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Abstract—This paper presents a new passive phase-shifting cell
for reflectarray. It permits to loop back to its initial state after a
whole theoretically 360° phase cycle. After optimization, a nearly
360° phase range is provided with a frequency dispersion less
than 45°/GHz over a nearly 57% bandwidth. A complete analysis
of the cycle is given supported with an equivalent electrical
circuit.

Keywords-reflectarray phase-shifting cell; large bandwidth; low
dispersion; regular geometry.

I.  INTRODUCTION

The reflectarray [1] is an antenna consisting of a set of
radiating elements, called phase-shifting cells, printed on a flat
surface and illuminated with a primary source. These elements
are predesigned to re-radiate and scatter the incident wave with
a certain phase-shift required to compensate for the different
path lengths from the illuminating feed. Reflectarray cells
usually use planar resonant elements such as patch or/and slot
to control the phase of the reflected wave. Modifying the
geometry of the resonant elements permits to change the
resonant frequency and so the reflected phase. One of the main
challenges is to provide a phase-shifting cell with large
bandwidth. Unfortunately, as the structure always operates
close to its resonance, it is dispersive and dissipative, which
results in a limitation in the bandwidth [2], [3]. Another critical
point is to provide a smooth geometrical evolution of the
radiating elements, especially at phase transition when the
reflected phase is required to jump after a complete 360° phase
cycle. It has been shown in [4] that severe degradations in the
array pattern can occur due to such transitions.

Bandwidth limitation can be overcome by using multiple
resonators as in [5]. However, such solution usually involves
multilayer substrates which make the fabrication process more
complex and more expensive. In [6], a gentle phase slope is
provided with three coupled patches sharing two slots on a
single layer substrate. Another approach, also with a single
layer has been proposed in [7], where two annular slots of
complementary size have been used; the displacement of the
metallic ring separating the slots provides both a cell with
smooth geometrical transitions and a large bandwidth.

In this paper, a new approach within the continuity of [7, 8]
is proposed. The geometry of the phase-shifting cell exhibits a
cycle evolution: it comes back to the initial state after a
complete theoretically 360° phase cycle, which provides a
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continuous geometry variation over the array whatever the
required phase law. The novelty stands in the combination of
two different cell geometries in the same cycle: we initiate the
cycle with metallic crossed dipoles (with a capacitive behavior)
and we terminate it with square aperture (with an inductive
behavior). As these reactive elements are used away from any
steep resonance, a large frequency band with linear and parallel
variation of the phase responses is demonstrated.

II.  PROPOSED CYCLE AND SIMULATION ENVIRONMENT

The proposed cycle illustrated in Fig. 1 involves two
successive phases. The first consists to grow a metallic cross
of size 2w (see Fig. 2.a). The progressive increase of w results
in a shift of the phase response to the lower frequencies. By
doing so, a first phase range is provided. This first phase of the
cycle ends when the successive crosses touch each other to
form a metallic grid surrounding a square aperture.

In the second phase, the width w of the metallic grid
surrounding the square aperture is narrowed, so the size of the
aperture (see Fig. 2.b) is increased and the shift of phase
response toward lower frequencies is continued providing the
complementary phase range. The cycle theoretically ends with
the complete vanishing of the metallization and as a result
with a loopback to the initial state (absence of metallization
before a tiny cross is introduced again).

Figure 1. Geometry evolution over a complete cycle.
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Figure 2. (a) Resonant cross of size 2w. (b) Resonant square aperture.

A metallic element (here the cross) exhibits a LC series
resonance with a 180° reflected phase at resonance; on the
contrary, an aperture exhibits a LC shunt resonance with a
phase of 0° at resonance. In most reflectarrays, only one type
of element is used and the variation of the phase response
versus frequency is dominated by its resonant behavior.
Consequently, as the element is used near its resonance, it is
too dispersive which results in a limited bandwidth and in too
high losses. The proposed approach consists to combine both
elements in the same cycle which permits to work away from
any sharp resonance. By doing so we naturally benefit from
smooth variation of the phase versus frequency. Furthermore,
switching between the two complementary modes of
resonance (cross and aperture), each providing a different
phase range, will complete the overall desired phase range.

III. EXPLORATION OF THE CELL’S CAPABILITIES

Electromagnetic simulations using the commercial
software HFSS® have been carried out for a cell with
Le=12mm (half wavelength 142 at fy=12.5GHz). The
metallization is printed on a Duroid substrate (¢,=2.17) backed
by a ground plane. The substrate thickness (h=4mm) is chosen
to be approximatively a quarter wavelength. The cell is
assumed to be placed in an infinite array of identical elements
and excited with a plane wave under normal incidence (see
Fig. 3). Fig. 4 shows the reflected phase versus frequency for
different values of w within the cycle.

The general indicators that will be used all over this paper
to assess the performance of the cell are defined as follows:

e Achieved phase range at f;
e  Maximum frequency dispersion at f;

e Frequency bandwidth for which the dispersion is less
than 45°/GHz

The achieved phase range at the central frequency is 300°;
the frequency dispersion is less than 45°/GHz from 7.5 to
14.5GHz, with 24°/GHz as a maximum value at 12.5GHz.

The cycle starts with w=0 (no cross at all). The reflected
phase at f; is 0° as the incident wave is simply reflected on the
ground plane, A,/4 apart from the considered reference plane
(upper face of the substrate). When the size of the cross is
increased the phase response is shifted toward lower
frequencies providing 180° phase range coverage. A

capacitive behavior is obtained as the cross operates under its
resonant frequency. For the largest cross (of size
2w=11.8mm), the reflected phase almost reaches -180°.
Although the resonant frequency is approached, a low
dispersion is preserved due to the increased width w of the
metallic arms. The complementary phase range, from -180° to
-300°, is provided with the increase of the square aperture size
by narrowing the width w of the metallic grid. The phase close
to -180° corresponds to the smallest aperture (w =6mm) while
the phase of -300° corresponds to the largest one (w=0.2mm).
For this second part of the cycle, an inductive behavior is
obtained as the aperture operates under its resonant frequency.
The largest inductance is provided by the narrowest grid
(w=0.2mm used in simulation to comply with standard
fabrication processes). Note that it is not sufficient to provide
a phase loopback and to cover the required 360°.

In the next section, an equivalent electrical circuit of the
cell is proposed. It consists to find the best compromise
between the size Lc of the cell and the thickness % of the
substrate that permits to loopback to the initial state of the cell
after a complete 360° cycle, with the largest bandwidth and
the minimum of frequency dispersion at the central frequency

12.5GHz.
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Figure 3. Simulation environment of the concerned cell.
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Figure 4. Phase responses versus frequency for Le=12mm, e,=2.17, h=4mm.



IV. EQUIVALENT ELECTRICAL CIRCUIT MODEL

In [9], it has been demonstrated the interest of the
equivalent circuit approaches to overcome the problems of
computation time and storage memory in electromagnetic
simulations. Here, in order to make the optimization process
more efficient, an equivalent circuit for the cell is proposed. In
the first part of the cycle, the cell (metallic cross) is
represented by a LC series circuit with a dominant capacitive
effect below its resonant frequency (see Fig. 5.a). In the
second part of the cycle, the cell (square aperture) is
represented by a LC shunt circuit with a dominant inductive
effect below its resonant frequency (see Fig. 5.b). It can be
modeled with an admittance Y representing the cross or the
square aperture, shunted by a short-circuited transmission line
representing the dielectric substrate backed by the ground
plane (see Fig. 6). The short-circuited line can be modeled
with the admittance Yy given in (1) where Zc is the wave
impedance in the dielectric substrate.

1

B j.Zc.tan (B.h) M

YIN

The values of the L and C elements in Fig. 5 are calculated
for different combinations of the geometrical parameters (w,
Lc). To do so, the cell is first simulated using HFSS® with
two ports (portl as in Fig. 3 and port 2 replacing the ground
plane) and its admittance matrix is computed. Then this matrix
is exported into Agilent commercial circuit simulator ADS®
where the equivalent LC circuit (either series or shunt) is
synthesized. This approach is repeated for four different
values of Lc¢ (12mm, 10mm, 8mm and 6mm) and the
corresponding values of L and C are determined. These values
are represented as charts in Fig. 7-10.

C, —|

C,—
L,
a)

Figure 5. (a) Cross Capacitive effect. (b) Aperture Inductive effect.
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Figure 6. Equivalent electrical circuit of the cell with short-circuited
transmission line.
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Figure 9. Capacitance C, of the shunt resonance.
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Figure 10. Inductance L, of the shunt resonance.



V. CELL’S OPTIMIZATION

An efficient optimization process using the equivalent
circuit can now be conducted in order to find the best
compromise between Lc and 4 with regards to the indicators
proposed in section III. These indicators are evaluated for each
cell size Lc, for all correponding (L, C) couples and for
different thicknesses / of the substrate.

The optimization shows that a good compromise of the
criterion is fulfilled for a substrate thickness of A,/6
(h=2.71mm) and for Lc=10mm. The result, validated with
HFSS®, is illustrated in Fig. 11. The phase range provided at
12.5GHz is 330° with 36°/GHz as a maximum dispersion.
Furthermore, the frequency dispersion is maintained below
45°/GHz from 10GHz to 18GHz providing 57% of bandwidth.
A largest phase range could be provided with a thinner
substrate thickness A, but that would be detrimental to the
dispersion at the central frequency and to the bandwidth.

We should note that most of the phase range is provided
with the capacitive effect of the cross due to the fact that the
substrate thickness / is below A,/4 which results in pushing the
phase-frequency charcteristics toward higher frequencies.
Almost 250° is covered with the increase of the cross size 2w,
and the complementary 80° is covered with the increase of the
square aperture size (decrease of the grid width w).
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Figure 11. Phase versus frequency for Lc=10mm, ¢,=2.17, h=2.7 Imm.

VI. CONCLUSION

A new passive reflectarray phase-shifting cell is presented
in this paper. Its main interest lies in its geometrical topology
which evolves from a capacitive cross element to an inductive
square aperture element providing a capability to loopback to
the initial state after an almost 360° cycle. A complete analysis
of the cell has been presented and an equivalent electrical
circuit has been used in order to perform a fast optimization.
For a 10mm cell printed on a substrate of 2.71mm thickness
and 2.17 dielectric constant, the phase range provided at
12.5GHz is 330° with 36°/GHz as a maximum dispersion.
Moreover, due to the fact that we operate far from the
resonance of the elements, the dispersion is maintained lower
than 45°/GHz on a 57% bandwidth, from 10-18GHz.
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