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Abstract—In this paper, phase and patterns characteristics
of a sub-wavelength broadband reflectarray (RA) unit
element are propounded. The unit element consists of
triple concentric circular-rings on the Rogers 4003
substrate (H) that provide a nearly 615° linear phase
range. To obtain a phase curve with a lower slope, a
3 mm thick Foam (H.) is used and backed by a ground
plane. A complete investigation analysis has been done
to study the phase and patterns characteristics of the
proposed sub-wavelength RA unit element. Results
indicate that not only the incidence angle alter the element
reflection phase, but also for oblique incidence, the
element pattern deforms. It is shown, for sub-wavelength
elements the combined effects of the mentioned factors
are less severe.

Index Terms — Broadband, concentric rings, patterns
characteristics, unit element.

L. INTRODUCTION
A microstrip RA antenna consists of an array of
microstrip patches and an illuminating feed antenna
[1]-[3]. In the design of RA antenna, one of the most
important issues is to achieve a phase shift of more than
360° to insure the required phase compensation.
Different variations of phasing methods for a microstrip
RA have been introduced. These include multilayer
stacked patches [1], aperture coupled designs [1] and

single layer multi-resonant elements [2].

II. DEISGN & CONFIGURATION

The layout of the proposed unit element is displayed
in Fig. 1. The phase-shift mechanism is obtained by
variation of diameter of rings. It consists of three
concentric circular rings, where the radius of inner side
of the ring is equal to the radius of the outer side of the
ring multiplied by the factor of K;. These elements are
etched on a substrate with permittivity (e;) of 3.55 and
thickness (H2) of 0.813 mm. An element spacing of 15
mm (0.5 A at 10 GHz) is used to avoid grating lobes. To
obtain a smoother phase curve, a Foam gap (H:=3 mm)
is considered between the substrate and the ground plane
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[4]. All the optimized parameters are specified as follows:
K1=0.25,K;=0.4, K3=0.55,Ks=0.7, Ks =0.85, D = 2R.

Fig. 1. Geometry of the triple concentric circular-rings.

In [5] and [6], four parameters presented to
investigate the element efficiency. In this paper, we
further dig into the range (w) and variation (B) of the
reflection phase that affects the directivity [1]; the
sensitivity to fabrication tolerances (o) that affects the
quantization errors [3]; and the phase variation rate
versus frequency of the phase curve relative to the RA
elements (a, dispersion [2]) that influences the gain
bandwidth [6]. In this work, the polarization of the
incident and reflected waves are the 6-polarized, that
have the electric fields parallel to the plane of incidence
(x-z plane) with Ex and E, components and the magnetic
field transverse to it (TM case) [7]. The mode to consider
this scanning is the TMgo mode which is the zeroth-order
Floquet modes and, therefore, the conventional plane
wave [1].

In Fig. 2, the phase responses are plotted for A/2
unit-element. Figure 2 (a) shows that incorporating of
multi-resonance elements eases to reach wide range
phase. Here, the bandwidth of the designed RA element
is defined based on the evaluation of the frequency range
by normalizing all the curves with respect to the central
frequency (10 GHz), apart from a margin error Ay which
equals to +45° [5]. As it can be observed, the resulting
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bandwidth is equal to the value of about 6%, where
the lower (9.7 GHz) and upper (10.3 GHz) bounds of
bandwidth can be identified by dashed lines on Fig. 2 (c).
Also, the bandwidth can be obtained by the frequency
range within which all the phase curves computed for
different values of the element size D are almost parallel

[6].
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Fig. 2. The reflection phase characteristics of the A/2
unit-element: (a) v, (b) o, (¢) B, and (d) a.

III. RESULTS & DISCUSSION
All elements in the RA must have proper spacing

between adjacent elements in order to avoid the grating
lobes in the radiation pattern. The element spacing
should be governed by the following conventional array
equation [1, 8]:

d 1

—_—

A~ \[e, +sing
where d is the element spacing or unit cell size, & is the
relative dielectric constant and 0 is either the incident
angle from the feed or the main beam tilt angle from the
broadside direction, whichever is larger. A is the free-
space wavelength of the highest frequency in the
application. Offset-fed reflectarrays are more prone to
grating lobe formation, in case the element spacing is
much larger than 0.5 Ao.
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Another fundamental scanning property typical of
phased arrays is known as scan blindness. It is caused by
the resonance phenomenon that occurs when surface
waves are excited in synchronism with the Floquet
modes of the periodic structure [9]-[10]. Scan angle
depends on the substrate thickness, the substrate relative
permittivity and the inter-element spacing. The scan
blindness occurs before the onset of the grating lobe,
requiring the re-calculation of the element spacing to
maintain keeping the scan blindness out of the required
scanned area. The presence of the TM, surface wave
causes scan blindness only in the E-plane [10]. The
approximate angle at which scan blindness occurs is
closer to broadside by the angle 65, where

Oy =sin™ (ﬂﬂ—l], (2
Ky

where 0 is the difference in angle between the onset of
the grating lobe (1) and scan blindness, Bsw iS the
propagation constant of the surface wave TMy, and Ky is
the free-space propagation constant. The value of the
propagation constant for the dominant surface wave
mode, TMy, in a grounded-dielectric substrate, is given
by the first root of the function Tw(B) [9]. The
implication of the phenomenon of scan blindness is to
force a re-calculation of the element spacing, such that
the scan blindness is out of the required scan area.

To improve the gain bandwidth of the structure [6,
11] and lower quantization phase error [3], sub-
wavelength unit elements have been presented that have
sizes and periodicity below the typical A/2 spacing. In
Fig. 3, the phase response is plotted for A/4 unit-element.
It is evident (Fig. 3 (a)) that the achievable reflection
phase range decreases with spacing reduction. It is
noticed in Fig. 3 (b) that the phase curves feature more
linear behavior and are less sensitive to the size variation
with the decrease of the element spacing [11]. Therefore,
a good manufacturing tolerance is expected to be
obtained with sub-wavelength elements. An impressive
bandwidth improvement, from 6% to 13% around the
design frequency f,=10 GHz, is observed when
decreasing the inter-element spacing from 0.5, to
0.25A,. Notice also the obvious similarity between the
sensitivity to size (Fig. 3 (b)) and frequency dependency
of dispersion (Fig. 3 (d)) in sub-wavelength element,
confirming that dispersion and fabrication tolerance are
deeply associate quantities. There is a similar lower
sensitivity to the incidence angle of the incoming wave
for the reduced spacing, as can be gleaned from Figs. 4
(a) and (b), which apply to the @inc = 0° case. The A/2
spacing case in Fig. 4 (a) is more dependent on the value
of the Binc than the reduced spacing A/4 case in Fig. 4 (b),
for large incidence angles [7].

Figures 5 (a)-(c) show the element patterns
characteristics for different values of inter-element
spacing at different frequencies. It can be seen that the
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variations of element patterns for H-plane (y-z plane) are
larger than E-Plane (x-z plane) case. Clearly, such
variations are smaller for sub-wavelength RA elements
than half-wavelength ones. It can be gleaned from Fig.
5, that the element pattern at H-plane for sub-wavelength
case is more dependent on the value of the frequency.
This observation stems from the fact that at frequencies
below 10 GHz (the center-frequency), like 9 GHz, the
element spacing becomes a smaller fraction of the
wavelength compared to what it is at 10 GHz.
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Fig. 3. The reflection phase characteristics of the A/4
unit-element: (a) v, (b) o, (¢) B, and (d) a.

Figures 6 (a)-(b) show the element patterns
characteristics for different values of inter-element
spacing at different oblique incidence angles. It is
immediately noticed that there is a narrowing of the
element beamwidth when 6i, increases from zero.
Furthermore, the element pattern becomes deformed.
Both beamwidth narrowing and deformation effects
become less severe for the sub-wavelength Iattice
situation, therefore, one more reason for the superior
behavior of sub-wavelength reflectarrays. The element
patterns are important both from the point of view of
coupling of the feed field to the elements, and the
reradiated field from the elements [7].

The current amplitude distribution in the substrate
region below the ring elements, at different frequencies
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is displayed in Fig. 7, when it is excited by an x-pol plane
wave at normal incident angle for the element with
different inter-element spacing. It can be noticed that the
intense resonation occurs alongside the gap between the
inner and outer rings [12]. In [12], it is shown that these
radiating edges act as secondary sources and reradiates
the required reflection phase. It is also observed that at
A/2 unit elements these currents are more dominant than
at M4 sizes which indicates that the sub-wavelength unit
elements have lower loss and more total performance
[11-12].
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Fig. 4. The reflection phase characteristics at 10 GHz: (a)
M2 unit-element, and (b) A/4 unit-element.
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Fig. 5. Element patterns for different inter-element
spacing: (a) 9 GHz, (b) 10 GHz, and (c) 11 GHz.

IV. CONCLUSION
In this paper, a sub-wavelength broadband RA
unit element based on triple concentric circular-rings
is evaluated. A complete investigation has been done



to study the phase and patterns characteristics of the
proposed sub-wavelength RA unit element for oblique
incidence angles. It is shown that the incidence angle
alters the element reflection phase and the element
patterns, but for sub-wavelength elements these effects
are less intensive.
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Fig. 6. Element patterns for different &,,.: (a) A/2 unit-
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Fig. 7. Current distribution for normal incidence at: (a)
9 GHz, (b) 10 GHz, and (c) 11 GHz.
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