developed in [29] that can operate from
27.2 to 28.35 GHz by switching two pairs of PIN diodes. A
mechanical rotation of the reflective panel of a reflectarray
antenna was presented in [30] to achieve the polarization
switching among LP, RHCP, and LHCP. Nevertheless, none
of the above mm-wave antennas could provide a multi-LP
reconfigurable functionality.

To the best of the authors” knowledge, it has never been re-
ported to achieve a mm-wave multi-LP reconfigurable antenna.
One may opt to scale up the operating frequency of those
low-frequency multi-LP antennas presented in [21]-[25] to
the mm-wave band. However, several challenges prevent this
choice. First, since antenna wavelength would be much smaller
at mm-wave band, it is difficult to integrate main radiators,
feed network, and PIN diodes along with their biasing circuits
into such a compact configuration. Furthermore, these PIN
diodes and biasing circuits will have a bigger impact on
antenna’s radiation performance. Finally, few PIN diodes are
found to operate well at mm-wave band, and they usually
introduce large losses. In this paper, a mm-wave multi-LP
TM510-mode cavity antenna is presented to switch among five
LP states by a mechanical rotation of its upper copper-cladded
substrate. A complete process of antenna design, analysis,
and measurement is provided. The measured realized gains
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vary from 15.5 to 16.8 dBi for the five LP states of the final
fabricated prototype in the operating bandwidth.

The main contributions of the paper can be summa-
rized as follows. First, to address the challenge of real-
izing mechanically-reconfigurable multi-LPs, a rotationally-
symmetrical base ‘“excitation” technique is developed. The
base “excitation” is accomplished by a TMs;19-mode cav-
ity etched with a circular array of rectangular slots. This
way the multi-LP reconfiguration is simplified to achieve a
single high-gain low-cross-polarization LP state. Second, to
align polarization direction and adjust phase values of the
E-fields radiated from these rotationlly-etched slots, single-
slot cavity models are presented to analyze and monitor
radiating behaviors of each slot separately. It facilitates the
design and optimization of the patch surfaces printed on the
upper substrate for each slot’s radiation adjustment. Third, the
five LPs are attained and reconfigured by rotating the upper
substrate. This reconfiguration avoids rotation of the antenna’s
feed and, hence, makes the presented multi-LP system more
feasible in practical applications. Furthermore, the radiation
patterns and realized gains are almost invariant for all the
five LP states. Fourth, to overcome the classic high sidelobe
problem associated with circular arrays, a simple method that
uses a modified bottom layer is introduced to the multi-LP
antenna.

II. CIRCULAR CAVITY AND POLARIZATION
RECONFIGURATION

Circular cavities can have rotationally symmetrical field
distributions. A TMj51g resonant mode can be excited in a
circular air-filled cavity. In this work, we chose TM3519-mode
cavity as a tradeoff among antenna gain, complexity, and
bandwidth. Needless to say, the configuration can be easily
extended to cavities of different modes. A mechanically-
rotatable copper-cladded substrate is introduced above the
cavity for polarization reconfiguration. Operating mechanism
of the multi-LP antenna is presented.

A. Resonant Mode Excitation

A circular air-filled cavity excited with a rectangular waveg-
uide is considered as the base configuration. Its side and top
views are shown in Fig. 1 (a) and (b), respectively. The circular
cavity has a radius of R, and a height of h.. It has three walls,
i.e., a top wall, a bottom wall, and a peripheral wall. All of the
walls are assumed with PEC boundaries in the initial study.

A standard WR-28 rectangular waveguide is employed as
a feed to excite the cavity’s resonant mode. Its recommended
operating frequency ranges from 26.5 to 40 GHz. One notices
from Fig. 1 (b) that the waveguide’s long side is placed along
y-axis, and its short side is aligned with z-axis. Its center point
has an offset distance of z,, along x-axis with respect to the
cavity’s center.

This waveguide-excited air-filled cavity was simulated by
using the full-wave simulator ANSYS HFSS. Optimized val-
ues (in millimeters) of those parameters are: h, = 3, R, =
14.5, and z,, = 6.5. Fig. 2 shows top view of E-field
magnitudes excited in the air-filled cavity at 29.25 GHz. One
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Fig. 1. Configuration of the waveguide-excited air-filled cavity. (a) Side view.
(b) Top view.
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Fig. 2. Top view of E-field magnitudes excited in the air-filled cavity at
29.25 GHz.

observes that a TM51 resonant mode is produced in the cavity,
i.e., there are ten half-wavelength sections distributed along the
azimuthal direction. Each half-wavelength subsection is almost
identical and, hence, the cavity along with this TM519-mode
distribution can be regarded to have a rotational symmetry
along the azimuthal direction. The angle A¢ of this rotational
symmetry is obtained as A¢y = 360°/10 = 36°. It should be
pointed out that E fields are out-of-phase in any two adjacent
half-wavelengths due to the inherent property of the resonant
mode.

B. Multi-Linear Polarization Reconfigurable Mechanism

While one could etch slots on top of the resonant cavity for
far-field radiations, only a fixed polarization state is achievable.
In order to attain the desired reconfigurable multiple LPs, one
has to incorporate a switching freedom into the slotted reso-
nant cavity. Since the resonant cavity along with its feeding
cables could not be rotated in many practical applications,
an upper copper-cladded substrate is introduced and located
above the slotted cavity. The basic idea is to facilitate the
multi-LP reconfiguration by mechanically rotating the upper
substrate. A subsequent mechanically reconfigurable multi-LP
antenna is proposed, and its schematic side view is shown in
Fig. 3.
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Fig. 3. Schematic side view of the mechanically reconfigurable multi-LP
antenna.

In realization of the air-filled cavity, material of the bottom
and peripheral walls is chosen as Aluminum, and the top
wall is replaced by a lower substrate printed with a metallic
slot layer on its bottom. Top metal on the lower substrate is
completely removed. A mechanical-rotatable substrate, i.e., the
upper substrate, is located above the lower substrate with an
air gap of h,. This air gap is preserved to ease mechanical
rotation of the upper substrate. Top and bottom patch layers
are, respectively, printed on top and bottom layers of the upper
substrate. Both the upper and lower substrates are RT/Duroid
5880 with a dielectric constant of 2.2, a loss tangent of 0.0009,
and a height of 0.508 mm.

On the slot layer, a circular array of ten slots is uniformly
etched on the slot layer as shown in Fig. 4. The center point
of each slot sits on the circle with a radius of R,. All slots
have a length of Ly and a width of W,. Furthermore, each
slot is centrally located on top of one corresponding half-
wavelength subsection. The slotted cavity is then rotationally
symmetrical with an angle A¢g, where Agy = 180/5 = 36°.
Obviously, it provides a symmetrically-rotatable “excitation”
for the upper copper-cladded substrate. Assume the antenna’s
co-polarization (co-pol.) E-fields are directed along ¢ = «g
plane at the broadside direction when the upper substrate
is initially fixed. After it is rotated with an angle of Agy,
the antenna’s co-pol. E-fields will be along ¢ = ag + Agg
plane owing to the symmetrical “excitation”. In total, when the
rotation angle of the upper substrate increases from 0 to 4A¢q
with an interval of Agy, five reconfigurable LP states will be
obtained. One may conclude that the five-LP reconfiguration
is then simplified to achieve a high-gain low cross-polarization
(x-pol.) LP state when the upper substrate is initially fixed.

It is common knowledge that co-pol. E-fields radiated from
a rectangular slot are oriented in parallel with the narrow side
of the slot. Given the rotational distribution of these slots
etched on the slot layer, the co-pol. E-fields radiated from each
slot will have different polarization angles at the broadside.
Furthermore, due to the out-of-phase E-fileds excited in any
two adjacent half-wavelengths, the co-pol. E-fields radiated
from two adjacent slots will also have 180° phase difference.
As an illustration, Fig. 4 depicts a schematic view of tangential
E-fields induced on each slot at an instant time. The composite
far-field radiation of the ten slots will inevitably have a low
gain with a high x-pol. level. It thus requires a careful design
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Fig. 4. Top view of the slot layer etched with ten slots. The tangential E-fields
induced on each slot are illustrated at an instant time.

of the metallic patch layers printed on the upper substrate to
adjust the fields radiated from each slot.

To facilitate the above investigation, each slot radiation will
be separately monitored and analyzed with a single-slot cavity
model. One finds from Fig. 4 that the induced E-fields for the
slots numbered with NV (1 < N < 5) and N +5 are almost the
same. Take Slot 1 and Slot 6 as an example. They are oriented
in opposite directions along x-axis with respect to the center of
their corresponding half-wavelength subsections. This opposite
orientation compensates for the out-of-phase E-fields within
the two corresponding subsections and, hence, leads to the
almost same induced E-fields on Slot 1 and 6. Subsequently,
one only needs to analyze half of the ten slots, e.g., Slot 1
to 5, for achieving the desired high-gain low-x-pol. radiation.
Five single-slot antenna models that respectively etch Slot 1
to 5 are simulated for this analysis. Detailed investigations are
given in the following section.

IITI. SINGLE-SLOT CAVITY ANTENNA

The basic configuration of the single-slot antenna models
is the same as shown in Fig. 3. In each model, only the
etched slot as well as the patch layers printed on the upper
substrate is varied. The patch layers are centrally located
above the slot for radiation adjustment. The initially-fixed
reference ¢ = g state can be selected based on custom-
designed requirement. In this work, «q is chosen as 36°. It
is obvious that co-pol. E-fields radiated from Slot 2 have the
same polarization with the reference one and, hence, one has
to alter the polarization direction of E-fields radiated from
other four slots. As aforementioned, one should also optimize
far-field phase value of each slot radiation for an in-phase
composition. Note that the far-field phase value in each model
is obtained with the same global coordinate system in ANSYS
HFSS.

A. Study on Slot 1 and 3

Compared with the reference polarization along ¢ = 36°
at the broadside, the co-pol. E-fields radiated from Slot 1
(or Slot 3) have a 36° polarization angle difference. This
difference can be mitigated by employing a closely-spaced
rectangular patch. Take the case when only Slot 1 is etched
as an example. Fig. 5 (a) shows top view of the TM5;¢-mode
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Fig. 5. Top view of the TM510-mode patch-augmented cavity antenna without
both the lower and upper substrates being presented. (a) Slot 1. (b) Slot 3.

cavity antenna augmented with a metallic rectangular patch
when only Slot 1 is etched. Both the upper and lower sub-
strates are not presented for clear observations. The metallic
rectangular patch with a length of L;; and a width of Wy,
is printed on bottom patch layer of the upper substrate. It is
orientated with an angle of ¢;; with respect to the +xz-axis. All
metal are removed on top patch layer of the upper substrate.

It is known that tangential E-fields radiated from the slot
are aligned with z-axis. When the rectangular patch is closely
placed above the slot with a small gap of h,, the slot radiation
is coupled to the patch’s two long edges and, hence, antenna’s
tangential E-fields are converted and pointed in the direction
normal to the long edges. One may infer that ¢p; should be
chosen as 126° to align the far-field co-pol. E-fields along
¢ = 36°. Other parameter values (in millimeters) are: Ly =
5.5, Wy = 0.7, Rs = 11.5, hgy = 0.5, Ly; = 5.5, and Wy =
2.5. Fig. 6 shows the simulated co-pol. and x-pol. gain patterns
as well as the phase values of the co-pol. E-fields in ¢ = 126°
plane at 29.25 GHz. Note that the co-pol. gain pattern is not
centered around ¢ = 0°. This is because the finite size of
the slot layer produces an asymmetrical edge effect on the
Slot 1’s radiation. The gain value is 8.2 dBi with a x-pol.
level of —24.0 dB at the broadside direction. It validates the
successful polarization conversion that employs the closely-
spaced rectangular patch. Far-field phase value is —154.9° at
the broadside. Additional investigations show that the antenna
gain patterns remain similar when the effects of the other nine
slots are included.
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Fig. 6. Co-pol. and x-pol. gain patterns as well as the phase values of the
co-pol. E-fields in ¢ = 126° plane at 29.25 GHz.
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Fig. 7. Co-pol. and x-pol. gain patterns as well as the phase values of the
co-pol. E-fields in ¢ = 126° plane at 29.25 GHz.

The same method of printing a rectangular patch on the
bottom patch layer is adopted to convert Slot 3’s co-pol. E-
fields. Fig. 5 (b) shows the top view of the TM5;9-mode patch-
augmented cavity antenna without both the lower and upper
substrates being presented when only Slot 3 is etched. Its
parameter values are optimized as: @3 = 126°, Ly = 5.5 mm,
and W3 = 2.5 mm. With the use of the augmented patch
for polarization conversion, the attained far-field co-pol. is
directed along ¢ = 36°. Fig. 7 shows the simulated co-pol.
and x-pol. gain patterns as well as the phase values of the co-
pol. E-fields in ¢ = 126° plane at 29.25 GHz. The antenna’s
broadside gain value is 8.0 dBi with a x-pol. level of -24.0 dB.
Far-field phase value is —159.0° at the broadside. Note that
the far-field radiating phase values are similar for Slot 1 and
3. In the following, their phase values are set as the reference
for the other slots’ radiation, i.e., the reference phase value is
around —150°. The broadside phase of the E-fields radiated
from each patch-augmented slot should be the same or close
to this reference value. Their phase difference may decrease
the gain of the final multi-LP reconfigurable antenna with all
the ten patch-augmented slots present.

B. Study on Slot 2

Radiating fields of Slot 2 are pointing towards the required
¢ = 36° when only Slot 2 is etched on the slot layer.
Simulations also confirm that the gain value is around 6.0 dBi
with a x-pol. level of —34.6 dB at the broadside. Nevertheless,
broadside phase value of the slot radiation is 30.5°. This
value is almost out-of-phase to the reference phase value.
Consequently, the patch layers printed on the upper substrate
should adjust the slot’s far-field radiation phase.

Fig. 8 shows the top view of the TM5;-mode cavity antenna
augmented with the top and bottom patch layers when only
Slot 2 is etched. Both substrates are not presented for clear
observations. Right top inset illustrates a closed-up view of
the top patch layer printed on top of the upper substrate. It is
a rectangular patch with a length of Ly and a width of Wys.
The bottom patch layer is shown in right bottom inset. It is an
H-shaped slotted metallic patch. The two patch layers act as
phase delay element for the slot radiation. Its dimensions are
denoted by L2, Wya, La, Wy, L., and W,. Both patches are
centrally located to the slot center Oy. They are separately
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Fig. 8. Top view of the TM510-mode cavity antenna without both the lower
and upper substrates being presented when only Slot 2 is etched. Right insets
present closed-up views of the metallic patch layers.

TABLE I
PARAMETER VALUES FOR THE CAVITY ANTENNA WHEN ONLY SLOT 2 Is
ETCHED

Parameter Lys Wi Le¢ We Lo Wa Lpo

Values (mm) 5.5 5

525 35 11 1.4 425

drawn in right insets simply for clear observations. Their
orientation angle is @2 = 126° with respect to +z-axis.

Values of the patch parameters are optimized to provide the
desired phase value with an accepted gain at the broadside.
A simulation model is built for this investigation. The two-
layer metallic patches act as the phase delay element for the
slot radiation. The near-field coupling among the slot, the H-
shaped slotted patch, and the rectangular patch is crucial for
the antenna’s far-field gain and phase values. As an example, a
parameter study was performed on the patch width Wy,. Other
parameter values are fixed as shown in Table 1.

Fig. 9 (a) and (b) respectively show the obtained phase and
gain patterns in ¢ = 126° plane when Wys is varied. When
Wi is chosen as 4 mm, the broadside phase value is —50.0°
with a gain value of 6.8 dBi. The phase and gain values,
respectively, become —98.3° and 7.9 dBi when W,5 increases
to 4.5 mm. This indicates the metallic patches achieve a larger
phase delay and a higher broadside gain. When W;o further
increases to 5 mm, the far-field phase value is —66.6° and the
gain value is only 2.75 dBi at the broadside direction. A large
gain drop is observed for Wy = 5 mm. It is caused by the
deterioration of the coupling between the slot and the metallic
patches. With respect to the broadside phase and gain values,
one can then conclude that the metallic patches achieve the
best performance when Wys = 4.5 mm. Thus, W is chosen as
4.5 mm in the final design. Broadside-beam pattern is obtained
with a 3-dB gain beamwidth of 88.1° in ¢ = 126° plane.

C. Study on Slot 4

When only Slot 4 is etched on the slot layer, the far-field co-
pol. E-fields are directed along ¢ = 108° at the broadside. It

Phase (deg)

Gain (dBi)

Fig. 9. Varied W;2 for the patch-augmented TM510-mode cavity antenna
when only Slot 2 is etched. (a) The phase of the co-pol. E-fields. (b) Co-pol.
gain patterns.

has a large angle (72°) difference with the desired polarization
along ¢ = 36°. One may opt to use the previous polarization
conversion method of employing a single rectangular patch on
the bottom patch layer. Fig. 10 (a) shows the top view of the
TMj510-mode cavity antenna augmented with a single patch
when only Slot 4 is etched. Both substrates are not shown for
clear observations. The patch has a length of L4, a width of
Wy, and an angle of ¢,4. Parameter values are optimized as:
w4 =126°, Ly = 4.5 mm, and W, = 2 mm. It was found that
the gain value and x-pol. level are only 3.3 dBi and —3.5 dB at
the broadside, respectively. This suggests that the polarization
conversion is not attainable by using this single rectangular
patch.

It was then decided to introduce two rectangular patches
that are respectively printed on top and bottom patch layers.
Its top view without both substrates being presented is given in
Fig. 10 (b). Top and bottom patch layers are centrally located
with respect to the slot center O4, and they are separately
shown in the right insets for clear observations. The upper
rectangular patch has the same dimensions with the patch in
Fig. 10 (a), i.e., g = 126°, Ly = 4.5 mm, and Wy = 2 mm.
This can secure antenna’s final far-field polarization being
directed along ¢ = 36°. The bottom patch has a length of
Lyy, a width of Wy, and an angle of py. The Ly, Wi,
and ¢4 are crucial for obtaining the desired polarization
convention with acceptable phase value. Parameter study of
these parameters was conducted, but it is not shown here for
simplicity. Their values are eventually obtained as: (p4 = 60°,
Lys = 4.5 mm, and W4 = 2 mm.
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Fig. 10. Top view of the TMs510-mode cavity antenna without both the lower
and upper substrates being presented when only Slot 4 is etched. (a) Single
patch layer. (b) Two patch layers.
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Fig. 11. Co-pol. and x-pol. gain patterns as well as the phase values of the
co-pol. E-fields in ¢ = 126° plane at 29.25 GHz.

Fig. 11 shows the simulated co-pol. and x-pol. gain patterns
as well as the phase values of the co-pol. E-fields in ¢ = 126°
plane at 29.25 GHz. The gain value and x-pol. level are 6.2 dBi
and —16.8 dB at the broadside, respectively. The broadside
radiating phase value is —99.5°.

D. Study on Slot 5

A similar large polarization angle difference occurs between
the Slot 5’s polarization along ¢ = 144° and the reference ¢ =
36°. Following the above process of polarization conversion
for Slot 4, two patch layers are also implemented and printed
on top and bottom of the upper substrate, respectively. Fig. 12
shows top view of the TMj5;0-mode cavity antenna augmented
with two patch layers when only Slot 5 is etched. Top and
bottom patch layers are centrally located with respect to the
slot center Oy, and they are separately shown in the right
insets. Parameter values of the two patches are: @5 = 126°,

H Slot layer
B Top patch layer
I Bottom patch layer s

Fig. 12. Top view of the TMs510-mode cavity antenna augmented with two
patch layers when only Slot 5 is etched. Both the lower and upper substrates
are not shown for clear observations.
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Fig. 13. Co-pol. and x-pol. gain patterns as well as the phase values of the
co-pol. E-fields in ¢ = 126° plane at 29.25 GHz when only Slot 5 is etched.

Lis = 4.5 mm, and W5 = 2.25 mm, pp5 = 100°, Lys =
4.5 mm, and Wy = 2.25 mm. Fig. 13 shows the obtained
co-pol. and x-pol. gain patterns as well as the phase values
of the co-pol. E-fields in ¢ = 126° plane at 29.25 GHz. The
gain value and x-pol. level are 6.4 dBi and —15.4 dB at the
broadside, respectively. The broadside radiating phase value is
—91.4°.

IV. BASIC MULTI-LP RECONFIGURABLE ANTENNA

In the five single-slot cavity antenna models, appropriate
patches are introduced and printed on the upper substrate
to align each slot’s polarization along ¢ = 36° with close
phase values. To form the high-gain broadside beam with a
low x-pol. level for the cavity antenna etched with an array
of ten slots, one may straightforwardly accumulate all of the
corresponding patches employed in the separate analysis for
each slot’s radiation. Fig. 14 (a) and (b), respectively, show
the accumulated bottom and top patch layers printed on the
upper substrate. The radius R, of the substrate is 25 mm.
A circular array of through-holes at an interval of 36° is
drilled to facilitate the alignment and assembly of the whole
antenna. Fig. 15 depicts the side view of the basic multi-
LP reconfigurable antenna. The patches’ dimensions have the
same values as those obtained in the initial studies. On bottom
plane of the cavity, stepped slots are etched for impedance
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Fig. 14. Top view of the accumulated bottom and top patch layers printed
on the upper substrate (State A). (a) Bottom patch layer. (b) Top patch layer.
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Fig. 15. Side view of the basic multi-LP reconfigurable antenna. Top view
of the stepped slots are shown in the bottom inset.

transition from the rectangular waveguide to the resonant air-
cavity antenna. Top view of the stepped slots is shown in
bottom inset of Fig. 15. It is an H-shaped slot with a depth
of hpy = 1.5 mm followed by a rectangular slot with a depth
of hpo = 1 mm. Dimensions (in millimeters) of the H-shaped
slot are given by: Lj1 =6, Lpy = 2.5, Wy = 6.75, and Wyo
= 2. The rectangular slot has a length of L, = 5 mm and a
width of W, = 1.25 mm. The slot layer remains the same as
the one shown in Fig. 4.

When the upper substrate printed with the top and bottom
patch layers is non-rotated as shown in Fig. 14, the antenna
should radiate a broadside beam and have a LP state along
¢ = 36°. This initial state is labeled as State A. After the
upper substrate is rotated with its rotation angle ranging from
36° to 144° at an interval of 36°, other four LP states, i.e.,
¢ = [72°, 108°, 144°, 180°], can be realized, and they
are sequentially marked as State B to E. Fig. 16 shows
the simulated S-parameters for the five switchable LP states.
Simulated overlapped |S11| < —10 dB bandwidth ranges from
28.99 to 29.48 GHz (490 MHz). This narrow bandwidth is
associated with the higher-order TMs5;9-mode cavity. It is
known that the bandwidth of a resonant cavity increases as
the mode order decreases. One can improve the bandwidth
by using a lower-order cavity and, subsequently, the number
of the obtained LPs and peak realized gain values will be
reduced. On the other hand, if the objective is to increase the
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Fig. 16. Simulated S-parameters for the basic multi-LP reconfigurable

antenna.
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Fig. 17. Simulated co-pol. radiation patterns for the five LP states when the
source frequency is 29.25 GHz. (a) E plane. (b) H plane.

number of the LPs, one can even increase the mode order,
albeit reducing the bandwidth further. In short, the presented
research provides a new way of achieving multi-LPs with low
complexity and low loss.

Fig. 17 shows the simulated E- and H-plane co-pol. radia-
tion patterns for the five LP states when the source frequency is
29.25 GHz. It is observed that the radiation patterns are almost
invariant for all of these five LP states. The 3-dB beamwidth is
20.5° in E-plane, and it is 15.9° in H-plane. The sidelobe level
is around —14.4 and —7.5 dB in E and H plane, respectively.
Fig. 18 shows the simulated co-pol. and x-pol. realized gains
for the five LP states. The overlapped 3-dB gain bandwidth
ranges from 28.95 to 29.73 GHz (780 MHz). At the operating
band from 28.99 to 29.48 GHz, the overlapped realized gains
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Fig. 18. Simulated co-pol. and x-pol. realized gains for the five LP states.

are varied between 16.1 and 16.4 dBi. The x-pol. levels are
lower than —23 dB for all the five LP states.

V. OPTIMIZED MULTI-LP RECONFIGURABLE ANTENNA

A high sidelobe level of —7.5 dB was noticed in the
radiation patterns at 29.25 GHz for all the five LP states.
For each LP operating state, the far-field radiation is mainly
contributed by the circular array of the ten patch-augmented
slots. The value —7.5 dB is close to the theoretical sidelobe
value (—7.9 dB) of the ten-element uniform circular array
excited with equal amplitudes and phases [31]. One method
to reduce the sidelobe level is locating additional in-phase
radiating elements inside the circular array.

A. Antenna Configuration and Performance

A simple yet effective method is presented that employs
a modified bottom patch layer for the multi-LP antenna to
suppress its sidelobe level. This multi-LP antenna with a
modified bottom patch layer is named as the optimized multi-
LP reconfigurable antenna. Fig. 19 shows the configuration of
the modified bottom patch layer. It is obtained by incorporating
four additional patches with eight connecting strips into the
previous bottom patch layer. All of the additional patches have
a length of L,; and a width of W,,;. They are oriented with an
angle of ¢, = 126° with respect to +z-axis. Each additional

zZ - Origional patch
I Additional patch

mmmmmm  Connecting strip

Fig. 19. Configuration of the modified bottom patch layer (State A).

TABLE I
PARAMETER VALUES FOR THE MODIFIED BOTTOM PATCH LAYER

Parameter La1 Wa1 Lao Wa2 La3 Was
Values (mm) 6.5 4 3.75 2.55 2.5 3
B 1 ey
A asady] NI

rorrrars s AREDIR Y
s t N

Fig. 20. Top view of the E-fields distribution (State A) above the TM510-mode
patch-augmented cavity. (a) The basic multi-LP antenna. (b) The optimized
multi-LP antenna.

patch is connected to a corresponding original patch through
a thin strip. These additional patches are also connected to
each other using metallic strips. Dimensions of these strips are
denoted by: Ly2, Las, Weo, and W,3. Values (in millimeters)
for the parameters are optimized and given in Table II.

Fig. 20 (a) and (b) show the top view of the E-fields above
the TM519-mode patch-augmented cavity as a snapshot for
the basic and optimized multi-LP antennas, respectively. It is
observed that the E-fields for the basic multi-LP antenna are
mainly distributed around the circular array of the ten patch-
augmented slots. Small values of the E-fields are observed
inside the circle as there is no radiating element. When the

Stepped slots

Modified bottom patch layer

&

(b)

Top patch layer

(©

Fig. 21. Fabricated antenna prototype before and after assembly. (a) Air-
filled cavity. (b) Modified bottom patch layer. (c) Side view of the assembled
antenna.
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Fig. 22. S-parameters of the optimized multiple-LP reconfigurable antenna.
(a) Simulated |S11]|. (b) Measured |S11].

additional patches and connecting strip are incorporated into
the bottom patch layer of the optimized multi-LP antenna,
strong in-phase resonant E-fields are produced among these
patches and strips. This is equivalent to introducing additional
in-phase radiating elements inside the circular slot array and,
hence, the obtained sidelobe level can be reduced [32]. More-
over, these additional in-phase radiating elements also increase
the antenna gain.

The final optimized multi-LP antenna was constructed and
simulated. A prototype was fabricated and assembled as shown
in Fig. 21. As a proof of concept, the rotation of the upper
substrate is implemented in a manual way in the measurement.
In practice, a stepper motor can be placed behind the slot-
based cavity of the multi-LP antenna. The upper substrate is
connected to the motor platform through supporting posts. One
can then accomplish the rotation of the substrate by controlling
the motor. Fig. 22 (a) and (b), respectively, show the simulated
and measured S-parameters for all the five LP states. The
simulated overlapped |S11| < —10 dB bandwidth is ranging
from 28.97 to 29.44 GHz (470 MHz) while the measured
one is red shifted to lower frequencies, from 28.58 to 28.99
GHz (410 MHz). This frequency shift is likely caused by the
inaccuracies of the cavity radius R, and the surface irregularity
of the substrates existed in the fabricated prototype. The R,
is a critical parameter that determines the antenna’s operating
band. One can use special fabrication techniques, such as the
electric spark discharge machining and the low-speed wire-
cut electrical discharge machining, to improve the accuracy
of the R.. The substrate surface irregularity will affect the

-90° 90°

-90° 90°

-90°90°

-90°90°

-90°90°

) )

Fig. 23. Measured (simulated) radiation patterns of the optimized multi-LP
antenna when the source frequency is 28.8 GHz (29.25 GHz). Red dash-
dot line: measured co-pol.. Blue dot line: measured x-pol.. Black solid line:
simulated co-pol.. (a) E plane at State A. (b) H plane at State A. (c) E plane
at State B. (d) H plane at State B. (e) E plane at State C. (f) H plane at State
C. (g) E plane at State D. (h) H plane at State D. (i) E plane at State E. (j)
H plane at State E.

air gap h, between the lower and upper substrates, which is
another critical parameter for impedance matching. One may
utilize high end or thicker substrates in the design to avoid
this problem. With such bandwidth, the antenna proposed can
be used in certain 5G mm-wave applications. With further
development, the technology is expected to be able to serve
5G mm-wave systems in general.

Fig. 23 shows the measured (simulated) E-plane and H-
plane co-pol. radiation patterns for the five LP states of the
optimized multi-LP antenna at 28.8 GHz (29.25 GHz). The
simulated sidelobe levels are lower than —13 dB in both E-
and H-planes for all the five LP states. The measured sidelobe
levels are around —10 dB. Some discrepancies were observed
between the simulated and measured radiation patterns, espe-
cially for the E-field patterns. Our simulation results suggest
that this is caused by the inaccuracies of the cavity radius
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TABLE III
DETAILED COMPARISON BETWEEN THE ANTENNA DEVELOPED IN THIS WORK AND THOSE REPORTED PREVIOUSLY

Reference antenna Operating band Apertu;e size Realized. gain Radiation efficiency LPs number Reconfiguration technique
(GHz) (A (dBi) (%)
[21] 233-25 0.32 53-59 82.9 — 84.7* 4 PIN diode
[22] (~)1.97 - 2.02 0.44 6.7-69 79 4 PIN diode
[23] 22-31 0.61 50-52 (~) 70.0 — 90.0 4 PIN diode
[24] 23-40 0.84 6.8 - 10.9 (~) 70.0 - 86.0 4 PIN diode
[25] 2.85-3.40 1.41 (~)4.0-83 65.1 — 74.4 5 PIN diode
This work 28.58 — 28.99 6.08 15.5 - 16.8 97.8 — 99.6* 5 Mechanical rotation

*represents the simulation results; (~) indicates the data obtained through virtual measurement.
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Fig. 24. Simulated and measured co-pol. and x-pol. realized gains of the
optimized multi-LP antenna for its five reconfigurable LP states.

R, and the surface irregularity in the fabricated prototype.
Fig. 24 shows the simulated and measured realized gains of
the optimized multi-LP antenna for its five reconfigurable LP
states. The simulated/measured gains remain similar for all
the five LPs. The simulated overlapped 3-dB gain bandwidth
ranges from 28.94 to 29.68 GHz, and the peak realized
gain is 17.4 dBi at 29.05 GHz. As previously noted, the
measured results show a red shift to lower frequencies. The
measured overlapped 3-dB gain bandwidth ranges from 28.57
to 29.22 GHz, and the peak value is 16.8 dBi at 28.75 GHz.
The measured x-pol. levels are lower than —20 dB.

B. Discussion

A detailed comparison between our developed antenna and
those previously reported multi-LP antennas is provided in
Table III. All of those reported multi-LP antennas in [21]-
[25] are operating at low frequencies, i.e., less than 5 GHz.
In contrast, the developed antenna operates in the mm-wave
band. One finds that a wide operating bandwidth is achieved
for the antennas in [23]-[25]. Nevertheless, only the one in
[25] can realize more than 4 LPs. It employs a number of
dipole radiators controlled by the PIN diodes, but only a
single dipole radiator is working for any given LP state, which
limits the peak gain of the antenna. The attained realized
gain ranges from 4 to 8.3 dBi. If one desires a higher
gain, an antenna array can be used while a large number
of PIN diodes are required with more insertion losses. On

the other hand, our antenna behaves as a ten-element circular
array, and the obtained realized gains are high, ranging from
15.5 to 16.8 dBi. Furthermore, the mechanical reconfiguration
avoids large losses in the PIN diodes. The cost is a narrower
bandwidth and a lower switching speed.

VI. CONCLUSION

A mm-wave cavity-backed multi-LP antenna was developed
that can achieve five switchable LP states by rotating its
upper substrate with a 36° interval. The upper substrate was
“excited” by the base slotted TM519-mode cavity, which has
a rotationally-symmetrical property. The multi-LP reconfig-
uration with rotating upper substrate was then simplified to
achieve a high-gain LP beam with low x-pol. level when the
upper substrate is initially fixed. To reach this goal, each slot
radiation was separately monitored and investigated by using
single-slot cavity antenna models. The patch surfaces printed
on the upper substrate were properly engineered for each slot’s
radiation adjustment. The realized multi-LP antenna obtains
similar radiation patterns and stable realized gains for the five
LP states. Unsurprisingly, a high sidelobe level was produced
by composite radiation of the circular array of ten patch-
augmented slots. A simple method that modifies the bottom
patch layer was utilized to optimize the antenna’s radiation
performance. For the five LP states of the optimized multi-LP
antenna, the realized gains are varied from 15.5 to 16.8 dBi.
Simulated and measured sidelobe levels are around —13 and
—10 dB, respectively. The developed mm-wave cavity-backed
multi-LP antenna serves as a good candidate for 5G and
beyond wireless systems.
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