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Abstract: This paper presents a demonstration of a linearly-polarized transmit-arrays antenna with high-
efficiency and wideband operating in X-band. The topology of the unit cell consists of two identical patch
antennas loaded by C-loop slot and interconnected by a metalized via through a ground plane sandwiched
between two identical substrates [18]. A waveguide measurement system WGMS has been used for single cell
characterization (reflection/transmission coefficients). Good results have been demonstrated in terms of
matching performances; the reflection coefficient S11 is under 10-dB in the 9.4-10.4 GHz band (i.e. 10.1% around
9.9 GHz) and with only 0.35 dB-insertion loss at 10 GHz. The transmit-arrays prototype permitted to achieve
22.4 dBi of directivity and 20.1 dBi of gain. The aperture and radiation efficiencies are about 28.2% and 58.3%,
respectively. With a focal ratio (F/D) of 1/2 the spill-over loss is less than 2 dB. Beam-scanning up to + 35° has
been achieved with the same phase quantization (passive) and less than 3 dB of gain losses.

Keywords: transmit-arrays; planar antenna; lens antenna; phased array; beam-steering; beam-
scanning; unit cell; circular patch; X-band

1. Introduction

TRANSMIT-ARRAY (TA) antennas (TAA) have been discovered more than twenty years ago
[1,2]. Since few years, they became very attractive antennas for millimeter applications [3-6] and more
popular than the traditional reflectors because they can be flat and thereby occupy less space with
low-profile. The TAA can be also a potential candidate for the base station antennas of the next-
generation of the mobile communication (5-6G). The configuration of transmit-arrays (Figure 1)
consists of a first receive antennas array illuminated by a primary spatial source and a second
transmit antennas array that reradiates the signal received by the first array after obtaining the
required wave transformation [5,6]. The two antennas arrays are inter-connected by intermediate
circuits that permit to control the phase and amplitude of each transmit-array element.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. The typical configuration of transmit-arrays in Tx-mode.

The TAA can be compared to some kind of antennas such; traditional antennas array, reflectors,
lens antennas and reflect-arrays [7,8]. However, the TAA presents several advantages which consist
in its topology that gives more freedom degrees; i) the focal source (FS) is placed away of the radiation
region and solves the blockage problem caused by the FS, ii) two antennas arrays (receiving &
transmitting sides) can be designed and controlled separately compared to the reflect-array antennas
where often single antennas array should receive and re-transmit the waves, and iii) the circuits of
amplitude/phase control can be sandwiched between the two arrays without impacting the electric
field.

The applications of the TAA are diverse and varied; such, tracking radar, automotive, driving
assistance, high data rate wireless, satellites, communication and imaging systems.

Many configurations of TA cell have been proposed and demonstrated in different frequency
bands [5,6,9-11]. The reconfigurable TA have been also demonstrated based on different techniques
and technologies such; MEMS-RF, semiconductor and PIN diodes [12-14].

The principal investigation and contribution of this research work is the attractive unit cell (UC)
with only tri-layer structure that offers a simple phase control and polarization switching. The
topology of the presented UC consists of two identical circular patch antennas interconnected by a
metalized via hole and loaded by a C-loop slot and features a perfectly symmetric cell, which ensures
a small size and low-profile, qualify this proposed UC to be an attractive (excellent) candidate for
mmWave applications. The simplicity of the UC permits a fabrication with a standard printed-circuit
board fabrication technology.

2. Unit Cell Concept

The challenge of this research work consists to design a novel UC with more features, i.e. that
can be used for linear and circular polarization (LP & CP) and offering additional phase-delay states
compared to the previous design [15]. The ability to switch between LP and CP permits to reduce the
interference between the primary feed radiation and the array radiation (perfectly polarization
decoupling).

The concept of the UC is illustrated in Figure 2. Based on the previous design [15], this design
has started by replacing the square patch by circular one. The next steps of designing process will be
presented along the paper. This UC is composed of two back-to-back identical circular patch antennas
interconnected in their centers by a metalized via hole passing through a common ground plane
sandwiched between two substrates (upper and lower). A C-loop slot is placed in the center of the
patch antenna in the aim to modify the current lines on the patch surface and matches the impedance
between the two patch antennas. This C-loop permits also to orient the direction of the electric field.
However, without the C-loop slot and with only a via hole placed in the center of the patch antennas,
there is not coupling between the two patch antennas because the magnitude of the E-field is null in
this point of connection (orientation changing, up-down).
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Figure 2. Design and topology of the proposed unit cell.

The different configurations of the unit cell permitting a 1-/2-bit phase quantization are obtained
by orienting the direction of the electric field (i.e. by rotating the C-loop slot). Depend on the electric
field orientation, the 1-bit (2 states, linear polarization) or 2-bit (4 states, circular polarization)
transmit-array can be designed.

This UC is a dual polarization design. The incident wave with the appropriate polarization (LP)
is received by the first patch antenna in the input side, passes through the via hole, and reradiates
from the second patch antenna with linear or circular polarization (section 3). For the linear
polarization the opposite/orthogonal polarization is related to the C-loop slot orientation; i.e. related
to the position of the C-loop gap.

The coupling between the two antennas is guaranteed by the C-loop slot and the via hole
together. The essential challenge, after fixing the antenna dimensions, is the coupling (matching) level
between the two elementary antennas. This coupling is controlled by the dimensions of the C-loop
slot/gap and the diameter of the via hole.

The patches in the focal source side have the same orientation for all the UCs (as reference),
while the patches in the free space side are rotated by an angle o, providing therefore a polarization
rotation and a transmission phase-shift, as presented in Figure 2. For linearly polarized UC, the a-
values are 00° and 180° (or 90° and 270°) for the two transmission phase values with 180° phase
difference (1-bit phase quantization), while for circularly polarized transmit-arrays the four cells
must be used (2-bit phase quantization, CP is formed by the two orthogonal LP).

3. Unit Cell Design

As introduced in the section 2, that the coupling between the two patches cannot be achieved
with only a via hole placed in the center. However, for modifying the impedance near the metalized
via and improving the coupling, a quasi-loop slot “C-shape” has been inserted in the center of the
patch antennas. A parametric study has been done to evaluate the impact of the different parameters
of the added C-loop slot (such: radius, gap width, loop width ...) on the performances of the UC and
select optimal cell in terms of impedance matching.

3.1. Linearly Polarized Unit Cell

The dimension of the UC is 15x15 mm? (Ao/2x Ao/2 at 10 GHz). They benefit from small size and
low loss, thus allowing spacing cells of A0/2 in both directions. The two identical patch antennas (&
= 8.3 mm) are connected by a via hole (& =300 pm) through the substrates and separated by a ground
plane (thickness 17 um). The both used substrates are Rogers RO4003 (er = 3.38, tand = 0.0027,
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thickness 1.524 mm). A 40 pm-thickness bonding film has been placed between the bottom substrate
and the ground plane.

The simulated S-parameters of the four unit cells illuminated by a plane wave under normal
incidence are presented in the Figure 4. These UCs exhibit a similar performance and good
coupling/matching level.

A 10-dB reflection coefficient is obtained in the 9.4-10.4 GHz band (10.1% around 9.9 GHz). The
insertion loss is 0.35 dB at 9.9 GHz.

The difference of the transmission phase between the both couples of UCs (cells #1&3 and cells
#2&4) is 180° along all the frequency band, which guarantees a perfect 1-bit phase compensation,
Figure 4.

The radiation pattern of the patch antenna simulated at 10 GHz is presented in Figure 3. This
simulation is done with a small lumped port excitation between the ground plane and the metalized
via and periodic boundary conditions on the lateral sides.

This simulation shows a 4.7-dBi of gain and 86° of HPBW in E- and H-planes.
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Figure 3. Simulated gain of the UC computed at 10 GHz.
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Figure 4. The S-Parameters, amplitude and phase, of the four UCs.

3.2. Circularly Polarized Unit Cell

The circular polarization is obtained by just modifying the form of radiating element (patch
antenna) as illustrated in the Figure 5.

C-Notch cut R-Notch cut T-Notch cut

(a) (b) (c)

Figure 5. The different designs of the circularly polarized patch.

The circular patch has been loaded by notch cut at opposite and appropriate positions on the
antenna edges. The idea consists to degenerate the fundamental TM11 mode into two orthogonal
modes and thereby produce the circular polarization. The three designs have been studied and
compared in terms of radiation performances (gain and axial ratio). In Figure 6, the E-field
distribution (magnitude) on surface of patch antenna is presented for different phases (RHCP case).
As can be remarked on this distribution of the E-field, the circular polarization is achieved but the CP
ratio (AR, axial ratio) must be improved, see Figure 7. The improving of the axial ratio is in process
and the results may be published with another research work.

g=135°

Figure 6. Magnitude distribution of E-field demonstrating a RHCP.


https://doi.org/10.20944/preprints202407.1432.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2024 d0i:10.20944/preprints202407.1432.v1

Axial Ratio, dB
> o 8 B

[¢;]

8 8.5 9 9.5 10 10.5 1 11.5 12
Frequency, GHz

Figure 7. Variation of the axial ratio for the circularly polarized unit cells.

4. Unit Cell Characterization

The transmission and reflection coefficients of UC can be measured with different techniques; i)
in free-space using the Gaussian optics measurement system (GOMS) [16], ii) by shining a large
sample with a plane wave in the anechoic chamber, or iii) by replacing a single unit cell or a small
sample in a waveguide (WGMS) [17].

Since the UC is symmetric and operating in X-band, the waveguide measurement system has
been chosen, with standard WR90 waveguide, due to the facility access to the reflection coefficient,
Figure 8. This measurement method is more detailed in [17].

(b)

Figure 8. UCs under test; (a) Cell #1 - (b) Cell #2

The S-parameters of the UC are presented in Figure 9, which indicate a very good agreement.
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Figure 9.The S-parameters of the UC.

5. Transmit-Array Design & Simulation

In this section, the design and simulation of a full transmit-arrays antenna is discussed. Because
of the in-house fabrication constraints (such, the A4 format substrate sheet), the size of the array was
limited to 14x14 cells (196 cells), Figure 10. Based on the results presented in the Tables 1 and 2, the
focal distance of 105 mm (F/D=1/2) and the 1-bit phase quantization have been selected.

Mechanical Support (a)

Focal Source (b)

Figure 10. 196-Element TA prototype; Focal source, Mechanical support and antenna array.

Table 1. Impact of the phase correction on the TAA performances.

Phase correction 0-bit 1-bit 2-bit 3-bit N-bit
Directivity (dBi) 12.6 22.4 25 25.6 25.8
Gain (dBi) 10.3 20.1 22.7 23.2 234

Quantization loss (dB) 13.2 3.4 0.8 0.2 0
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Table 2. Impact of the focal distance on the TAA radiation performances

F (mm) 75 90 105 130 150 180 210 250
Spill-over loss (dB)  1.92 2 2.08 2.26 2.49 2.84 3.31 3.98
Q“a““(z;l;‘)"“ loss 406 367 336 328 358 369 39 3.14
Taperloss (dB) 294 283 214 132 092 06l 05 0.26

Insertion loss (dB) 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26
Directivity (dBi) 20.9 214 224 23.3 234 23.6 23.5 24.5

Gain (dBi) 187 191 201 207 206 205 20 203
SLLH-planedB) 177 189 166 147 177 164 162 135
Apert“r‘:;)fﬁ“ency 20 24 282 347 355 372 363 457
Radiation Efficiency o, 503 583 559 531 489 439 376

(%)

In the Table 1, the impact of the phase correction on the radiation performances of the TAA is
shown. The 1-bit et 2-bit quantization are good compromise between the quantization loss and the
design complexity.

The Table 2 summarizes the impact of the position of the focal source (F focal distance, see Figure
1) on the radiation performances of the TA antenna. The main objective of this study is to identify the
best compromise between aperture efficiency and the radiation efficiency, i.e. between the directivity
and the spill-over loss. However, when the F increases the illumination energy becomes more linear,
which improves the directivity while the spill-over loss increase, which reduces the gain (radiation
efficiency).

For the applications of interest, the optimal focal distance is F=105 mm. For this chosen distance,
the directivity and gain are 22.4 and 20.1 dBi which give a radiation and aperture efficiency of 58.3%
and 28.2 %.

The variation of the directivity, gain and efficiencies as function of frequency are presented in
the Figures 11 and 12. The variation of the radiation efficiency is similar to the gain, while the
variation of the aperture efficiency is similar to the directivity. The radiation efficiency is more than
50% between 9.3 GHz and 10 GHz.
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Figure 11. Variation of the radiation and aperture efficiencies.

doi:10.20944/preprints202407.1432.v1


https://doi.org/10.20944/preprints202407.1432.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2024 d0i:10.20944/preprints202407.1432.v1

25 r 1

20

15

Simulated Directivity/Gain, dBi

10 Directivity
Gain
5 - .
0 s ! s
8 9 10 1 12

Frequency, GHz

Figure 12. Variation of the directivity and gain.

The Figure 13 presents the radiation pattern of the designed TA antenna and the effect of a focal
source misalignment (15-mm source drift along x-axis). The Figure 14 shows the difference between
a perfect and 1-bit phase quantization.

= E-plane 1-bit quantization
20 | s H-plane d
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Figure 13. Radiation pattern of the linearly-polarized TAA with 1-bit quantization computed at 10 GHz.
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Figure 14. Radiation pattern of the linearly-polarized TAA computed at 10 GHz: Perfect and 1-bit phase quantization.
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The Figure 15 presents the radiation pattern of the TAA with beam-scanning achieved by two
different methods. The position A is the initial position of the focal source for which the phase
quantization was generated. For the position B, the focal source is tilted along a focal arc keeping the
same distance between the source and the arrays. However, for the position C, the focal source is
shifted along X-axe.

The second method can be easily realized compared to the first one (source tilting along a focal
arc). In term of the radiation performances the first method looks to be better than the method (source
translation) due to the phase error and the illumination symmetry.

=== SP Position A
20 e SP Position B
=== SP Position C

Simulated gain, dBi

Angle 6, deg

Figure 15. Beam-scanning capability for passive TAA; Comparison between translation and tilting source method.

6. Transmit-Array Measurement

The prototype presented in the Figure 10 is an in-house fabrication. It has been manufactured
by reducing the technical constraints (diameter of the via hole, width and GAP of the C-loop,
thickness of the bonding film ...) imposed by the limitations and restrictions of our technological
environment and the available resources. Since the available substrate sheet is A4-format, the array
has been limited at 14x14 cells.

In-house mechanical support (Figure 10a) has been designed and fabricated in the aim to allow
focal source tilting as explained in the Section 5 (second method). The focal source (Figure 10b) is also
an internal fabrication based on a coaxial cable to waveguide WR90 transition as the one used in the
measurement setup of the unit cell presented in the section 4, Figure 8)

This TA prototype has been characterized in the anechoic chamber of the LAPLACE laboratory
(GRE team), Figure 16.
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Figure 16. Measurement setup of the TA prototype in the anechoic chamber of LAPLACE.

The Figure 17 presents the measured radiation patterns in the H-plane (rotation along Z-axe)
with different angles (up to 35°) of focal source tilting.

Co-Polar

201 H-palne — X-Polar

Measured gain, dBi

-90 -45 0 45 90
Angle 6, deg


https://doi.org/10.20944/preprints202407.1432.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 July 2024 d0i:10.20944/preprints202407.1432.v1

12

20 | Tilting focal source at 35° == Co-Polar |
— X-Polar

Measured gain, dBi

Measured gain, dBi

Angle 6, deg

Figure 17. Measured radiation patterns of the TA prototype performed at 10 GHz.

The measured gain is 18.4 dBi and the sidelobe level SLL is 14.9 dB. The 1.7 dB-difference
between the simulated and measured gain is acceptable because it is in the scope of the realization
precision and the measurement tolerance.

The beam-scanning (beam-steering) capability has been demonstrated by just tilting the focal
source (FS) along a focal-arc. With a fixed phase law and 25°-FS tilting, the main lobe is steered at
28.6° by losing only 1.7 dB of gain. However, at 38.6° (35°-FS tilting), the gain is reduced of 4.6 dB.
The 3.6° of steering difference is caused by the phase error of the passive TA compared to the active
one.

To achieve a large angle of steering, the phase law must be modified to compensate the phase
error. The passive prototype is limited at 30° of beam-steering capability when a 1.7 dB of gain
reducing is tolerated.

7. Conclusions

An attractive wideband unit cell for transmit-arrays antennas for mmWave application has been
proposed and designed. A full TA prototype has been demonstrated at 10 GHz (X-band). The
presented unit cell has been designed and simulated using the finite element method, and
characterized with the waveguide measurement system (WGMS). A very good agreement is obtained
between simulation and measurement. The study, design and characterization of the full TA antenna
with beam-scanning have been discussed. The important design parameters and their impact on the
antenna performances have been presented. The characterization of the full prototype in an anechoic
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chamber has been presented in terms of radiation pattern and shows a good agreement with the
simulation results.
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