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Abstract— This paper describes the performance of dual circularly-polarized
transmitarray antennas at Ka-band with independent radiation characteristics.
The proposed antenna architecture consists of a dual linearly polarized (dual LP)
TA panel based on the interleaving technique combined to an add-on broadband
polarizer, in order to generate independent RHCP and LHCP beams. This offers
both dual-LP and dual-CP operation depending on the topology of the polarizer.
The LP unit-cell are designed to achieve a 3-bit phase resolution, and the dual-
LP TA panel is made of two interleaved single LP sub-arrays with 52-by-52 and
53-by-53 elements operating in 45° and 135° single linear polarization,
respectively. The polarizer transforms the dual-LP into dual-CP while keeping
radiation independence of each polarization across Ka-band. The experimental
results obtained with three different prototypes pointing up to 50° validate the
proposed concepts.

Index Terms— Transmitarray antenna, dual-polarization, polarization
independence, Ka-band, Satcom.

I. INTRODUCTION

Transmitarray antennas (TAs) are an attractive solution for high-
gain antenna architectures. In particular, they do not suffer from i)
significant loss in their feeding network, thanks to their spatially-fed
configuration, as compared to phased arrays, and ii) feeding blockage,
in contrast to reflector antennas or reflectarrays. Various types of
passive and active prototypes have been proposed over the years in
terms of polarization, bandwidth, and multi-band operation.

At Ka-band, dual-polarized antenna arrays are very valuable in
satellite communications (Satcom) with polarization color reuse for
multiple beam coverage [1]. For such applications, phased-array
antennas (PAAs) and reflectarray antennas (RAs) have widely studied
to achieve dual-linear or dual-circular polarization simultaneously.
For the dual-linear polarization (dual-LP) case, orthogonally
symmetric RA unit-cells can be used to control the reflection phase in
both polarizations independently. They can be implemented using
various techniques, like cross-dipoles [2], cross-loops [3], double
dipoles in cavity [4], double cross-loop radiating elements to operate
in two bands [5]. In circular polarization (CP), more advanced
techniques are implemented, such as using two stacked sub-
reflectarrays [6] operating in two different polarizations, or utilizing a
lego-type configuration in which each unit-cell can be rearranged
manually and is embedded in cavity to reduce mutual coupling [7].

Studies on TAs also follow this trend, with a significant number of
promising demonstrations in linear polarization. Various dual-LP and
-CP TA prototypes with polarization switching capability (by
activating solid-state components assigned for each polarization) have
been introduced in C-band [8], X-band [9] or Ka-band [10]. At
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high frequencies such designs may suffer from integration issues due
to the limited space to route the DC bias network of solid-state
components. Therefore, there are more experimental demonstrations
on dual-LP passive prototypes, for example in X-band [11], Ku-band
[12], and K-band [13]. These exhibit operation in LP only, and
conversion LP to CP is necessary. An interesting configuration of
dual-CP TA operating in Satcom Ka-band up- and down-links has
been proposed in [14]: it consists in placing an intermediate polarizer
between dual-LP dual-band feeding source and a dual-band CP-TA.
The experiments are implemented by using two distinct single-LP
horns in up- and down-link alternatively for concept validation. An
alternative approach consisting in combining a dual-LP TA with a
polarizer is convenient because each building block (feeding source,
TA and polarizer) can be designed and optimized individually.

The main challenge to deploy dual-CP TAs is to provide
independence between right-handed CP (RHCP) and left-handed CP
(LHCP). The TA proposed here combines two sub-systems: (1) a
dual-LP TA based on the interleaving technique described in [15], and
(2) the add-on broadband polarizer we reported in [16]; this
configuration allows generating independent RHCP and LHCP
beams. The corresponding TA is illuminated by a dual-LP feed horn,
as illustrated in Fig. 1a. In contrast to our previous work [17] where
the unit-cell ensures both phase-shift control and LP-to-CP conversion
for a single polarization by using a U-slotted patch on the transmission
side, this method is used to generate conveniently both polarizations
RHCP and LHCP with a single radiating panel thanks to the use of the
interleaved narrow patches.

This paper is organized as follows. The geometry and main
characteristics of the unit-cell are presented in Section II at Ka-band.
The numerical and experimental results are provided in Section III.
Finally, conclusions are drawn in Section IV.

Plane: ¢ = 135°
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Fig. 1. Architecture of the proposed Ka-band transmitarray operating in dual-
CP by combining a dual-LP transmitarray with a polarizer. (a) The 3D building
block, (b) LP unit-cell, and (c) the transmitarray/receiving layer. The polarizer
unit-cell is not detailed here since it has been fully described in [16].
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II. UNIT-CELLS: GEOMETRY AND CHARACTERISTICS

The proposed unit-cell is depicted in Fig. 1b. Although it seems
similar to the design presented in [15], the transmitting patch is rotated
by 45° to guarantee a suitable illumination of the polarizer and has
been re-optimized since the dielectric substrates have been changed as
explained below. This new unit-cell consists of two identical narrow
patches printed on two 0.508 mm-thick dielectric substrates (Rogers
RO4003C, &, =3.55, tané = 0.0027) bonded by a 38-um dielectric film
(CuClad 6700, & = 2.35, tané; = 0.0035). Both patches are connected
by a plated through hole with 0.2-mm-diameter and separated from
ground by a circular aperture whose diameter is 0.8 mm. The
performance of the unit-cell under plane wave illumination has been
computed using Ansys HFSS v.16 with periodic boundary conditions
and Floquet ports.

The detailed geometrical parameters associated with Fig. 1c are
provided in Table I. The unit-cell periodicity equals 0.36A¢ (3.76 mm),
where Ay is the wavelength in the free-space at 29 GHz. As shown in
Fig. 2, the polarizations between the receiving and transmitting layers
are orthogonal, with the main direction of the E-field vector lying in
the ¢=135°- and ¢=45"-direction in the xOy plane, respectively. A 1-
bit phase resolution (i.e. 2 phase states with 180° of relative phase-
shift) is obtained by rotating by 180° either the receiving layer or the
transmitting one with respect to their original orientation. Moreover,
to further enhance the phase resolution — or equivalently to increase
the TA gain and efficiency for a given lattice size and number of unit-
cells —, the patch dimensions are scaled by a factor s, as indicated in
Table 1. Therefore, by combining a set of N given values of s together
with the 180° rotation technique, it is possible to reach a set of unit-
cells with 2N different phase states.

The frequency responses computed for four values (N = 4) of s
(0.96, 1, 1.04 and 1.075) are represented in Figs. 2a and 2b in phase
and amplitude, respectively, for the Ka-band Satcom civil and military
frequencies (27.5 to 31 GHz). These values have been selected to
obtain a total phase variation of 315° with a phase step of 45° between
two consecutive phase states. Note that the phase curves plotted in Fig.
2a are almost parallels. The unit-cell with s = 1.0 exhibits insertion
loss lower than 0.5 dB at 29 GHz and a -1-dB transmission bandwidth
of 3 GHz (27.7-30.7 GHz), equivalent to 10.3% around 29 GHz for
phase states 0° and 180°. Scaling the patch dimensions by varying the
value of s allows tuning the center frequency of the unit-cell, as clearly
demonstrated by the unit-cell bandpass responses represented in Fig.
2b. Although the total useful bandwidth of the unit-cells is reduced
due to the increased transmission loss away from the central
frequency, this phenomenon is not critical at the TA level for two main
reasons: first, the use of 3-bit unit-cells allows to reduce the phase
quantization loss around 3 dB (as compared to 1-bit unit-cells);
second, the total power radiated by the TA can be maximized by the
proper choice of the unit-cell type located at the TA center.

TABLEI
UNIT-CELL GEOMETRICAL PARAMETERS

Parameters Values
w 1.48xs mm
/ 2.58xs mm
m 1.1xs mm
s 0.96-1.075
a 3.76 mm

III. DUAL-CIRCULARLY-POLARIZED TRANSMITARRAYS

The unit-cell described in Section II is used to design several
transmitarray prototypes. To achieve dual-CP, each dual-LP TA panel
is covered by the same polarizer so as to operate in dual-CP, and is
made of two interleaved TA sub-arrays linearly polarized at ¢=45° and
#=135°. These polarizations are denoted by D1 and D2 respectively,
where D stands for diagonal polarization. The corresponding
interleaving technique has been described in [15], and the polarizer
performance is available in [16].
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Fig. 2. Transmission coefficients computed at Ka-band for the single-polarized
unit-cells (Fig. 1b): (a) phase response, (b) magnitude response. The dotted
lines are obtained by applying the 180°-rotation technique to the four unit-cells
with their associated scaling parameter (s) in different colors.

A. Transmitarray Design and Prototypes

Square transmitarrays based on the proposed unit-cell have been
designed, fabricated, and characterized. The sub-transmitarrays
contain 52-by-52 and 53-by-53 unit-cells operating in 45°- and 135°-
linear polarization, respectively; the aperture length side is 19.26xho
(i.e. 199.2 cm). They are interleaved to create dual-LP transmitarray,
as illustrated in Fig. 3. Each transmitarray layout has been designed at
29 GHz. It is illuminated by a linearly-polarized standard gain horn
(ATM 34-440-6) placed at a distance of 134 mm from the TA panel
(this corresponds to F/D = 0.66 and an edge taper illumination of
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about 9 dB). The same value of F/D has been used for all prototypes.
The focal distance and the phase distribution have been optimized
using our analytical tool previously validated up to 60 GHz [15], [17]-
[19].

5513 element transmitarray
in dual-linear polarization

52-by-52 sub-array
Polarization D1
o =45°

33-by-53 sub-array
Polarization D2
$=135°

Fig. 3. Top view of radiation side of a dual-LP transmitarray made of two
interleaved 52-by-52 (in solid color pattern) and 53-by-53 sub-arrays (in non-
filled pattern) in D1 and D2 polarization, respectively.
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Fig. 4. Phase distribution across transmitarray aperture for D1 and D2 arrays.
(a-b) Prototype 1. (c-d) Prototype II. (e-f). Prototype III. D1 and D2 stand for
45°- and 135°-polarizations, respectively.

Three TA prototypes have been fabricated. They are listed in Table
IL. The first one (Prototype I) points at boresight for both polarizations
(either linear or circular ones), whereas, for the second one (Prototype
II), the beams associated to both polarizations point in two different
directions (-20° or +30°). Finally, the third one (Prototype IIT) radiates

two offset extreme beams (+50°); this configuration allows testing the
antenna performance limitations far away from boresight.

The phase distributions across the radiating aperture are
represented in Fig. 4 for each prototype, whereas, Fig. 5 shows
Prototype I with its mechanical support. The transmitarray size is 220
mmx220 mmx1.2 mm (including 10-mm-width of -edges for fixture)
while polarizer is much larger (403 mmx250 mmx12 mm, [16]) as
shown in Fig. 5b.

TABLEII
PROTOTYPES AND THEIR BEAM DIRECTIONS
Beam direction (®, 6), scanning plane

Prototype

D1 to RHCP D2 to LHCP
Prototype [ (0°,0°), Broadside (0°,0°), Broadside
Prototype II (0°,-20°) (90°,30°)
Prototype III (45°,-50°) (-45°,50°)

(b)

Fig. 5. Transmitarray antenna (Prototype I) mounted in IETR anechoic
chamber (a) without and (b) with polarizer close to the surface.
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Due to their very large size, the performance of the TA prototypes
cannot be computed using full-wave simulations. Instead we use here
our in-house code [11], [17]-[19] to determine their radiation
performance (efficiency and gain). Table III compares the main
features of the 1-bit (s = 1.0) and 3-bit (s = 0.96, 1, 1.04 and 1.075)
TAs operating in polarization D1, for prototype I in RHCP. In both
cases, the TAs are illuminated with a 11.5-dBi horn; this leads to a
1.1-dB spillover loss for F/D = 0.66. As expected the aperture
efficiency and gain of the 3-bit TA are improved by increasing the
phase resolution, but its BW is slightly reduced as compared to 1-bit
one due to the bandpass response of the unit-cells (see Fig. 2b).

TABLE III
EFFICIENCY AND BANDWIDTH OF 1-BIT AND 3-BIT LINEARLY-POLARIZED
TRANSMITARRAY ANTENNAS AT 29 GHz

Phase resolution 1-bit 3-bit
Insertion loss (dB) 0.3 0.8
TA gain (dBi) 30.1 31.8
Aperture efficiency 23 % 34 %

. 28.3-31.2 GHz 28.4-30.5 GHz
1-dB bandwidth (10%) (7.0 %)

. 27.7-31.8 GHz 27.8-31.6 GHz
3-dB bandwidth (14.1 %) (13.1%)

B. Experimental Results

In these experiments, a single-LP horn is used in each polarization
and is rotated by 90° to generate the orthogonal polarization. The
conversion from LP to CP will generate either RHCP or LHCP for
each horn polarization. The co- and cross-polarizations for all
prototypes are defined in Table IV.

TABLEIV
Co- AND CROSS-POLARIZATION DEFINITION

(radiation side) to convert the outgoing dual-LP wave into dual-CP
one. Prototype I with the polarizer is shown in Fig. 5b. The polarizer,
previously reported in [16], has an axial ratio (AR) lower than 1 dB
from 26.5 GHz to 28.5 GHz, but exhibits a slightly higher AR (2.3
dB) at 29 GHz. When the polarizer is present, polarizations D1 and
D2 are converted into RHCP and LHCP, respectively.

The distance between the dual-LP transmitarray and the polarizer
has been selected to minimize the AR value (0.8 dB) at 29 GHz.
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Fig. 7. Measured co-polarization radiation patterns normalized to the peak gain
of each prototype at 29 GHz.

The gain frequency response is plotted in Fig. 6 for all prototypes.
The measured 1-dB gain bandwidth (BW) is larger than 2.2 GHz (or
equivalently 7.6 %) around 29 GHz, while the calculated and
measured 3-dB gain BW covers the whole Satcom Ka-band for all
prototypes and for each polarization. The maximum gains of prototype

Horn Polarization | TA and polarizer | TA and polarizer | ¢qual 31.4 dBi with aperture efficiencies higher 36.6 % at 29.5 and
po]arization TA co-po]arizaﬁon cross-polarization 29.9 GHz respectively in both CPs (see Flg 6) The gain curves
135°.Lp D1 (45°-LP) DI-RHCP DI-LHCP between RHCP and LHCP are almost superimposed for all prototypes,

especially for beams offset 50° (prototype III); this demonstrates the
45°-Lp D2 (135°-LP) D2-LHCP D2-RHCP independence of both CP polarizations.
The normalized radiation patterns measured at 29 GHz are plotted
) ] in Fig. 7. The main beam quality is good, with side lobe levels lower
N~ than -20dB below the maximum. The measured cross-polarization
31 STEEPERAN discrimination (XPD), not shown for brevity purposes, remains below
0 .y ;':"’%P;’-m,# L ) e -14.5 dB for beams at boresight and at -20° (AR < 2.9 dB) while the
S x,(‘* H‘*“% \:\j\ XPD level for beams pointing at + 50° is lower than -22.5 dB (AR <
29 % s = ~ % X Tad 1.5 dB). The AR ratio is also lower than 3 dB from 27 GHz to 30 GHz,
0 " / 4 S0 \ for prototypes I and I, and from 27.7 GHz to 29.8 GHz for prototype
g pA ‘*\%\ 111, respectively. Its value exceeds 3 dB above 29.8 GHz since the
é 2714 [f ‘:¥‘ center frequency of the polarizer (27.2 GHz, [16]) is slightly different
i ——RHCP (D N from the design frequency of the TAs (29 GHz). The scanning loss of
% /- LHCP (D the main beam pointing at extreme angles (= 50°, Prototype III) is
A N RHCP (I1) p g g ’ yp
25 #j" LHCP (1) about 1 dB (see Fig. 6 and 7) as compared to the maximum gain at
2 B B Rt RHCP (I11) boresight (Prototype I). Table V summarizes the main properties of
24 —LHCP (II) the proposed TA in comparison with others in terms of radiation
7 | | | characteristics in CP at Ka-band.
27 275 28 285 29 295 30 305 31 315 32
Frequency (GHz) TABLE V
Fig. 6. Measured maximum co-polarized gains of the three prototypes with PASSIVE TRANSMITARRAY PROTOTYPES IN DUAL-CP AT KA-BAND.
respect to frequency at Ka-band.
The radiation properties of the three prototypes have been Ref., type (FGr:I(i) -322;13)‘” XPD (dB) AR (dB)
measured in the millimeter-wave anechoic chamber of IETR, in the -
far field zone, both in linear and circular polarizations (Fig. 5). As This work 29 22(7.6%) 145 29
explained above, a polarizer is added in front of the transmitarray (141, TA 20 - =11 -
[14], TA 30 - <-75 -
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[7LRA | 837 [79004%) | <12

IV. CONCLUSION

Dual-CP transmitarray antennas with independent radiation
performance in each polarization have been reported here at Ka-band.
The TA architecture is based on a dual-LP interleaved transmitarray
combined with an add-on polarization converter. Various
experimental results have been presented using large-size TAs (5513
unit-cells in total).

Very good agreement has been obtained between calculation and
measurement in linear polarization across the whole frequency band
from 27 GHz to 32 GHz. Although higher axial ratio values are
recorded beyond 29 GHz due to the limited polarizer bandwidth in the
band of interest, excellent polarization quality has been demonstrated
below 29.5 GHz, even for main beam direction pointing up to 50°.
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