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Abstract—A new reflectarray configuration is proposed for low-loss
applications at millimeter waves. It is based on the use of dielectric
resonator antennas (DRA) as radiating unit-cells. The phase response
of the elementary cell is controlled by adjusting the length of a parasitic
narrow metal strip printed on the top of each DRA. A 330° phase
dynamic range is obtained for DRAs made in rigid thermosetting
plastic (¢, = 10). As the antenna radiating aperture is non flat,
an original low-cost fabrication process is also introduced in order
to fabricate the parasitic strips on the DRA surface. A 24 x 24-
element array radiating at broadside has been designed at 30 GHz
and characterized between 29 and 31 GHz. The antenna gain reaches
28.3dBi at 31 GHz, and the measured —1 dB-gain radiation bandwidth
is 5.2%. The 3.2dB loss observed between the measured gain and
theoretical directivity is mainly due to the spillover loss (2.3dB). The
total dielectric and conductor loss is less than 0.9dB.
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1. INTRODUCTION

A reflectarray antenna combines some of the best features of phased
array antennas and reflector antennas [1-3]. It usually consists of
a planar array of unit-cells illuminated by a horn-like primary feed.
The power captured by each unit-cell is then re-radiated with a
given phase. By varying the geometrical or electrical parameters of
each cell, the required phase delay can be obtained for tilting or
scanning the beam in a given direction. Many advanced prototypes
with contoured beam coverage [4], multiple shaped beam radiation
patterns [5], broadband operation [6-9], reconfigurable capabilities [10—
13], and low profile [14, 15] have been proposed over the last decade [16].

In particular, many different configurations have been investigated
so far in single or multilayer microstrip technology since this leads
to low-cost and simple manufacturing processes. Nevertheless, at
millimeter waves, the conductor loss become serious and the antenna
efficiency may be reduced significantly due to ohmic and surface wave
loss.

To overcome this potential constraint, dielectric resonator
antennas (DRAs) have been proposed due to their interesting features
such as low losses, broad bandwidth, small mutual coupling and
higher radiation efficiency compared to microstrip antenna [17,18]. In
addition, the beamwidth of DRAs is usually larger than patches, which
makes them more suitable for scanning arrays. To our best knowledge,
the only prototype of DRA-based reflectarray found in the literature
has been implemented in Ka-Band [19]. It has also been used as a
benchmark test-case to validate full-wave analysis of DRA reflectarray
in [20]. In that design, the required phase delay was achieved by
varying the DRA length itself. As a consequence, the corresponding
reflectarray was made of DRAs with different sizes, leading to a rather
complex fabrication process.

We have proposed recently an alternative solution using a strip-
loaded DRA wunit-cell [21,22]. The main idea is to tune the phase
of the reflected field by varying the length of the narrow metal strip
printed on the top of each dielectric resonator, instead of changing
the DRA dimensions. This concept has been validated experimentally
using waveguide simulators for unit-cells in C-band [21,22] and the
numerical design of the overall reflectarray has been studied in part
in [21-23]. Here, we investigate the capabilities of this new strip-loaded
DRA unit-cell with the introduction of a residual substrate layer for the
ease of monolithic fabrication. A whole reflectarray is then designed
and characterized in Ka-band (Figure 1).

This paper is organized as follows. First, the geometry and
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Figure 1. Proposed DRA reflectarray. The reflectarray is illuminated
by an offset linearly-polarized pyramidal horn antenna in E plane. The
unit-cell is a strip-loaded DRA (Figure 2). The reflectarray has been
designed so that it radiates at broadside.

performance of the proposed unit-cell are described in Section 2 at
30GHz. Then, sensitivity tests are carried out, and an original
manufacturing process allowing the fabrication of metal strips on
a corrugated surface is introduced in Section 3. The radiation
characteristics of the proposed reflectarray are discussed in Section 4.
Finally conclusions are drawn in Section 5.

2. DRA UNIT-CELL

The proposed DRA unit-cell is represented in Figure 2. It consists
of a square DRA mounted on a metal ground plane. A metal
strip (Wirip X Lgirip) made of silver thin film (¢ = 1.1um, o449 =
6.3 x 107 S/m) is printed on the DRA top surface: its serves as a
tuning element to control the phase of the reflection coefficient Si;.
As we only consider here linear polarization, the strip is parallel to
the incident electric field E'¢; its length is adjusted to control the
resonant frequency of the fundamental TE,11; mode and consequently
the reflected phase at the operating frequency. Therefore, all DRA
unit-cells have the same dimensions, which simplify substantially the
fabrication process. In addition, a thin residual dielectric layer of
thickness Hgyp is kept under the DRA (Figure 3). Consequently all
elements are fabricated simultaneously from a single block of dielectric
material using a standard milling machine, resulting thereby in a
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Figure 2. 3-D view of the proposed unit-cell (¢ = 5mm, Hgy, =
0.6mm, Lgr, = 2.7mm, Wy = 0.3mm, Heyp = 0.2mm.  Lgyqp
varies from 0.7 to 2.1 mm).
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Figure 3. Use of a thin residual layer (of thickness Hg,;) below the
DRA for monolithic fabrication.

monolithic reflectarray. The dielectric material used in this work is a
rigid thermosetting plastic from Emerson & Cuming (HiK™, ¢, = 10,
tand = 2 x 1073). The thickness of the residual layer has been
optimized (Hg,p = 0.2mm) to guarantee the mechanical robustness
of the structure without disturbing the operating mode of the DRA.

The electromagnetic simulations of the unit-cell have been
performed using HFSS™ software, assuming an infinite periodic array
with an impinging plane wave under normal incidence. The unit-
cell is a square of edge a = 5mm (i.e., half a wavelength in free
space at the center frequency 30 GHz). The DRA has a square base
(Lgrq = 2.7mm) and its height equals Hg., = 0.6 mm. The reflection
coefficient in phase and magnitude is represented in Figure 4 versus
the strip length Lgtyip (0.7mm < Lgp < 2.1 mm) at three frequencies
(29, 30 and 31 GHz). The corresponding phase range reaches 330°,
which is suitable for many applications and compatible with standard
quantification errors. The total dielectric and conductor loss is less
than 0.6 dB at all frequencies.



Progress In Electromagnetics Research B, Vol. 25, 2010 265

180 1—
150 pomasan- L

——

120 s
90 S
60 -
30 SAVAY
0 ! \ \
-30 L\

-60 ‘\ \
90 AWAY
-120 S

-150 NS

Phase of S1; (dgree)

180 :
0708091 1.112131415161.71.819 2 2.1

L s¢rip (mm)
(a)
0 R e IO e

—_ ~ e Py -
% '01 \\\ \ ‘\ }', /
~ \ \ 4 4
=02 \\ \\ I’ "
<) L VA
S -0.3 \ A 1
Q 04 “ LY .‘
i Y
£ ]
= -0.5 x
? \’,\ \ ]
< 06 v

-0.7
0708091 1.11.2131415161.71.819 2 2.1
Lstrip (mm)

(b)

Figure 4. Characteristics of the strip-loaded DRA unit-cell at
different frequencies under normal incidence (simulation results). (a)
Phase of S11. (b) Amplitude of Sj;. Black dashed line: f = 29 GHz.
Black solid line: f = 30 GHz. Grey dashed line: f = 31 GHz.

3. DRA REFLECTARRAY: DESIGN AND MONOLITHIC
FABRICATION

3.1. Proposed Reflectarray

A 24 x 24 element prototype has been designed at a single frequency
(30 GHz) to radiate at broadside (z-axis in Figure 1). It is illuminated
by a reduced size light-weight horn antenna fabricated by electrical
discharge machining. The horn is located in the FE-plane of the
reflectarray (yOz plane in Figure 1) with a 30° offset from the normal
to the radiating surface; its radiating aperture equals 24 x 10 mm?2.
The F/D ratio is set to 0.8 (F = 96mm, D = 120 mm); this choice
provides a satisfactory trade-off between feed blockage, spillover loss
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and aperture efficiency as explained in [24]. Under these conditions,
the edge taper illumination at 30 GHz varies between 6 dB and 5.5dB
in E-plane, and equals 13dB in H-plane (zOz plane).

The suitable strip lengths of the unit-cells at 30 GHz are
determined according to Figure 4(a) so as to provide a nearly-uniform
phase distribution over the radiating aperture plane.

3.2. Sensitivity Study

At millimeter waves the manufacturing tolerances are critical. They
must be assessed and controlled accurately to minimize possible
distortions in the radiation performance. A systematic sensitivity
analysis has been carried out for all geometrical parameters defining
the unit-cell. It appears that the strip length (Lgp) and DRA height
(Hgrq) are among the most critical parameter to be controlled during
fabrication. As an illustration, the impact of L, deviations on the
reflectarray co-polarization components is analyzed first in Figure 5(a)
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Figure 5. Impact of systematic deviations: (a) (ALgyip) on Lgprip
and (b) (AHgq) on Hg,q values upon the co-polarization components
at 30GHz. Grey dashed line: ALgyip, AHgrq = —0.2mm. Grey
line: ALgtprip, AHgrq = —0.1mm. Black dashed line: ALgyp,
AHgrq = +0.2mm. Black line: ALgyip, AHgrq = +0.1mm. Black
line with triangles: nominal value of Lyt and Hgye. (i) E-plane,
(ii) H-plane.

in F- and H-planes. This study is done for an extreme situation where
all strip lengths exhibit simultaneously the same error ALg;,. The
radiation patterns are computed using the standard array theory by
taking into account the frequency response (Figure 4) of each unit-cell.
This figure shows that the side lobe level (SLL) rapidly increases when
Lygirip is different from its nominal value. To keep SLL lower than
—15dB, L deviations should be less than 4-0.1 mm; according to
Figure 4(a), this corresponds to maximum phase error equal to £90°.
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Table 1. Sensitivity study.

Parameters Tolerance ranges to keep
the SLL lower than —15dB
Lgirip —0.1 to 0.1 mm
Hup —0.2 to 0.2mm
Wistrip —0.1 to 0.1 mm
Ly —0.2 to 0.2mm
Hirg —0.1 to 0.1 mm
MisX —0.2 to 0.2mm
MisY —0.2 to 0.2mm

The same procedure is done for the impact of Hg,., in Figure 5(b). The
same conclusions as for Lg;,;, deviations are achieved here: Hg,, has to
be less than 0.1 mm in order to keep SLL lower than —15 dB. Additional
sensitivity studies have been also carried out to investigate the effects
of the strip width (Wgyp), the residual layer thickness (Hsyp) and
the DRA length (Lgq), as well as the impact of strip misalignment
along x- and y-axes (MisX, MisY ). In each case, the maximum SLL
is limited to —15dB. The resulting tolerance ranges for all parameters
are summarized in Table 1. This table shows that, besides L, and
Hg,q, extra attention on the fabrication accuracy of W, should be
taken since the tolerance ranges are very critical (£0.1 mm).

3.3. Fabrication Process

The proposed fabrication process consists of two steps: mechanical
machining of the dielectric material (Figure 6(a)), and evaporation of
the metal strips on the DRA (Figure 6(b)).

Due to limitations in weight and size inside evaporation chamber,
the reflectarray panel has been divided in 9 modules, each module
consisting of a 8 x 8 DRA sub-array. These modules are first glued on
metal holders and assembled to be milled and polished all together.
Once the DRA modules fabricated, each one is metallized individually.
To this end, an original metallization process has been implemented
to fabricate metal patterns on non flat surfaces. The strips are made
of 1.1 um-thick silver film, selected for its high conductivity. They
are deposited by evaporation technique through a Kapton shadow
mask in direct contact with the DRA top surface. This stencil is
made of a polyimide sheet (15 pm-thick) glued on an aluminium grid.
Rectangular apertures are etched in the Kapton mask by KrF laser
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Figure 6. Fabrication process of the DRA reflectarray.

Figure 7. Final prototype after assembly.

(120 shots per aperture; fluence 1.5J/cm?). The accuracy of strip
dimensions is about +65 um, which is within the tolerance ranges of
Ltrip errors discussed in Section 3.2. The final prototype of the DRA
reflectarray is shown in Figure 7.

4. EXPERIMENTAL RESULTS AND DISCUSSIONS

The gain of the reflectarray has been measured by the comparison
method using a 20dBi standard horn. It is represented in Figure 8.
It reaches its maximum value (28.3dBi) at 31 GHz, which suggests
a 1GHz shift of the operating frequency. This frequency shift is
due to the cumulative effects of fabrication errors and assumptions
in the modelling (especially periodic boundary conditions and normal
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Table 2. Measured characteristics of the reflectarray.

Central frequency 31 GHz
—1dB gain frequency bandwidth | 30.1-31.7 GHz
—1dB gain fractional bandwidth 5.2%
Beam tilt (E-plane) 0.7°
Measured gain 28.28 dBi
Cross-polarization level < —30dB

incidence. Comparison with the antenna peak directivity shows an
overall 3.2dB difference between the measured gain and computed
directivity. This mainly comes from spillover loss (about 2.3dB) due
to the small size of the prototype and broad radiation pattern of the
feed horn. The remaining 0.9 dB loss corresponds to the dielectric and
conductor loss in the DRA (about 0.6 dB from simulations) and phase
discrepancy in the fabrication process. The main features of the DRA
reflectarray are summarized in Table 2.

The co-polarization components measured at 31GHz are
represented in Figure 9. A satisfactory agreement is observed between
simulations and measurements especially in the main beam. The full
half-power beamwidths (HPBW) are almost equal in measurements
(5.05° and 5.25° in E- and H-planes respectively) and calculations
(4.7° and 5.2° in E- and H-planes respectively).
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Figure 9. Co-polarization components at 31 GHz. Comparison
between measurements (solid line) and array theory (dashed line).

The 3D amplitude patterns measured in co- and cross polarization
are given in Fig. 10 at 29, 30 and 31 GHz for elevation angles varying
between —45° and 45°. A slight beam tilt (less than 0.7°) is observed
in E-plane when frequency increases. Except the significant specular
reflection (—11dB) observed in E-plane at 29GHz for elevation
angles ranging from 20° to 45° (Figure 10(a)), the SLL remains
smaller than —15dB and —12dB in F-plane and H-plane, respectively
(Figures 10(a) to 10(c)). Finally, the cross-polarization level —
computed according to Ludwig’s third definition — is kept well below
—25dB for all frequencies.
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5. CONCLUSION

A new promising configuration of DRA-based reflectarray has been
proposed in Ka-band. It relies on the use of strip-loaded DRAs as
unit-cells. Such cells produce a phase dynamic range of 330° and
exhibit low loss (0.6dB) at 30 GHz. An original fabrication process
using soft shadow masks has been proposed for manufacturing the
parasitic silver strips on the DRAs. This process can be used for any
conductor deposition on non flat (e.g., corrugated) surfaces.

A 24 x 24 element reflectarray, with an inter-element spacing of
half a wavelength, has been designed to radiate at broadside when
illuminated in E-plane by an offset small pyramidal horn antenna.
The fabricated prototype exhibits a 5.2% —1 dB radiation bandwidth,
and its maximum gain reaches 28.3dBi. The analysis of the power
budget shows that the 3.2dB difference between the measured gain
and computed directivity is mainly due to the spillover loss (2.3dB),
confirming thereby that such reflectarray configurations are low loss
and could be used as a promising high-gain antenna configuration even
at higher frequencies.

REFERENCES

1. Berry, D. G. and R. G. Malech, “The reflectarray antenna,” IEFEE
Trans. Antennas Propagat., Vol. 11, No. 6, 645-651, Nov. 1963.

2. Huang, J., “Microstrip reflectarray,” Proc. IEEE Antennas
Propag. Soc. Int. Symp., Vol. 2, 612-615, Jun. 1991.

3. Pozar, D. M., S. D. Targonski, and H. D. Syrigos, “Design of
millimeter wave microstrip reflectarrays,” IEEE Trans. Antennas

Propagat., Vol. 45, No. 2, 287-296, Feb. 1997.

4. Encinar, J. A., L. S. Datashvili, J. Agustin Zornoza, M. Arrebola,
M. Sierra-Castaner, J. L. Besada-Sanmartin, H. Baier, and
H. Legay, “Dual-polarization dual-coverage reflectarray for space
applications,” IFEE Trans. Antennas Propagat., Vol. 54, No. 10,
2827-2837, Oct. 2006.

5. Arrebola, M., J. A. Encinar, and M. Barba, “Multifed printed
reflectarray with three simultaneous shaped beams for LMDS
central station antenna,” I[IEEE Trans. Antennas Propagat.,
Vol. 56, No. 6, 1518-1527, Jun. 2008.

6. Pozar, D. M., “Wideband reflectarrays using artificial impedance
surfaces,” Electronics Letters, Vol. 43, No. 3, 148-149, Feb. 2007.

7. Encinar, J. A. and J. Agustin Zornoza, “Broadband design



274

10.

11.

12.

13.

14.

15.

16.

17.

18.

Jamaluddin et al.

of three-layer printed reflectarrays,” IEEE Trans. Antennas
Propagat., Vol. 51, No. 7, 1662-1664, Jul. 2003.

Carrasco, E., J. A. Encinar, and M. Barba, “Bandwidth
improvement in large reflectarrays by using true-time delay,”
IEEE Trans. Antennas Propagat., Vol. 56, No. 8, 2496-2503,
Aug. 2008.

Chaharmir, M. R., J. Shaker, and H. Legay, “Broadband design of
a single layer large reflectarray using multi cross loop elements,”
IEEE Trans. Antennas Propagat., Vol. 57, No. 10, 3363-3366,
Oct. 2009.

Hu, W., R. Cahill, J. A. Encinar, R. Dickie, H. S. Gamble,
V. F. Fusco, and N. Grant, “Design and measurement of
reconfigurable mm wave reflectarray cells with nematic liquid
crystal,” IEEE Trans. Antennas Propag., Vol. 56, No. 10, 3112—
3117, Oct. 2008.

Apert, C., T. Koleck, P. Dumon, T. Dousset, and C. Renard,
“ERASP: A new reflectarray antenna for space applications,”
First European Conference on Antennas and Propagation, EuCAP
2006, Nice, France, Nov. 6-10, 2006.

Sorrentino, R., “MEMS-based reconfigurable reflectarrays,” 2nd
European Conference on Antennas and Propagation, EuCAP
2007, Edinburgh, UK, Nov. 12-16, 2007.

Legay, H., B. Pinte, E. Girard, R. Gillard, M. Charrier, and
A. Ziaei, “A low loss and steerable reflectarray antenna in Ka
band,” Proc. 27th ESA Antenna Technol. Workshop Innovative
Periodic Antennas, 281-288, Santiago de Compostela, Spain,
2004.

Leberer, R. and W. Menzel, “A dual planar reflectarray with
synthesized phase and amplitude distribution,” IEEE Trans.
Antennas Propagat., Vol. 53, No. 11, 3534-3539, Nov. 2005.
Zornoza, J. A., R. Leberer, J. A. Encinar, and W. Menzel, “Folded
multilayer microstrip reflectarray with shaped pattern,” IEEE
Trans. Antennas Propagat., Vol. 54, No. 2, 510-518, Feb. 2006.
Huang, J. and J. A. Encinar, Reflectarray Antennas, Wiley
Interscience, A. John Wiley and Sons, 2008.

Luk, K. M. and K. W. Leung, Dielectric Resonator Antennas,
Research Studies Press, 2002.

Petosa, A., A. Ittipiboon, Y. M. M. Antar, D. Roscoe, and
M. Cuhaci, “Recent advances in dielectric resonator antenna
technology,” IEEE Antennas Propag. Mag., Vol. 40, No. 3, 35—
48, Jun. 1998.



Progress In Electromagnetics Research B, Vol. 25, 2010 275

19.

20.

21.

22.

23.

24.

Keller, M., J. Shaker, A. Petosa, A. Ittipiboon, M. Cuhaci, and
A. Antar, “A Ka-band dielectric resonator antenna reflectarrays,”
30th Furopean Microwave Conference, 272275, Paris, France,
Oct. 2000.

Zainud-Deen, S. H., A. Elhady, A. A. Mitkees, and A. A. Kishk,
“Design of dielectric resonator reflectarray wusing full-wave
analysis,” 26th National Radio Science Conference, 1-9, New
Cairo, Egypt, Mar. 2009.

Jamaluddin, M. H.; R. Gillard, R. Sauleau, P. Dumon, and
L. Le Coq, “Reflectarray element based on strip-loaded dielectric
resonator antenna,” Flectronic Letters, Vol. 44, No. 11, 664—665,
May 2008.

Jamaluddin, M. H., R. Gillard, R. Sauleau, P. Dumon, and
L. L. Coq, “A low loss reflectarray element based on a dielectric
resonator antenna (DRA) with a parasitic strip,” IEEE AP-S Int.
Symp., 1-4, San Diego, CA, Jul. 5-11, 2008.

Jamaluddin, M. H., R. Gillard, R. Sauleau, L. L. Coq, X. Castel,
X. Benzerga, and T. Koleck, “A dielectric resonator antenna
(DRA) reflectarray,” Furopean Microwave Conference, 25-28,
Rome, Italy, Sep. 2009.

Jamaluddin, M. H., R. Gillard, R. Sauleau, T. Koleck, X. Castel,
X. Benzerga, and L. Le Coq, “Dielectric resonator antenna in Ka-
band,” IEEE AP-S Int. Symp., Toronto, Jul. 11-17, 2010.



