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Abstract—A Tx/Rx non-interleaved array antenna for in-band
full-duplex (IBFD) systems is proposed in this article. Distinct
from the reported Tx/Rx interleaved arrays, the proposed array
adopts a novel dual-mode radiation unit that can simultaneously
operate in Tx and Rx manners, without requiring the decoupling
elements between the Tx units and the Rx units, while arranging
more radiation units to realize a higher aperture efficiency. The
non-interleaved array consists of several full-duplex dual-mode
units and a feed network. The dual-mode unit can simultaneously
operate in the radiation-mode and reflection-mode at the same
frequency. In radiation-mode, a high-gain array (Rx) can be
constructed by combining the feeding network. In reflection-mode,
a high-gain reflectarray (Tx) can be implemented by combining a
spatial feed. The polarization statuses of the radiation-mode and
reflection-mode are right-hand-circular-polarization (RHCP) and
LHCP, respectively, which greatly decreases the self-interference
between the Tx and Rx channels. The proposed IBFD array is
designed, fabricated, and measured at X-band with an operating
bandwidth of 23.1% and 35.2% in the Tx and Rx channels,
respectively. The maximum gain in two channels is 23.1 dBic and
23.6 dBic with a high aperture efficiency of 50.8% and 58.1%. The
passband isolation is higher than 35.0 dB.

Index Terms—In-band full-duplex (IBFD), non-interleaved Tx/
Rx array antenna, dual mode antenna unit, simultaneous transmit
and receive (STAR), wideband high gain array antenna.

1. INTRODUCTION

N-BAND FULL-DUPLEX (IBFD) communication system

has been extensively studied over the past few years since it

can multiply the spectrum efficiency and greatly increase the
throughput to cope with the congested spectrum resources [1]-
[5]. In the IBFD systems, the communication terminals need to
transmit and receive signals at the same frequency at the same
time. Therefore, minimizing the self-interference (SI) between
the Tx and Rx channels is necessary and challenging. Typically,
the SI can be canceled in antenna-domain, analog-domain, and
digital-domain [6]-[9].

At the antenna level, many approaches have been proposed
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to realize high isolation between the Tx and Rx channels. Using
spatial isolation where the Tx and Rx antennas are separated by
a large distance is the most direct way [10]-[12] while the area
of the antenna system is too large. In addition, the decoupling
approach is widely applied to design IBFD antennas [13]-[17].
By adding extra decoupling structures between the Tx and Rx
antenna, high Tx/Rx isolation can be realized. The area of these
IBFD antennas is typically larger than one wavelength which is
not suitable for building an IBFD array. The widely considered
approaches for designing high-gain IBFD array antennas can be
classified into the following two types. One uses the same Tx/
Rx radiation structure and the SI cancellation is completed by a
Butler matrix beamforming network. Several 2 x 2 IBFD arrays
are proposed based on this configuration [18]-[21]. In [18], an
external feed network constructed by two 90° hybrids and four
180° hybrids is designed to cancel the coupled Tx voltage at the
Rx port. Moreover, a 2 x 2 IBFD array based on a single-layer
substrate is proposed which integrates the feed network and the
radiation patch in the same layer [21]. These arrays realize high
Tx/Rx isolation while a complex feeding network is necessary
which may not be easy to implement a large-scale IBFD array.
The other approach for building IBFD arrays is based on a four-
arm spiral element whose periodicity is less than A/2. In [22]
and [23], this element is used to construct IBFD antennas with
wide band high isolation. Highly symmetrical antenna structure
is required to ensure a high Tx/Rx isolation. Two dummy ports
and four Ferrite cores are additionally applied. Moreover, great
caution must be paid in the soldering to guarantee the symmetry
of antenna structures. Similar elements have also been applied
in [24] and [25] to construct small-scale phased arrays. Despite
the realized high performance, such an approach may not be
suitable for implementing large-scale low-cost high-gain IBFD
arrays which can be highly beneficial for satellite systems and
signal repeaters.

Reflectarray is a good candidate for constructing large-scale
high-gain antennas due to its easy deployment, low weight, and
low cost advantages despite the increased profile resulting from
the feed source. The reported IBFD reflectarray has three types
of antenna configuration. The first one is the spatially separated
Tx/Rx arrays [10] as depicted in Fig. 1(a) where two different
arrays with a large spatial distance are adopted to realize a high
gain beam in both Tx and Rx channels. In this architecture, the
IBFD system occupies a larger space which may not be easy to
realize integration in a space-constrained system. After that, a
side-by-side Tx/Rx array antenna [26] is proposed to realize a
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Fig. 1. (a) The Tx/Rx separated IBFD array configuration [10]. (b) The Tx/Rx
side-by-side IBFD array [26]. (c¢) The Tx/Rx interleaved IBFD array antenna
[28] (The purple dotted box represents the extra isolation elements between the
Tx and Rx unit cells). (d) The proposed Tx/Rx non-interleaved array antenna
with full-duplex dual-mode radiation unit cell. (UN represents the unit number
under a given aperture size. AE represents the aperture efficiency of the array.)

more compact antenna system. The aperture layout is shown in
Fig. 1(b). The Tx and Rx arrays are integrated into the same
aperture without any spatial isolation. However, since only half
of the aperture is operating for the Tx/Rx channel, the realized
aperture efficiency is around half of the single antenna [27].
Recently, an aperture-shared IBFD reflectarray is proposed
relying on a Tx/Rx interleaved radiation aperture [28]. The Rx
units are interleaved between the Tx units as shown in Fig. 1(c).
To reduce the mutual coupling between Tx units and Rx units,
extra via fences are surrounded by the Rx unit. This architecture
occupies the whole aperture in both Tx and Rx manners, more
radiation unit cells can be arranged in the given aperture which
further improves the realized aperture efficiency. Although the
Tx/Rx interleaved array has realized impressive performance, it
still faces the following inadequacies. Firstly, since the Tx and
Rx units work at the same frequency, therefore, extra isolation
structures are needed which increases the structure complexity
and fabrication cost up to a point. Secondly, the interleaved Tx
and Rx array result in an excessive unit periodicity for the Tx/
Rx units which inevitably limits the realized gain and aperture
efficiency of the array. Thirdly, two different types of Tx/Rx
elements need to be co-designed and reasonably interleaved in
a limited aperture which results in a higher design complexity.
Finally, the —3 dB gain bandwidth is relatively narrow (10.0%)
which results from the inherently narrow-band properties of the
single patch mode and the resonance phase [29]. Although the
Tx/Rx interleaved array realizes a quasi-monostatic IBFD array,
the structural and antenna performance inadequacies resulting
from interleaving are still significant. Therefore, a novel design
approach to realize a Tx/Rx non-interleaved high-gain low-cost
IBFD reflectarray with high aperture efficiency, low structural
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Fig. 2. (a) The radiation mode of the proposed full-duplex dual-mode unit (Rx).
(b) The reflection mode of the proposed full-duplex dual-mode unit (Tx).

complexity, high reuse efficiency of the radiation elements, and
wide gain bandwidth is worthy of being detailly investigated.

In this article, a novel Tx/Rx non-interleaved array antenna is
proposed based on a full-duplex dual-mode radiation unit cell
which can simultaneously operate in Tx and Rx manners at the
same frequency. The arrangement of the units on the aperture is
depicted in Fig. 1(d). It is found that the proposed architecture
realizes IBFD capabilities at the unit cell level, each unit within
the array can simultaneously transmit and receive (STAR) EM
signals. The unit can thus have a suitable periodicity, more unit
cells can hence be arranged in a specific aperture, and a higher
antenna gain and aperture efficiency can be realized. The full-
duplex radiation unit can simultaneously work in the radiation
mode and reflection mode which is utilized to construct Rx and
Tx channels, respectively. In radiation mode, the unit radiates
LHCP waves. In reflection mode, the incidence RHCP waves
will be fully reflected and reradiated to the space. The operating
mechanism of the dual-mode element is depicted in Fig. 2. The
operating polarization status of the reflection mode (RHCP) is
orthogonal to the radiation mode (LHCP) which reduces the SI
at the element level. By arranging this dual-mode element into
an array, an IBFD array antenna with high aperture efficiency
and high Tx/Rx isolation can be constructed.

II. ANTENNA ARCHITECTURE AND OPERATING MECHANISM

A. Antenna architecture of the proposed IBFD array

The proposed Tx/Rx non-interleaved IBFD array antenna is
illustrated in Fig. 3 which contains an array built by 16 x 16
full-duplex dual-mode unit cells, a 1-256 microstrip feeding
network, and an RHCP horn antenna. In the Tx channel, the
reflection mode of the unit cell is working and a reflectarray can
be built by combining the RHCP feed. In the Rx channel, the
radiation mode of the unit cell is working and an array antenna
combined with the feeding network is constructed. The detailed
view and zoom view of the radiation layer and the 1-to-256 feed
work are depicted in Figs. 3(b)—(e), respectively.

B. Operation mechanism of the proposed IBFD array

When the Tx port is excited, the RHCP waves radiated from
the horn antenna will illuminate the full-duplex array. Since the
unit cells can only receive LHCP waves, the RHCP waves will
be completely reflected and reradiated into the free space. No
EM energy will flow from the feeding network to the Rx port, a
high isolation between the Tx and Rx ports can thus be obtained.
When the Rx port is excited, the EM energy will be distributed
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Fig. 3. (a) The exploded view of the proposed Tx/Rx non-interleaved wideband

IBFD array antenna. (b) The top radiation layer of the IBFD array consists of 16

x 16 full-duplex dual-mode unit cells. (c) The zoom view of the top radiation

layer. (d) The 1-to-256 microstrip feeding network of the IBFD array. (e) The

zoom view of the feeding network.

to each unit cell and radiate LHCP waves. The horn antenna
cannot receive any EM energy due to the polarization mismatch,
high isolation between the Rx and Tx ports is hence realized.
The proposed IBFD array achieves SI cancelation at the unit
cell level relying on two different operation modes of the full-
duplex unit cell.

To realize a high gain IBFD array, the reflectarray (Tx) needs
to correct the phase distribution on the array which means each
unit on the aperture needs to provide a specific reflection phase.
In this paper, the reflection geometric phase [30] is adopted for
the dual-mode unit cell to achieve 2r reflection phase coverage
due to its broadband properties. The reflection phase variation
can be achieved by rotating the radiation patch within the range

0of 0°-180°. As for the Rx array antenna, each unit is required to
operate with the same radiation amplitude and radiation phase
for a high-gain pencil beam. The rotation of the radiation patch
not only changes the reflection phase in the reflection mode but
also affects the radiation phase in the radiation mode. When the
high gain reflectarray (Tx) is constructed, the array not only has
a desired reflection phase distribution but also has an undesired
initial radiation phase distribution. To realize a high gain array
antenna, one should compensate for this undesired initial phase.
To accomplish this, phase delay lines connected to the feeding
network are applied to each unit cell which can introduce new
freedom for modulating the radiation phase of the units. Since
no EM energy flows into the feeding network in the reflection
mode, the phase delay line does not change the reflection phase
of the unit cell. By adjusting the length of the phase delay line
connected to each unit, an identical radiation phase distribution
can be achieved which is the desired phase distribution for the
array (Rx). By combining the rotation of the radiation patch and
the phase delay line, high gain can be achieved in both reflect-
array (Tx) and array antenna (Rx). Detailed properties of the
IBFD array antenna are introduced in the following sections.

III. DESIGN OF THE FULL-DUPLEX DUAL-MODE UNIT CELL

A. Topology of the full-duplex dual-mode unit cell

The design of the full-duplex dual-mode unit cell is the key
part of implementing the non-interleaved IBFD array. The unit
cell needs to simultaneously fulfill the functionalities shown in
Fig. 2. As for the radiation mode (Fig. 2(a)), any type of LHCP
element can be satisfied. As for the reflection mode (Fig. 2(b)),
since the cross-pol excited waves (RHCP) cannot be received
by the LHCP radiation element, therefore, no energies flow into
the feeding structure which guarantees the low SI between the
two modes. Next, to realize complete reflection, a metal ground
is the easiest choice [31]. Therefore, the LHCP antenna element
is preferred to have a metal ground. Further, to realize a planner
array, the element is preferred to be the microstrip structure. In
summary, a coaxial or microstrip-feeding planner LHCP patch
antenna can be a better topology structure for constructing the
full-duplex dual-mode unit cell. Since a feeding network is also
needed, a microstrip-to-coaxial patch antenna shown in Fig. 4(a)
is eventually adopted. This topology unit consists of three metal
layers and two substrate layers. A via is adopted to connect the
feeding line and the radiation patch. The patch is used to radiate
LHCP waves in the radiation mode. The common ground offers
complete reflection in the reflection mode.

In this article, to realize a broadband IBFD array antenna, a
double circular open ring depicted in Fig. 4(b) is adopted as the
radiation patch of the proposed dual-mode unit cell since it has
two patch modes which can be combined into a wide bandwidth.
The two open rings have different radii and both are connected
to the central feed point by the microstrip stubs. The operating
frequency of the circular rings can be modulated by its radius
(71, r2). The polarization of the unit cell can be modulated by the
open angle of the circular rings (8;, 6). The middle layer and
bottom layer of the unit cell are shown in Fig. 4(c) and Fig. 4(d),
respectively. The input impedance of the microstrip feed line is
set as 100 Q for a thinner line width which reduces the mutual
coupling in the feeding network. The & of the substrate is 2.65
with a loss tangent of 0.001. The adopted dielectric material is
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Fig. 4. (a) The topology structure of the full-duplex dual-mode unit cell. (b) The
top layer of the proposed full-duplex dual-mode unit cell. (c) The middle layer
of the unit cell. (d) The bottom layer (microstrip feeding line) of the unit cell. (r
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F4B. A Bondply with a &, of 4.2 and a thickness of 0.1 mm is
used to connect two substrate layers.

B. Reflection mode and phase modulation
The proposed full-duplex dual-mode unit cell is simulated by

the F-solver in the commercial software CST Microwave studio.

The simulation model of the unit cell in the reflection mode is
shown in Fig. 5(a). This simulation model contains three ports,
Zmax, Zmin, and Waveguide Port 1. The Znax and the Zmin ports
can radiate RHCP and LHCP EM waves to excite the unit cell.
The scattered EM waves from the unit cell can also be perfectly
absorbed by these two ports. The Waveguide Port 1 is utilized
to feed the unit cell, the guided EM waves generated by Port 1
can be transformed into radiated EM waves by the unit cell, and
the radiated EM waves can be received by the Zmax and the Zmin
ports. Period boundary conditions are applied to the unit cell.

To verify the polarization selectivity of the radiation patch,
we simulated the electric field distribution of the unit cell when
the Zmax port generates RHCP and LHCP waves, respectively.
The simulated electric fields are illustrated in Fig. 6. For a clear
observation, we hid the substrate and the common ground. As
shown in Fig. 6(a), the generated LHCP waves excite a strong
electric field on the radiation patch. The EM energy received by
the patch flows into the feed line via the connected hole which
demonstrates that the patch can radiate and receive LHCP EM
waves. In Fig. 6(b), the generated RHCP EM waves also excite
an electric field on the patch while no EM energy flows into the
feed line due to the polarization mismatch. The incident waves
reach the metal ground and will be fully reflected.

According to the electric field analysis, RHCP EM waves are
adopted to excite the unit in the reflection mode. The simulated
S-parameters between the Znax port and the remaining ports are
shown in Fig. 7. It is found that the unit cell provides a higher
than 0.9 Szmax (r), zmax (r) Within the frequency range of 9.4 GHz—
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Incidence
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Fig. 5. (a) The simulation model of the proposed full-duplex dual-mode unit
cell in the reflection mode (Tx) and (b) in the radiation mode (Rx).
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Fig. 6. (a) The simulated electric field distribution of the dual-mode unit cell in
the radiation mode when the Z,.x port generates LHCP EM waves and (b)
generates RHCP EM waves. (The substrate layer and ground layer are hidden.)
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Fig. 7. The simulated S-parameters between the Zy.x port, the Zyi, port, and the
waveguide Port 1 in the reflection mode.

12.4 GHz which verifies the reflection polarization conversion
property of the unit cell. The cross-reflection amplitude (Szmax
(L), zmax (8)) and the transmission amplitude between the Znax port
and the remaining ports are all lower than 0.3 in this frequency
range. The subscript Znax represents the excitation port and the
receive port. R/L indicates the RHCP and LHCP, respectively.
The reflection mode of the unit cell is utilized to construct the
Tx reflectarray. To converge the RHCP waves radiated from
the feed to a specific direction, each unit cell in the reflectarray
is needed to offer a desired reflection phase. Therefore, the unit
is supposed to provide a reflection phase range covering 27. To
modulate the reflection phase, the geometric phase method [30]
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is used in the reflection mode of the unit. By simply rotating the
radiation patch with an angle of 6, a reflection phase fluctuation
of 26 is obtained. Therefore, the 2r reflection phase coverage
can be achieved by rotating the patch within the & range of 0°—
180°. The simulated amplitude and phase of the Szmax (7), zmax (®)
under different rotation angles are illustrated in Fig. 8. As can
be found, the amplitude differs little and remains larger than 0.9
in a wide band. As the rotation angle varies, the almost linear
phase curve is shifted. The reflection phase can cover 360° over
the entire X-band. The wideband high reflection amplitude and
full phase coverage ensure the wideband high gain performance
of the Tx reflectarray.

C. Radiation mode and phase modulation

Next, the properties of the full-duplex dual-mode unit cell in
the radiation mode are introduced. According to the electrical
field analysis (Fig. 6(a)), the double circular patch can transmit
and receive LHCP EM waves. The simulation model of the unit
cell in the radiation mode is illustrated in Fig. 5(b). Due to the
reciprocity of antenna transmit and receive, we have two ways
to obtain the properties of the unit cell in the radiation mode.
The first way is letting the unit cell operate in a transmit manner,
i.e., the radiation patch is excited by the guided EM waves from
Port 1 and radiates LHCP waves to free space, and the radiated
waves are received by the Znax port. The second way is letting
the unit cell operate in a receive manner, i.e., the radiation patch
is excited by the radiated LHCP energy from the Znax port and
guides EM energy into the feeding line, and the guide waves are
received by Port 1. In this paper, we choose the second way to
be consistent with the electric field analysis (Fig. 6).

Set the Zmax port to the excited state with LHCP EM energy
emitted and the remaining ports to be matched, the properties of
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the dual-mode unit in the radiation mode can be simulated. The
simulated S-parameters in the radiation mode are shown in Fig.
9. As can be seen, the unit cell can efficiently receive the LHCP
waves radiated from the Zyax port. The transmission coefficient
between the Zmax port and port 1 (Sport 1, zmax () 1 higher than 0.8
within the range of 8.5 GHz—11.6 GHz. The wideband property
of the unit cell in the radiation mode results from the adopted
double circular radiation structure which has two patch modes.
The co-pol reflection amplitude (Szmax (z), zmax (z)) 15 lower than
0.3 within the frequency range of 9.2 GHz—-11.6 GHz. At the
lower band, the Szmax (z), zmax () increases which is mainly due to
the imperfect impedance match between the excitation port and
the unit cell. The cross-pol reflection amplitude (Szmax (r), zmax (£))
is lower than 0.4 within the range of 8.2 GHz—-11.6 GHz. Since
the feed line on the bottom layer (Fig. 4(b)) will radiate a few
EM waves to the free space, therefore, the Szmin (z), zmax (z) 1S not
zero while this value is small within the operating bandwidth.
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Fig. 11. (a) The 3-D view of the modified full-duplex dual-mode unit cell. (b)
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The radiation mode of the unit cell is utilized to construct the
Rx array antenna. For a high-gain array with a broadside pencil
beam, each unit in the array is required to operate in the same
state with an identical radiation phase. Since the Tx reflectarray
requires the radiation patch of each unit with a specific rotation
angle to offer a desired reflection phase distribution. Therefore,
the units in the array cannot be in the same state which cannot
directly offer the desired identical radiation phase distribution
for constructing the array antenna. The rotation of the radiation
patch can modulate the reflection phase while it can also adjust
the radiation phase of the unit cell. For the 2x reflection phase
coverage, the radiation patch is rotated within 0°— 180°. In this
rotation range, the simulated Sport 1, zmax (z) 1S shown in Fig. 10.
As can be found, the transmission amplitude differs little as the
rotation angle varies. However, the radiation phase shifts as the
rotation angle varies. When the radiation patch is rotated by 6,
the radiation phase also fluctuates 6. Rotating the patch with the
range of 0°-180° can obtain a radiation phase coverage of 0°—
180° which is the radiation-type geometric phase [32].

As discussed above, both the reflection phase and radiation
phase variations of the dual-mode unit are strongly correlated to
the rotation angle of the patch. The desired parabolic reflection
phase distribution for the Tx reflectarray and the same radiation
phase distribution for the Rx array antenna cannot be satisfied
at the same time using the current unit cell (Fig. 4(b)). A new
phase modulation freedom is needed to decouple the geometric
reflection phase and the geometric radiation phase.

D. Geometric phase decoupling in two operation modes

To break the correlations between the two types of geometric
phases and the rotation angle of the radiation patch, the feeding
line in the bottom layer of the unit (Fig. 4(d)) is modified which
is added with an extra phase delay line. The modified unit cell
is depicted in Fig. 11. Since the common ground separates the
radiation patch and the feed structure, the newly added phase
delay line will not affect the performance of the unit cell in the
reflection mode. The geometric reflection phase of the unit cell
is the same as discussed in Section III Part B. However, since
the phase delay line is connected to the radiation patch, it will
affect the radiation phase of the unit cell. By varying the length
of the phase delay line, the radiation phase of the unit cell can
be modulated. At this time, the reflection phase of the unit cell
can only be modulated by rotating the radiation patch while the
radiation phase of the unit can be modulated by both the phase
delay line and the rotation angle of the patch. The phase delay
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Fig. 12. (a) The simulated amplitude of the Spor 1, zmax (1) Under different phase
delay line lengths. (b) The simulated phase of the Sport 1, zmax (1) under different
phase delay line lengths. (The unit of a is mm.)

line introduces new freedom for modulating the radiation phase
of the unit cell while not affecting its reflection phase. With the
phase delay line, the strong coupling of two geometric phases in
two operation modes of the unit cell is successfully decoupled.
The dual-mode unit cell can provide arbitrary radiation phases
and arbitrary refection phases simultaneously by associatively
regulating the rotation angle of the patch and the length of the
phase delay line. By arranging this dual-mode unit into an array,
the Tx reflectarray, and the Rx array antenna can hence realize
their desired antenna performance.

The simulated Sport 1, zmax (z) Of the unit with a specific rotation
angle patch under different phase delay line lengths is shown in
Fig. 12. As can be found, the transmission amplitude gradually
decreases as the length of the phase delay line increases which
is mainly due to the enhanced self-radiation of the phase delay
line. Nevertheless, the transmission amplitude keeps larger than
0.8 within the frequency of 9.5 GHz—11.5 GHz in all modulated
cases. As shown in Fig. 12(b), the transmission phase gradually
lags as the length of the phase delay line increases. At a specific
rotation angle of the radiation patch, the radiation phase covers
27 range by modulating the length of the phase delay line which
completely breaks the dependence of the radiating phase on the
rotation angle. The radiation phase of the unit cell equals the lag
phase of the phase delay line plus the radiated geometric phase
of the radiation patch. The lag phase can be applied to the units
with arbitrary rotation angle patches.

IV. IMPLEMENTATION OF THE IBFD ARRAY ANTENNA

A. Si1 and radiation pattern of the element in Rx mode

Set Port 1 in the simulation model shown in Fig. 5(b) as the
excitation state, the S1; and radiation patterns of the proposed
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element in the radiation mode (Rx) can be obtained as depicted
in Fig. 13. As can be seen, the S1; of the element remains lower
than —10 dB within the range of 8.35—11.65 GHz. The relative
bandwidth is 33.0%. Two resonance points occur which results
from the double patch mode of the adopted radiation structure.
The element realized a gain of 6.1 dBic at 11.0 GHz which is a
normal gain for the microstrip patch antenna.

B. Spatial horn antenna for the reflectarray—Tx

An RHCP horn antenna is used to illuminate the reflectarray.
Since the aperture efficiency of the reflectarray is highly related
to the F/D (F is the focal length, D is the diameter), and the F/D
is preferred to be around 0.5 [33], therefore, the horn antenna is
needed to have a —10 dB beamwidth of around 90° to guarantee
high excitation efficiency. An RHCP horn antenna [34] with a
—10 dB beamwidth of 88.6° and a realized gain of 11.9 dBic at
10.6 GHz is designed. The simulated radiation patterns of the
horn antenna are shown in Fig. 14. The simulated Si; and axial
ratio of the RHCP horn are shown in Fig. 15. The horn antenna
has a —10 dB S1; bandwidth of 8.7-14.3 GHz. The axial ratio is
lower than 3.0 dB within the frequency range of 8.4—12.6 GHz.
The proposed array consists of 16 x 16 unit cells. The aperture
size is 160 mm x 160 mm. According to the beamwidth of the
horn (88.6°), the F of the reflectarray can be ascertained as 82.0
mm. The F/D of the reflectarray is thus 0.51.

C. Reflection and radiation phase profile of the IBFD array

As for the construction of the high-gain IBFD array antenna,
the parabolic reflection phase distribution can be first assigned
to the Tx reflectarray to ascertain the rotation angle of each unit
cell in the array. After that, the rotation angle of each unit will
endow the array with an initial radiation phase distribution. To
obtain an identical radiation phase distribution for achieving a
high-gain Rx array, the phase delay line of each unit cell needs
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Fig. 15. The simulated S} and axial ratio of the LHCP horn antenna.

to compensate for this initial radiation phase. Depending on the
radiation phase to be compensated, the length distribution of
the phase delay line can be determined eventually. At this point,
both the reflection and radiation phase profiles required for the
IBFD array can be fulfilled. The phase calculation procedure of
the proposed array is shown in Fig. 16(a). The calculated results
are introduced as follows.

As depicted in Fig. 16(b), to reduce the blocking effect, the
RHCP horn antenna is placed 45 mm away along the x-axis and
82 mm away along the z-axis. To obtain a broadside high-gain
pencil beam, the reflectarray is required to fulfill the following
parabolic reflection phase distribution.

o) = ko (=, + (=20 +2, - 1d |

fd = w/xoz +y02 +ZO2

The horn antenna is placed at the focal point (xo, yo, z0), and (x, y)
is the position coordinate of each unit cell in the array. In (1), xo

=45, y0=0, zo = 82. The calculated phase distribution is shown

in Fig. 16(c). By matching the desired reflection phase with the

reflection phase library shown in Fig. 8(b), the rotation angle of
each unit cell can be ascertained. The rotation angle distribution

on the array is shown in Fig. 16(d). The rotation angle is within

the range of 0°-180°.

By rotating the radiation patch of each unit cell on the array,
the desired reflection phase distribution for the Tx reflectarray
is fulfilled. Since the rotation of the radiation patch also affects
the radiation phase of the unit, according to the radiation phase
results shown in Fig. 10(b), the rotation angle distribution (Fig.
16(d)) will give the array an initial radiation phase distribution
which is illustrated in Fig. 16(e). To realize a broadside pencil
beam for the Rx array antenna, each unit cell in the array needs
an identical radiation phase. Set the desired radiation phase on
the array as full 0°, the lag phase distribution to be compensated
for by the phase delay line is the negative of the initial radiation
phase. According to the lag phase results depicted in Fig. 12(b),
the length distribution of the phase delay line on the array can
be obtained which is illustrated in Fig. 16(f). By adding the lag
phase and the initial radiation phase, the final radiation phase
distribution on the array can be obtained which is illustrated in
Fig. 16(g). It is seen that the radiation phase fluctuates around
0°. The maximum radiation phase difference on the array is 10°
with an unevenness of around 5°. Although the final radiation
phase profile is not perfectly identical, it is sufficient to build a
high-gain array due to the negligible phase differences.

Finally, it is worth mentioning that the proposed dual-mode
full-duplex unit can simultaneously offer any desired reflection
phase and radiation phase, more attractive performances of the

M



Spatial position of
the feed horn — Tx

' Parabolic reflection ’
] [phase distribution — Tx] [

Rotation angle
distribution — Tx

]

distribution — Rx

[ Final radiation phase

Je—{

Length distribution
of the delay line — Rx

' Initial radiation phase
distribution — Rx

w o AN

Elements in y-direction

(ST ]

IBFD array

Matched radiation phase di

Elements in y-direction
Elements in y-direction

Elements in x-direction

(2

(a)

Calculated reflection phase distribution(®)

%

Elements in x-direction

Elements in x-direction

(= T

16

-60
-80
-100
-120
-140

[N NS Y

o

-160

%)

-180

Elements in y-direction

~

-200
-220

2 ’ S 8 = 2
Elements in x-direction
(©)

Fig. 16. (a) The phase calculation procedure of the proposed IBFD array. (b) The spatial position of the Tx reflectarray and the RHCP horn. (c) The calculated
reflection phase distribution of the array at 10.6 GHz. (d) The patch rotation angle distribution on the reflectarray at 10.6 GHz. (e) The initial radiation phase
distribution of the array at 10.6 GHz. (f) The length distribution of the delay line on the array. (g) The matched radiation phase distribution on the array at 10.6 GHz.

H-shaped power divider
Port 4 Port 5

T-shaped power divider
Port I2 Port 3

Port 1
(a)
Fig. 17. (a) The structure of the H-shaped power divider. (b) The structure of
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IBFD array antenna can be realized by endowing the array with
different phase profiles, such as IBFD beam steering array for
signal repeaters/boosters, and IBFD orbital angular momentum
(OAM) generator for a larger channel throughput.

D. Feeding network for the radiation array—Rx

A microstrip 1-to-256 feeding network is designed to excite
the 16 x 16 radiation array. The whole feeding network shown
in Fig. 3(d) is implemented with 64 H-shaped 1-to-4 power
dividers and 62 T-shaped 1-to-2 power dividers. The H-shaped
power divider and the T-shaped power divider are illustrated in
Fig. 17(a) and Fig. 17(b), respectively. Both the H-shaped and
T-shaped power dividers are supposed to realize identical phase
output. The four output ports of the H-shaped power divider are
connected to the phase delay line of the radiation unit cell in the
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Fig. 18. (a) The simulated transmission amplitude performance of the H-shaped
power divider. (b) The phase performance of the H-shaped power divider.

array. The simulated transmission performance of the H-shaped
power divider is shown in Fig. 18. As can be seen, the S1; of the
input port is less than —10 dB within the frequency range of 8.5
—12.5 GHz. The amplitude imbalance and phase imbalance of
the four output ports are less than 0.64 dB and 9.1°, respectively
within the range of 8.5—12.5 GHz. The simulated transmission
properties of the T-shaped power divider are shown in Fig. 19.
The Si11 of the input port is less than —10 dB within the range of
8.0—14.0 GHz. The amplitude and phase of the two output ports
are identical. The input impedance of all ports of the H-shaped
and T-shaped power divider is 100 Q for a thinner line width. A
50 Q microstrip feeding line is adopted for the final Rx port for
more convenient measurement.

It is worth mentioning that the H-shaped and T-shaped power
dividers are only used to provide an equal feeding phase for all
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Fig. 20. The fabricated IBFD array antenna system.

the radiation elements in the array. High output port isolation is
dispensable in the designed feeding network. We analyzed the
output port isolation of the designed power divider. Since there
is no isolation structure, the output port isolation is poor while
this will not affect the Tx/Rx isolation of the overall antenna.

V. EXPERIMENTAL PERFORMANCE AND COMPARISON

A. Fabricated antenna prototype and measurement results

To validate the proposed Tx/Rx non-interleaved IBFD array
configuration, a proof-of-concept prototype antenna fabricated
by the printed-circuit-board technology and an antenna holder
fabricated by the 3D-printed technology are assembled to be an
IBFD antenna system. The fabricated antenna system is shown
in Fig. 20. The input impedance of the Tx and Rx ports are all
50 Q. The antenna is tested in the microwave anechoic chamber.
Fig. 21 shows the simulated and measured Si; and S»; of the Tx
reflectarray and the Rx array antenna. As can be seen, the Si; of
the reflectarray is less than —10 dB within the frequency range
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of 8.9—14.4 GHz. The —10 dB S); bandwidth of the Rx array is
ranging from 8.8 GHz to 13.4 GHz. The isolation between the
Tx and Rx ports is better than 35.0 dB within the range of 8.2—
13.7 GHz. A maximum isolation of 55.3 dB is achieved at 10.7
GHz. The simulated S-parameters of the array agree well with
the measured results. The slight frequency shift results from the
fabrication and assemble tolerance.

The simulated and measured axial ratio of the IBFD array is
shown in Fig. 22. It can be seen that the Tx reflectarray has a 3-
dB axial ratio bandwidth of 40.4% (8.5 GHz—-12.8 GHz). As for
the Rx array antenna, thanks to the adopted broadband radiation
patch, the axial ratio is less than 2.1 dB within the bandwidth of
44.6% (8.7 GHz—13.7 GHz). The wideband low axial ratio thus
ensures the wideband high isolation level between the Tx and
Rx ports which is highly desired in the IBFD systems.

The simulated and measured realized gain of the IBFD array
is shown in Fig. 23. The Tx reflectarray realizes a wideband —3
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TABLEI
COMPARISON AMONG THE PROPOSED IBFD ARRAY ANTENNA AND OTHER IBFD ARRAY ANTENNAS
Ref Antenna Polarization  3-dB Gain Maximum  Passband Array Size Aperture Antenna Complexity
eference
Configuration Frequency Bandwidth Gain (dB) Isolation (Scale) Efficiency Profile & Cost
(18] Radiation array—Butler Circularly Tx: 4.1% 9.0 dBic >47.0dB L7A x 1.7 22.8% L High—Butler
oW
matrix BEN network 2.5 GHz Rx: 4.1% 10.0 dBic >47.0dB 4-element 28.6% BFN network
[21] Radiation array—Butler Circularly Tx: 4.1% 10.5dBic ~ >41.0dB 1.9 x 1.9 22.8% L High—Butler
oW
matrix BEN network 2.5 GHz Rx: 4.1% 10.5dBic  >41.0dB 4-element 28.6% BFN network
[22] Radiation array—High Circularly Tx: 50.0% 12.5dBic  >27.0dB  2.8A x2.5A 27.0% L High—Ferrite
oW
symmetry spiral element 2.0 GHz Rx: 50.0% 12.5 dBic >27.0dB 7-element 27.0% Dummy ports
(23] Radiation array—High Circularly Tx: NA 15.0dBic  >35.0dB  2.5A x2.5) 39.8% L High—Ferrite
oW
symmetry spiral element 3.3 GHz Rx: NA 15.0 dBic >35.0dB 25-element 39.8% Dummy ports
[10] Reflectarray—Tx/Rx Linearly Tx: NA 15.0 dBi >38.7dB 11.6A x 21 11.5% Hich Low—Tx/Rx
i
array spatially separated 5.8 GHz Rx: NA 17.1 dBi >49.5dB  384-element 18.6% s Separated
[26] Reflectarray—Tx/Rx Linearly Tx: 13.3% 25.1 dBi >35.0dB 15h x 12 17.7% High Low—Tx/Rx
i
array side-by-side 15.0 GHz Rx: 13.3% 25.1 dBi >35.0dB  476-element 17.7% = Side-by-side
[27] Reflectarray—Tx/Rx Linearly Tx: 2.3%" 31.86dBi  >55.0dB 1131 x 11.3A 31.4% Hich Low—Tx/Rx
. . i
array side-by-side 94.5 GHz Rx:2.3% 30.88 dBi >55.0dB  2670-element 25.1% = Side-by-side
(28] Reflectarray—Tx/Rx Circularly  Tx:<5.0% 19.6 dBic ~ >39.7dB  9.7A x9.7A 1.7% Hich High—Tx/Rx
i
array interleaved 28.0 GHz Rx: <9.0% 27.1dBic ~ >39.7dB  256-element 43.4% & Interleaved
Reflectarray—Tx/Rx Circularly Tx: 23.1% 23.1dBic  >35.0dB  5.7A x5.7A 50.8% . Low—Non-
Proposed N . N High
array non-interleaved 10.6 GHz Rx: 35.2% 23.6dBic  >35.0dB  256-clement 58.1% interleaved

(1) NA is not available. (2) 2.3%" in reference [27] represents the 1-dB gain bandwidth, the 3-dB gain bandwidth is not available.
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Fig. 23. The simulated and measured realized gain of the IBFD array.

dB gain bandwidth of 23.1% (9.2 GHz-11.6 GHz) which is due
to the broadband properties of the geometric phase. Compared
with the resonance phase utilized in [28] to satisfy the reflection
phase distribution, the geometric phase can easily realize wide-
band phase modulation by rotating the radiation patch. The Rx
array realizes a wideband —3 dB gain bandwidth of 35.2% (8.9
GHz-12.7 GHz) which results from the double patch mode of
the radiation unit cell. The wideband radiation structure and the
geometric reflection phase together empower the IBFD antenna
broadband operating bandwidth in both Tx and Rx channels. In
addition, as shown in Fig. 22, the proposed IBFD array realizes
a maximum gain of 23.1 dBic at 10.6 GHz in the Tx manner. A
closer maximum gain of 23.6 dBic has also been realized by the
Rx array at 10.5 GHz. The aperture size of the proposed array in
the simulation is 160 mm x 160 mm. The aperture efficiency of
the antenna is calculated by the following formulation.

Normalized gain (dBic)
Normalized gain (dBic)

co-sim ----- cross-sim

e CO-INEAS =t = CFOSS-Meds

----- cross-sim

co-sim
e CO-INEAS =t =+ CPOSS-Meas

(a) (b)

Fig. 24. (a) The simulated and measured radiation patterns of the reflectarray in
the xoz-plane and (b) in the yoz-plane.
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4zS @
AE is the calculated aperture efficiency, G is the antenna gain, A
is the wavelength, and S is the area. The corresponding aperture
efficiency of the proposed array in the Tx and Rx manner are
50.8% and 58.1%, respectively. The similar gain performance
in two manners and high aperture efficiency of the proposed
IBFD antenna results from the Tx/Rx non-interleaved antenna
architecture. The number and periodicity of the Tx and Rx
radiation units are identical in the proposed IBFD array which
makes it easier to adapt to more practical application scenarios.
As analyzed above, the matched bandwidth (—10 dB S, 3-dB
axial ratio, —3 dB realized gain) of the proposed IBFD array are
23.1% and 35.2% in the Tx and Rx channels, respectively.

The simulated and measured radiation patterns of the IBFD
array in the Tx and Rx channels are depicted in Fig. 24 and Fig.
25, respectively. The side lobe level of the Tx reflectarray in the
xoz-plane and yoz-plane are —17.0 dB and —18.9 dB. The cross-
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Fig. 25. (a) The simulated and measured radiation patterns of the Rx array in the
xoz-plane and (b) in the yoz-plane.

polarization level of the reflectarray is better than —22.4 dB in
both planes. As for the Rx array antenna, the side lobe level and
cross-polarization level are lower than —12.9 dB and -21.6 dB
in both planes, respectively. The side lobe level of the radiation
array is relatively high which mainly results from the imperfect
identical radiation phase distribution (Fig. 16(g)). In addition,
the backward radiation of the radiation array is —20.0 dB which
is acceptable, however, compared with the Tx reflectarray, this
value is relatively high which mainly results from the radiation
of the feeding network. The simulated radiation efficiency and
total efficiency of the Tx reflectarray are 98.8% and 95.2% at
10.6 GHz, respectively. As for the radiation array, the radiation
efficiency and total efficiency are 99.4% and 94.3%.

B. Comparison among the reported IBFD arrays

The comparison between the previously reported IBFD array
and the proposed antenna is shown in Table I. Compared with
the IBFD radiation array shown in the orange part of the Table,
the proposed array antenna features a higher aperture efficiency,
a larger array scale, lower structure complexity, and lower cost.
Due to the complicated Butler matrix feeding network [18], [21]
and high demand on the symmetry of the antenna structure [23],
[25], these IBFD radiation arrays are inconvenient for building
large-scale array antennas despite their lower antenna profile.
Compared with the IBFD reflectarray shown in the blue part of
the Table, thanks to the adopted Tx/Rx non-interleaved antenna
architecture, more Tx/Rx elements can be arranged on a given
aperture, and the highest aperture efficiency is realized in both
channels. In addition, since both the Tx and Rx channels utilize
the same dual-mode radiation element, no additional isolation
structures [28] are required, the antenna complexity and system
cost are relatively low. Moreover, the proposed array realized
the widest —3 dB gain bandwidth due to the adopted broadband
radiation element and the geometric phase. As for the passband
isolation, the proposed IBFD array realized a larger than 35.0
dB isolation in the whole band which is an acceptable value. By
increasing the F/D which means the distance between the feed
of the reflectarray and the radiation array is larger, the isolation
can be further increased.

VI. CONCLUSION

A Tx/Rx non-interleaved IBFD array based on a full-duplex
dual-mode radiation unit cell is proposed. The dual-mode unit
cell can simultaneously transmit and receive EM signals at the
same frequency. The SI cancelation between the Tx and the Rx
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channels is realized by means of the different polarization states
of the two operation modes at the unit cell level. By arranging
the dual-mode unit into an array and combining it with a horn
and a feed network, a Tx reflectarray, and an Rx array antenna
are constructed sharing each radiation unit cell in the array. An
IBFD array antenna operating at the X-band with a bandwidth
0f 23.1% in the Tx channel and a bandwidth of 35.2% in the Rx
channel is designed, fabricated, and measured. The IBFD array
achieved an aperture efficiency of 50.8% in the Tx channel and
58.1% in the Rx channel. The isolation between the Rx and Tx
channels is higher than 35 dB in the whole working bandwidth.
The high aperture efficiency, wide bandwidth, low complexity,
and low system cost properties of the proposed IBFD array can
potentially boost the commercialization of the IBFD systems. It
is worth mentioning that since the proposed IBFD array works
in two orthogonal polarizations, it can also be applied in dual-
polarization scenarios with high polarization isolation while the
traditional dual-polarized antenna may not be readily utilized in
the IBFD systems due to insufficient isolation.
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