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Abstract—This letter investigates a novel bandwidth improve-
ment method, which combines the multilayer approach with the
subwavelength element technique. A new definition of phase error
has been introduced to quantitatively analyze the performance of
the reflectarray elements. It is shown that double-layer subwave-
length elements exhibit a superior phase performance across the
band, namely an increased phase range and a reduced phase error
over frequency. Numerical analysis is then performed to calculate
the bandwidth of reflectarray antennas using these elements, where
the practical fabrication tolerances at high frequencies are consid-
ered. Finally, a 1-dB gain bandwidth of 19.1% has been demon-
strated for a double-layer -band reflectarray using elements
with a periodicity of �.

Index Terms—Bandwidth, broadband, double-layer,
reflectarray, subwavelength.

I. INTRODUCTION

S INCE the late 1980s, microstrip reflectarrays have
emerged as a new generation of high-gain antennas for

long-distance communications. They combine the numerous
advantages of both printed arrays and parabolic reflectors and
create a low-profile, low-mass, and low-cost antenna [1], [2].
Despite these advantages, the reflectarray antenna suffers from
the major drawback of printed antenna structures: an inherently
narrow bandwidth. Various approaches have been implemented
to improve the bandwidth of the reflectarray antenna, such as
multilayer structures [3], [4], single-layer multiresonant de-
signs [5], and aperture coupled lines [6]. A different technique
for broadband design that has recently been introduced is by
using subwavelength elements instead of the conventional

elements [7]–[10]. A main challenge in subwavelength
design is the fabrication tolerance of patch sizes at high fre-
quencies, mainly the minimum gap size, which reduces the
phase range of the reflectarray elements. By integrating mul-
tilayer elements into subwavelength unit-cells, one could take
advantage of both broadband techniques. Another advantage of
combining multilayer configurations with the subwavelength
technique is that the phase range of the elements can be im-
proved with the same fabrication tolerance.
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Fig. 1. Geometry of single-layer and double-layer reflectarray phasing
elements.

In this letter, we investigate the feasibility of designing a
broadband reflectarray antenna using double-layer subwave-
length elements with variable size. A new definition of phase
error is introduced to analyze the phase performance of the
reflectarray elements. The effect of the fabrication tolerances
on the phase performance of the reflectarray elements is consid-
ered in the analysis. Compared to a conventional single-layer
half-wavelength reflectarray design, the double-layer sub-
wavelength elements show a significant improvement in phase
performance across the band. It is demonstrated that by using
double-layer elements with a periodicity of , the 1-dB gain
bandwidth of the reflectarray antenna can be increased by more
than 80%.

II. PHASE RANGE OF REFLECTARRAY ELEMENTS

Conventionally, the phasing elements of reflectarray antennas
are designed with unit-cell size in the order of . This near-
resonance operation of the phasing elements is the main reason
for the narrowband performance of the reflectarrays. It has been
shown that the narrowband effect associated with conventional

unit-cells can be avoided by using subwavelength elements
that can realize a similar S-shape reflection phase response [11].
Although there is no theoretical limit on using smaller unit-cells
in reflectarray designs, the fabrication tolerance of the patches
becomes a critical factor at high frequencies. In particular, since
most of the reflection phase range occurs for patches with very
thin gaps, the fabrication tolerance of the gap sizes controls the
smallest unit-cell dimensions that can be etched reliably.

To study the effect of the minimum gap size on the phase
range of elements, we consider -band reflectarray elements
using variable patch sizes as shown in Fig. 1. The phase ranges
of these elements with different unit-cell periodicities are ob-
tained using Ansoft Designer [12], and the results are summa-
rized in Table I. It is worthwhile to point out that the reflec-
tion characteristics are angle-dependent, and oblique incidence
needs to be considered. Our simulations have shown that for the
reflectarray elements in Fig. 1, the normal incidence can present
good approximations for incidence angles up to 30 . Thus, the
results presented in this letter are based on normal incidence
approximation. It can be seen that for most single-layer designs
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TABLE I
PHASE RANGE OF REFLECTARRAY ELEMENTS AT 32 GHZ

with a very small gap size (0.001 mm) between the elements, a
sufficient phase range (typically around 300 ) can be achieved.
However, practical fabrication tolerance limits the achievable
phase range of elements. The minimum gap size of 0.1 mm used
in practical designs is based on the fabrication capabilities of
our LPKF ProtoMat S62 milling machine. For these -band
elements, reducing the unit-cell size from to results in
almost 200 loss of phase range. Furthermore, the limited fab-
rication tolerance of the patch sizes will also increase the phase
quantization errors within the above phase range. As a result, re-
flectarrays designed using single-layer subwavelength elements
will show significant phase errors that degrade the antenna per-
formance. In other words, the bandwidth improvement achieved
by means of subwavelength elements will be accompanied by a
reduction in antenna gain, which is undesirable.

Another broadband technique that has received considerable
attention is the use of stacked patches [3], [4]. This multires-
onance design can increase the phase range of the elements
and improve the slope linearity of the phase curve. By inte-
grating multiresonance elements with subwavelength unit-cells,
we can take advantage of both broadband techniques. In ad-
dition, the phase range of the elements can be improved with
the same fabrication tolerance. Comparing the phase range of
single- and double-layer designs in Table I, it is observed that the
double-layer designs can increase the achievable phase range of
the elements as expected. The maximum element loss (including
both dielectric and ohmic losses) is less than 0.2 dB in all de-
signs studied here. It is important to point out that as the unit-cell
size decreases, the reflection loss decreases for both single- and
double-layer designs. In addition the double-layer designs have
a relatively smaller loss than the single-layer designs.

It should be noted that for double-layer designs, the top patch
size is usually considered to be a fraction of the lower patch
size. Our parametric analysis showed that for the unit-cell pe-
riodicities studied here, a ratio of provided a suf-
ficient phase range. This ratio is used throughout this letter for
the double-layer designs.

III. FREQUENCY BEHAVIOR OF PHASING ELEMENTS

A. Phase Requirement in Reflectarray Design

The required phase shift of reflectarray elements is designed
to compensate the spatial phase delay from the feed horn to that
element so that a certain phase distribution can be realized to
point the beam at a specific direction as shown in Fig. 2. The
reflection phase for the th element is calculated as

(1)

Fig. 2. Geometry of a reflectarray antenna.

The constant phase indicates that a relative reflection phase
rather than the absolute reflection phase is required in the reflec-
tarray design.

Reflectarray elements are usually designed to satisfy the
above required phase at the targeted center frequency. How-
ever, as the frequency changes, the reflection phase of array
elements will also change. In other words, (1) is satisfied at the
center frequency , but does not hold at other frequencies.
This will introduce phase errors in the array that result in
pattern deterioration, gain reduction, and ultimately bandwidth
limitations of the antenna.

B. Phase Error on a Reflectarray Surface

Theoretically, the relative phase requirement on an array sur-
face can be calculated with respect to any element in the array.
However, since the feed in most reflectarray designs is pointing
to the geometrical center of the array, we consider this point as
the reference for phase calculations. The general formula for an
ideal phase relation is defined as

(2)

Since the center element is used as the phase reference,
. The relative phase error for the th element in the array

with respect to the center of the array can then be calculated as

(3)

This definition of phase error on the array surface takes into
account the relative phase requirements for every element of the
array for general array geometry and beam direction.

To quantitatively analyze the performance of the phasing
elements, we consider a practical example of a -band re-
flectarray. A circular aperture reflectarray with a diameter of
159 mm is designed for the operating frequency of 32 GHz to
generate a beam in the direction of . The
offset feed horn position is mm, mm,

mm based on the array coordinate system in
Fig. 2. For the horn model used in this study, the power of the
feed radiation pattern varies linearly from 5 at 30 GHz to 8.3
at 34 GHz [8].

From the system design specifications, the location of all the
array elements, the required element phase shift, and the il-
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Fig. 3. Phase error on the reflectarray surface at 30 GHz: (a) single-layer ���
elements; (b) double-layer ��� elements.

lumination on the array surface can be calculated. The patch
dimensions for all single- and double-layer configurations are
then determined from the unit-cell simulations at the center de-
sign frequency of 32 GHz. From these patch size dimensions,
the frequency behavior of the elements reflection phase are ob-
tained across the band. Then, phase errors on the array sur-
face are calculated at any specified frequency using (3). At the
center frequency of 32 GHz, according to the design proce-
dure, the phase error on the reflectarray surface is zero. At an
off-center frequency of 30 GHz, Fig. 3 shows the phase error
distribution on the reflectarray surface for a single-layer de-
sign with a unit-cell periodicity and a double-layer de-
sign using unit-cell periodicity. The maximum phase error
for the single-layer design is 70.47 , while this error is
21.16 for the double-layer design. It can be seen that the
double-layer phasing elements with unit-cell periodicity
show a much smaller phase error over the reflectarray aperture.
Similar results were observed at different frequencies across the
band.

C. Average Phase Error of a Reflectarray Antenna

While the surface phase error defined in Section III-B gives
an insight on the phase performance of the reflectarray elements,
the feed illumination on the array surface is a considerable factor
in determining the effect of the elements phase error on the

Fig. 4. Average phase error of the reflectarray antenna as a function of fre-
quency for single- and double-layer elements.

reflectarray bandwidth. The illumination of a reflectarray an-
tenna is calculated using the normalized radiation pattern of
the feed horn simulated as a function, which is the
widely adopted model to approximate practical feed patterns.
The weighted phase error is defined as the product of
the phase error and the normalized array illumination, i.e.,

(4)

The average phase error of a reflectarray antenna is then defined
as

(5)

Here, is the number of phasing elements of the reflectarray
antenna. The average phase error defined here provides a single
phase error number for any reflectarray system at every fre-
quency. Using this definition, it is possible to compare the per-
formance of reflectarrays designed with different element de-
sign methods. These results are given in Fig. 4 for four reflectar-
rays designed with single- and double-layer phasing elements.

These results clearly demonstrate that the reflectarray de-
signed with double-layer subwavelength elements has the best
performance. A significantly reduced phase error is observed
across the band, which would result in a notable bandwidth
improvement of the antenna.

IV. REFLECTARRAY ANTENNA ANALYSIS

The antenna’s radiation pattern is computed using the 2-D in-
verse Fourier transform of the aperture electric field distribution
as described in [2], through which the gain bandwidth of the re-
flectarray antenna can be determined. The calculated gain here
includes the spillover losses and the element losses in the re-
flectarray. In addition, the frequency behavior of the feed horn
pattern and elements reflection characteristics are implemented
into this calculation routine. Due to the limited phase range of

-band elements with a periodicity of (Table I), only
and elements are studied here for the reflectarray gain com-
parison. The gain versus frequency is given in Fig. 5 for the re-
flectarray system described in Section III using different phasing
elements.
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Fig. 5. Gain versus frequency for single- and double-layer reflectarrays using
��� and ��� elements.

TABLE II
BANDWIDTH PERFORMANCE OF REFLECTARRAY ANTENNAS

From these results, it is clear that a subwavelength double-
layer reflectarray shows a significant improvement in bandwidth
where the bandwidth has been increased by more than 80% in
comparison to a conventional single-layer half-wavelength de-
sign. The results are summarized in Table II. Comparing the an-
tenna gain at 32 GHz, it is also observed that for both unit-cell
sizes, going from single-layer to double-layer increases the an-
tenna gain by about 0.1 dB. This increase in antenna gain is
mainly due to the fact that double-layer designs have a smaller
reflection loss.

This letter provides numerical investigation on designing
broadband reflectarray antennas using double-layer subwave-
length patch elements. Due to our lack of measurement facilities
for the entire frequency band of the double-layer subwavelength
reflectarray, we cannot provide experimental verification at
this time. However, it is worth mentioning that our numerical
approach used for the bandwidth study has been confirmed by
successful fabrication and experimental verification [8], [13] of
reflectarrays that fall into the available frequency range of our
facilities (30–34 GHz).

V. CONCLUSION

The idea of combining two different broadband techniques
for bandwidth improvement of reflectarray antennas has been
demonstrated in this letter. The multilayer approach is com-
bined with the subwavelength technique to increase the band-
width of the antenna while considering practical fabrication tol-
erances. A new definition of phase error has also been intro-
duced, which can quantitatively evaluate the phase performance
of the reflectarray elements across the frequency band. It is
shown that double-layer subwavelength reflectarray elements
can achieve a significant improvement in phase performance,
namely an increased phase range and a reduced phase error over
the frequency band. The gain bandwidths of reflectarray an-
tennas using single- and double-layer elements with half-wave-
length and subwavelength unit-cells are also investigated. A

-band reflectarray with a 1-dB gain bandwidth of 19.1% has
been demonstrated using double-layer elements with a period-
icity of .
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