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Abstract

This paper presents a fair comparison between didferent
“Phoenix” phase-shifting cells that can be found the
literature. This comparison is mainly based onfthguency

geometry. However, this cell was not tested on al re
reflectarray.

Few years later, two alternative topologies derifrean the
original “Phoenix” cell were proposed. The firsteofil2],
designed to operate at 10GHz, was tested on a |2Bteat
reflectarray fed with a linearly polarized Vival@dintenna.
Measurements show a 1-dB gain bandwidth of 29%. The

dispersion and on the bandwidth where the maximwuecond one [13], designed to operate on a singleafi

differential phase shift is less than 90°. Then,alternative
“Phoenix” unit-cell of reduced size offering an enked
bandwidth is proposed.

1 Introduction

Reflectarrays first appeared in 1963 [1], but theie interest
was revealed in the late 1980s through printednelcyy [2].
Over the last three decades, these antennas hawenlidely
studied. They offer the possibility of forming colep
radiation patterns with relative simplicity, low stp low
losses and reduced volume [3].

polarization metal-only antenna at 12.5GHz, watetbsn a
circular reflectarray of 516mm in diameter. Measueats
show a 1-dB gain bandwidth of 12.8%.

In 2016, a new “Phoenix” cycle was proposed [14]. |
involves a metallic cross with a capacitive effaot then a
metallic grid with an inductive effect. It has been
demonstrated that the inductance of the grid wasstrong
enough in order to bridge the required 360° of phasge.
However the cell shows a broadband behavior sirmé b
elements were used out of the resonance. Threerefiff
techniques were proposed in order to increase rithective
effect of the grid and to complete the phase raBgé&877-

This type of antenna has long suffered from thre@inm element reflectarray (with non-optimal illuminatjorwas

defects:

- The insufficient phase range (less than 360°yiged by
the unit cell [4], which is mainly due to size bktlattice.

- The limited bandwidth that has long confined eefarrays
to narrow band applications. For small panels, ihisainly

fabricated with the technique compatible with agien
substrate fabrication process. It operates at 13@Hdual
linear polarization. The measured 1-dB gain bantwidas
11.3%.

In this paper, a comparison in terms of bandwiditi phase

related to the narrow band behavior of the unitl celispersion with the frequency between the four tags

constituting the array [5].

- The non-regularity of the cell geometry on thefate of the
array which can lead to degradation of the radmapattern
[6], especially at the transition between two extee
geometries, when a new phase cycle begins.

Several solutions based on multiple resonators Hzaen

“Phoenix” cells will be carried out. Then a new sub
wavelength “Phoenix” cell inspired from [11] andfering
better performance will be presented.

2 “Phoenix” cells performance assessments

proposed in the past years in order to enhancpltase range This section aims to assess the performance ofdiffarent

provided as well as the bandwidth of the refleetarrSome
use multilayer substrates [7,8], others use sinigiger
substrate [9,10]. However, these solutions don'oval
overcoming the problem of the non-regular geomefryhe
cell.

In 2011, a phase-shifting cell using two compleragnslot
resonances, one with a low dispersion and the aotlithr a
higher dispersion was presented [11]. It is callga:
"Phoenix" cell. The slots are concentric etchedaiground
plane on a single layer substrate. The main intefehis cell
is the smooth variation of its geometry, which offedhe
possibility to loop back to the initial state aftercomplete
phase cycle of 360°. This can be done without grasianges

“Phoenix” cells. This assessment is based on thguéncy
bandwidth (in %) for which the maximum differentighase
shift (i.e. the maximum phase variation) is lesntB0°.

2.1 The original “Phoenix” cell

The original “Phoenix” cell [11] is 12mm in sizedi0.66ly
at 16.5GHz). It consists of a square ring slot viéhgthLg
and widthWs. A metallic ring with length_r and widthW, is
inserted into the slot, splitting it into two sn@allresonating
slots of complementary size. The slots are etchedmetallic
layer separated by a 6mm air gap={) from the ground
plane. The lengthg of the metallic ring controls the reflected

on the radiating aperture. Consequently, it appaara good Phase. The cell was simulated in an infinite padaatray,
candidate for So|ving the pr0b|em of the non-regu|dlum|nated with plane wave under normal anglemiﬁdence.

Simulations show that the cell offers a nearly 360phase



range at the central frequency of 16.5GHz withn@dr and 70°/GHz. Moreover, this cell demonstrates an aead#pt
parallel variation of the phase. Moreover, the fieacy behavior with an oblique angle of incidence up ® B both
dispersion is less than 30°/GHz between 15GHz &t@Hrz. TE and TM polarizations at 10GHz. A thorough anialysf
Hence, the maximum differential phase shift is 80ér 18% the phase responses shows that the maximum difif@ren
of bandwidth. phase shift of 90° is obtained between 9.5GHz ab@Hz

It is worth to mention that the frequency dispensisould which results in a 14.6% of bandwidth.

have been greater if a substrate with a differeative

permittivity had been in usez#1). This would certainly 2.3 The second derivative

result in a reduced bandwidth. In addition, thefgrenance of ]
the original "Phoenix" cell has not been evaluatgn it is A second cell was proposed in [13]. It has the sgewmetry

iluminated under oblique angle of incidence, auation &S the original “Phoenix” [11]. The only differenbes in the
representative for the real illumination conditiohthe array. US€ Of @ connecting stub in order to unite thelpated the
A complementary study was carried out on threeechfit Metallic loops into one piece since the cell isighesd for a
cells (three different values &F) with an incidence of 30° in Single linear polarization metal-only reflectar@ytenna. The
both TE and TM polarizations. This study (see Fégu) cell size is 12mm (i.e0.5, at 12.5GHz). The separation
shows that, with an oblique angle of incidence,apiic Petween the upper metallic layer and the grounaheples
resonances appear at 15.5GHz and 17.5GHz, whféRm. The control of the reflected phase is donen wite

drastically reduces the cell bandwidthMiddle loop lengthL. The phase range provided by the cell
when illuminated with a normal angle of incidense360°.
100 TE mode The maximum frequency dispersion of the phase iaioéd
o T, for L=7.5mmand it is equal 80°/GHz. Hence, the maximum
e TR e 6=0" differential phase shift is 90° over 10% of bandwidin
g7 N addition, the proposed cell demonstrates an adoiepta
g S, Lr=2mm behavior under oblique angle incidence at the eéntr
SR e > Ly =11mm frequency (i.e. a 30° incidence results only in04 &f phase
T 400 \\*\ // shift).
-500 . ‘ N ‘
15 16 " 18 2.4 The “Phoenix” cell with inductive loading
Freg. (GHz)
(a) A new “Phoenix” approach was proposed in [14]. The

geometric cycle involves two complementary partse Tirst
part consists in growing two crossed dipoles oé &w& until

1005, *IM mode crosses in successive cells touch each other armd o
z o0 O e B = 0° metallic grid. Then, the second part consists imawing the
é 100 \ —9=30° width w of the metallic grid, which increases the sizethef
S 200 pg: \\ Lp=2mm defined square apertures. The cell size is 8mmQi36, at
£ 00 / R ““\tw - 13.5GHz). It is printed on a 3.175mm thick Duroitbstrate
& wol |/ A Lr=11mm of re_Ia.tl\_/e perr_nltt_|V|tye,:2.2. The ce;l_l was S|mulated_ using
\/ the infinite periodic boundary conditions, illumted with a
500 plane wave under normal angle of incidence. Itrsfiephase
° 16Freq. (st)w * range of only 305° with a linear and parallel vaoia of the
(b) phase over a large bandwidth. A third part was dddethe
Figure 1: Effect of a 30° incidence on the phawmﬂses of Cycle. It consists to add a meander to the thinnestallic
the original “Phoenix” cell: (a) TE mode, (b) TM ahe. grid in order to increase the inductive effect émdbridge the
55° gap in the phase range. Simulations show thatgua
2.2 The first derivative meander of lengttm=5mm permits to complete the 360°

phase range at 13.5GHz. This was done at the expdrike
A first cell that derives from the original “Phoghicell was frequency dispersion which increases withand reaches
proposed in [12]. It consists of a circular patdhradiusr, 45°/GHz. Furthermore, under a 30° angle of incidgna
surrounded with two concentric ring of radiysandr,. The complete 360° is provided with a quite good palisle
cell size is 12mm (i.e0.4}, at 10GHz). It is printed on abetween the phase responses from 12GHz to 15GHz. A
1.6mm thick substrate of relative permittivity,=4.4, thorough analysis of the phase responses showstttleat
suspended 8mm above a ground plane. The refleb@skgs maximum differential phase shift of 90° is obtaireetween
controlled by the radius; of the inner ring. The cell was12.5GHz and 15GHz which results in an 18% of badtiwi
simulated in an infinite periodic array illuminatedth plane
wave under normal angle of incidence. Simulatidmeisthat 3 New “Phoenix” cell
the cell offers a 360° of phase range at the cefierquency
of 10GHz, and the different phase curves are quasiflel In this section, a new derivative from the origit®hoenix”
between 8GHz and 11GHz. The maximum frequencegll is proposed. The cell is shown in Figure Zdhsists of
dispersion of the phase is obtainedrfgr3mmand it is equal two concentric annular metallic rings of 0.1mm ith. The



outer ring (of fixed length) surrounds the celldahe inner
one of variable sizé is used to control the reflected phase.
The cell size is 8mm0O(33, at 12.5GHz). It is printed on a
1.575mm Duroid substrate of relative permittivity=2.2,
suspended 5mm above a ground plane. Figure 3 stiwmwvs
proposed “Phoenix” cycle. It begins with only theter ring
surrounding the cell. This results in a square taperwide
enough to provide a phase response with a smoaihtioa
and small frequency dispersion. Then, the inngy (imith a
small valuel) is introduced in the center of the cell. This
splits the square aperture into two slots of comgletary

frequencies (outside the band) surrounded by a aidwilar
slot with a smooth resonance at low frequenciesidenthe
band). Increasing the side of the inner ring increases the
length of both slots and pushes the resonancesrdotha
lower frequencies. Simultaneously, the lowest rasce
becomes sharper and the highest resonance is snedth
Finally, the cycle ends with the complete vanishofgthe
metallic ring, which permits to loop back to théial state.

In order to assess the performance of the new ctywecell is
simulated using HFSS electromagnetic simulator. It is
placed in an infinite periodic array and illuminatevith a
plane wave under normal angle of incidence. Sirranat
show that cycle is able to provide a complete 3®0phase
range at 12.5GHz with a linear and parallel vasiatof the
phase between 11GHz and 15GHz (see Figure 4). The
maximum frequency dispersion at the central frequeis
42°/GHz, and the maximum differential phase shif@° is
obtained for L=3mm between 11.25GHz and 13.75GHz,
hence a bandwidth of 20%.

In order to evaluate the performance of the cdid@a the
array, it is now simulated with the Floquet boundar
conditions under a 30° angle of incidence. Figurehbws
that this oblique incidence results in undesiresbnances for
frequencies above 15GHz in TM polarization. Thedveidth

for which the maximum phase shift is 90° is maiméai
between 11.25GHz and 13.75GHz which demonstrates th
satisfactory behavior of this new derivative.

1.5756mm

Reflected Phase (°)

Reflected Phase (°)

Reflected Phase (°)

10

12

14

. | ith h e Freq. (GHz)
size: a narrow square slot with a sharp resonand@gh i re 4: Reflected phase versus frequency fomene cell

under a normal angle of incidence.

30° TE mode

16

*x s g N“"\&

**** Soeae o Xk
* ¥k -

* s ¥ x 5
* kxR EE g ¥¥ % x gy o8
80:20000§f¥l¥§§3§§§i**:*
056668 99005 B

[oECREE =3

Freq. (GHz)
(b)

Figure 5: Reflected phase versus frequency fomgne cell
under a 30° angle of incidence: (a) TE mode, (b)mbte.

4 Comparison of the different “Phoenix” cells

omm Work 11 | (221 | @3y | 241 | New
fo (GHz) 16.5 10 12,5 13.5 12.5
amm Cellsize | 0.66l, | 0.4, | 0.5 | 0.36l, | 0.33}
@) ) o Dual | Dual | Single| Dual | Dual
; . ; ; ; Polarization linear | linear | linear | linear | linear
Figure 2: (a) Top view of the cell, (b) Side vieftloe cell. : :
Dispersion | 4, 70 80 45 42
e O D (°/GHz) atf,
B.W.
: (normal 18% | 14.6%| 10% 18%| 20%
Figure 3: Proposed “Phoenix” cycle. incéd\(/e\?ce)
(oblique <18% | N.A. | N.A. 18% 20%
incidence)

Table 1: Comparison between the different “Phoenils.



Table 1 permits to compare the different cells:
The original “Phoenix” cell [11], based on two ataruslots

of complementary sizes, offers 18% of bandwidth nvhg6]

illuminated with a normal angle of incidence. Thandwidth
is drastically reduced for an oblique angle of decice due to
parasitic resonances (as explained in section 2).

The cell proposed in [12] (inspired from [11]) alslbows an

acceptable bandwidth (~15%) for a normal incidendg]
However, the effect of the oblique incidence on the

bandwidth was not shown.
In [13] the cell offers a 10% of bandwidth undenarmal

angle of incidence. But the real interest of thik @sides in [8]

the fact that it is designed for a metal-only reteray
antenna. Here also the effect of the oblique aafjlacidence
on the bandwidth was not shown.

In [14], a new sub-wavelength “Phoenix” cell wasgented. [9]

It is based on the consecutive use of two diffeed@ments in
the same cycle. These elements are operating otiedf

resonances, which provides a 18% bandwidth undén bo

normal and oblique angle of incidence.

The sub-wavelength cell deriving from [11] proposedhis
paper demonstrates an enhanced bandwidth of 20%otbr
normal and oblique angle of incidence. This denratess that
this new cell is a good candidate for dual linealagzation
wideband reflectarrays.

5 Conclusion

This paper compares the performance of four differe

“Phoenix” cells proposed in the past few years. Thrion
for the performance evaluation is the cell bandiwidibr
which the maximum differential phase shift is 90rhe
comparison shows that 18% of bandwidth is offergdthe
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