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Abstract. A functional 10 x 10 reflectarray antenna is de-
veloped for millimeter-waves. It has a gain of approximately
10dBi and a continuous steering range from —30 to 30° in
the horizontal plane. In this paper, the entire design process is
explained, beginning with the design and function of the an-
tenna element and followed by considerations regarding po-
sitioning of the feed antenna. Steering and controlling of the
beam are discussed. Finally, the antenna patterns for differ-
ent steering angles were measured in an anechoic chamber.
The design is scalable, built with commercial off-the-shelf
components, and the array does not need active cooling.

1 Introduction

The demand for high data rates in mobile communications
and the limited bandwidth available in the sub-6 GHz fre-
quency range has directed the focus towards millimeter-
waves. At such high frequencies, antennas with high gain
are needed to compensate the high free-space path loss and
to achieve a good signal-to-noise ratio. Furthermore, the an-
tennas have to be steerable to cover a large area and to in-
crease spectral efficiency. Because energy is directed, less in-
terference with neighboring cells is given. In comparison to
sub-6 GHz mobile communication networks, a large number
of antennas have to be installed to establish good coverage.
To make this economically reasonable, the antennas must be
cost-effective, energy-efficient, and easy to maintain. The re-
flectarray antenna type fulfills these requirements. Therefore,
it is the preferred antenna type to investigate 5G antenna pa-
rameters.

The functionality of a reflectarray antenna is based on a
feeding antenna, that illuminates a reflecting surface. The re-

flecting surface consists of a large number of elements that
change the phase of the reflected, outgoing elementary waves
to form a plane wave in the desired direction (Huang and
Encinar, 2008). Different types of reflecting surfaces can be
summarized in four categories as follows: waveguide reflec-
tarray, dielectric reflectarray, metallic reflectarray, and mi-
crostrip reflectarray (Dahri et al., 2017). The first known pub-
lication of a reflectarray antenna is based on the concept of
a waveguide reflectarray antenna. It consists of waveguides
with short-circuited terminations. The phase of the reflected
wave is tuned by the length of the waveguide (Berry et al.,
1963). The dielectric reflectarray antenna uses elements, e.g.
cuboids, which are made of non-conductive materials. De-
pending on the dimension and the permittivity of the cuboids,
the phase of the reflected wave is changed (Nayeri et al.,
2014). In a metallic reflectarray, the phase of the reflected
wave is changed by conducting elements of different height.
Depending both on the position of the elements on the re-
flecting surface and their height, the elements have a cer-
tain distance to a defined reference plane in order to generate
the required phase shift of the reflected wave. The maximum
height difference of the elements is half a wavelength in free
space to achieve a phase shift range of 360°. This approach
has already been realized at 95 GHz (Lee et al., 2015). In the
late 1980s, with the availability of affordable printed circuit
board (PCB) materials, the microstrip reflectarray emerged.
Nowadays, this is the most commonly used type of reflec-
tarray, and it has the largest variety of designs with different
characteristics (Nayeri et al., 2018).

Because of these reasons, a microstrip reflectarray has
been realized in this work. This paper is organized as follows:
Sect. 2 explains the development of the reflectarray element
operating at 26 GHz. The verification of the reflectarray ele-
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ment functionality using a waveguide simulator is shown in
Sect. 3. Section 4 presents the results of optimizing the po-
sition of the feed antenna. The functionality of the prototype
reflector antenna is shown in Sect. 5. The steering of the an-
tenna pattern is demonstrated and evaluated in Sect. 6, and
finally, results are summarized in Sect. 7.

2 Reflectarray element

For a millimeter-wave antenna, we require an antenna el-
ement, which can be produced using common PCBs, and
which is robust against manufacturing tolerances. Aperture-
coupled antennas, including a varactor diode for continuous
phase shift of the reflected wave, comply with these require-
ments. The mechanical dimensions of the microstrip patch
and the coupling slot of the antenna element can be real-
ized easily. Additionally, this design has the advantage that
all parts required for changing the phase can be positioned
underneath the ground plane. All components, including the
power supply of the varactor diode, fit within the size of an
antenna element. This is possible because the required phase
shift can be archieved with one single varactor diode. A six-
layer printed circuit board is used for the design of the reflec-
tor element (Figs. 1, 2). The first four layers cause a reflection
with the desired phase shift. The last two layers are used to
route the signals to the varactor diode. The patch on the first
layer receives the incoming wave, which is coupled into a
stripline through the slot on the second layer. The stripline
and the varactor diode form a resonant circuit, that shifts the
phase of the reflected wave (Venneri et al., 2012). For de-
termining the size of the patch, the slot width, the length,
and the thickness of the dielectric layer, the antenna element
was simulated with the test port on the stripline using a fi-
nite element method based simulator. As dielectric material,
Isola Astra MT77, was chosen because it allows the realiza-
tion of buried and blind vias as well. The material is speci-
fied with a permittivity of 3.0 and a loss factor of 0.0017 up
to 20 GHz. These data were used in the simulation, and as
shown later, good matching results were obtained. The same
dielectric material is used for all layers so that no mechanical
tension occurs that bows or twists the PCB. The thickness of
the dielectric material for the first, the second, and the third
layer is 254 um. All other layers have a thickness of 127 pm.
The antenna element was optimized in a unit cell configura-
tion, which simulates the antenna element in a periodically
structured array, including the influence of the neighboring
antenna elements. The resonant circuit given by the stripline
and the varactor diode was adjusted for the required phase
shift of the reflected wave by tuning the lengths Lg and Ly
(Fig. 1). The stripline stub L acts as inductive reactance to
the resonant circuit. By matching the length L, with the ca-
pacitance range of the varactor diode, the maximum phase
range for the reflected wave is achieved (Venneri et al., 2013).
A flip-chip varactor diode MAVR-011020-111™ (MACOM)
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Figure 1. Layout of an antenna element.
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Figure 2. Layer structure of an antenna element.

with a capacitance in the range from 0.025 to 0.19 pF ob-
tained by a control voltage between 0 and 15V was selected.
Because of its package size, it is expected to have an un-
critical parasitic inductance. Unfortunately, the manufacturer
does not provide parameters for the equivalent circuit. The
final lengths Lg and L, and the dimensions of the antenna
element are given in Table 1. The main goal of the optimiza-
tion was a wide range of phase shift, resulting in a maxi-
mum simulated phase shift of 337°. A bias-T is connected to
the varactor diode to apply a DC signal without disturbing
the high-frequency path. It consists of a quarter-wavelength
stripline transformer and a microstrip radial stub shunt. The
microstrip radial shunt generates a short for the electromag-
netic wave and the quarter-wavelength stripline transformer
converts it into an open circuit at the junction to the high-
frequency stripline. Because of the input impedance of an
open circuit, the high-frequency path is decoupled from the
DC path. With one radial stub shunt, a decoupling of 36 dB
has been accomplished.

3 Waveguide simulator

Single antenna elements were fabricated to measure their
characteristics in a waveguide simulator (Fig. 3). The method
has the advantage that only a few elements in the waveg-
uide need to be measured to determine their performance in
a reflectarray (Hannan and Balfour, 1965). According to the
electric field distribution in the waveguide, two antenna ele-
ments were aligned at the end of the waveguide. The TE g
mode was excited in a WR-42 waveguide connected to the
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Table 1. Dimensions of the antenna element.

X 7.0mm Sy 026 mm S 2.275 mm
Y 70mm Ly 033mm Lg 0.2 mm
Py 2225mm Ly 1Lllmm B 0.25 mm
By 1.6mm By 1.3mm By 1.13 mm

WR-62 waveguide via a tapered transition. The propagation
direction of the plane wave in the waveguide at a given fre-
quency is tilted under an angle of 6 = 21.4° as given by:

in 6 * 1
sinf = e 1)
where A is the wavelength at the cut-off frequency of the se-
lected waveguide. A = ¢/f is the free-space wavelength at a
frequency f, and c is the speed of light. The reflection co-
efficient was measured to obtain the phase and loss of the
two antenna elements. Normalization with a short was done
to set the reference plane at the flange where the two an-
tenna elements were mounted. The voltage for both varactor
diodes was provided by a programmable DC power supply.
The controlled voltage was varied from 0 to 15V, and for
every SmV step, the phase and loss in relation to the ref-
erence plane were measured over the frequency band from
25.6 to 26.6 GHz. These small voltage steps were necessary
so that large changes in phase over the voltage could be re-
solved. In Fig. 4, the measured unwrapped phase over fre-
quency and voltage range are shown. The sharp edges result
from the unwrapping algorithm. In a bandwidth of 100 MHz,
the maximum phase change range is between 308 and 336°.
Phase and attenuation versus voltage are shown in Fig. 5 at
a frequency of 26.104 GHz. The phase change range at this
frequency is 322°.

4 Position of the feed antenna

The efficiency of the reflectarray antenna depends on the po-
sition of the feed antenna. In Fig. 6, the measurement setup
is shown. The feed antenna is in an offset position because of
the aperture blockage. For optimizing the feed position, the
offset distance 7 was kept constant. The focal length f and
offset angle o was tuned. The efficiency n, of the reflectarray
antenna is the product of the spillover efficiency ns and the
illumination efficiency n; (Eq. 2). In the calculation of s and
ni, the polarization loss, the losses in the feed antenna and in
the antenna element are not considered.

MNa = NsNi 2)

The radiated power density vector P (r) of the feed antenna
is distributed on a sphere surface (Fig. 7), but only a part
of the overall power is used by the reflectarray. This ratio
between the power received by the reflectarray and the total
radiated power is the spillover efficiency. It is expressed by:
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Figure 8 shows the result of varying both focal length f and
offset angle o with an offset distance of 7 =50 mm, a re-
flection array size of 70 mm x 70 mm, and a ETS-Lindgren
3160-09TM horn antenna as the feed antenna. As the focal
length f increases, the spillover efficiency decreases because
less power is received by the reflectarray. With a focal length
of f =35mm and an offset angle of @ =45°, a maximum
spillover efficiency of ns = 98.2 was calculated.
The illumination efficiency is given by:

2

‘ffl(x,y)dA
_1]a

ni “)

RVICEET
A

It describes how homogeneously the surface A in Fig. 7 is
illuminated (Ang et al., 2010). The amplitude distribution
I(x,y) depends on both the pattern of the feed antenna and
the antenna element. The illumination efficiency increases
with focal length f since the surface is radiated more ho-
mogeneously (Fig. 9). Therefore, the maximum illumination
efficiency is 99.9 % at the maximum calculated distance. The
computed efficiency 5, is shown in Fig. 10. The minimum
distance where the efficiency is higher than 75 % depends
on the illumination efficiency, and the maximum distance is
limited by the spillover efficiency. The maximum efficiency
Na = 75.3 % was calculated at f =96 mm and o = 27°.

5 Prototype of the reflectarray antenna

A reflectarray antenna was fabricated. Two circuit boards
were developed (Figs. 11, 12), one of which contains the
10 x 10 reflectarray with the varactor diodes and the digital-
to-analog-converters (DACs). The other PCB controls and
supplies the DACs with the appropriate voltage. Each an-
tenna element has one varactor diode and a DAC for volt-
age control. The deployed DAC AD5761BCPZ-RL7TM has
16 bit resolution to supply the varactor diode. These two
parts, varactor diode, and DAC fit in the area of the antenna
element so that the reflectarray antenna can be scaled up. The
100 DACs are divided into ten rows. In one row are 10 DACs
where the Serial Peripheral Interface (SPI) for programming
is connected via a daisy chain, and every row is programmed
separately with a microcontroller. A bus buffer is inserted for
each row to isolate the input capacitance of the DACs from
the microcontroller output. The microcontroller receives in-
formation about the required voltage for every varactor diode
from the personal computer via Universal Serial Bus (USB).
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Figure 4. Measured phase vs. voltage and frequency.
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Figure 8. Calculated spillover efficiency vs. distance F' and angle .

The personal computer calculates the phase for each antenna
element according to:

Vi =k-bj —kx; -cos¢-sinf —ky; -sing - sinf ®)

Here, k is the wavenumber and b; is the distance between the
antenna element and the feed antenna. The coordinates of the
antenna element are x;y; and ¢, 6 are the steering angles of
main beam.

6 Phase measurement of the reflectarray antenna

The phase-voltage relationship of the wave reflected from the
reflectarray antenna was determined to verify the results of
the waveguide simulator. The reflectarray antenna was illu-
minated by a horn antenna, and the reflection coefficient of
the horn antenna was measured at different voltages at the
varactor diodes. The calibration for this measurement setup
was done in two stages: First, a one-port waveguide calibra-
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Table 2. Measured gain at different steering angles.

steering angle (degree) ©®=0 ©=10 ©®=20 ©=30 =40
max. gain (dBi) 11.78 10.88 12.57 10.92 6.51
80
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Figure 9. Calculated illumination efficiency vs. distance F and an-

gle .
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Figure 10. Calculated total efficiency vs. distance F and angle «.

tion was performed on the flange where the horn antenna
was mounted. Second, normalization was done with a metal
plate positioned at the location of the reflectarray. Figure 5
shows the phase voltage curve of the reflectarray antenna at
25.8 GHz and of the antenna elements (waveguide simulator)
at 26.1 GHz (the center frequency has shifted). The differ-
ences between the two measurements are expected to be due
to the tolerances in production.

7 Antenna pattern measurement

The beam steering of the reflectarray antenna was verified in
an anechoic chamber. The direction of the beam was changed
from ® = 0° to ® = 40° in the H-plane (xz-plane in Fig. 6).
At a steering angle of ® = 40°, the gain decreases by 4 dB,
and the grating lobes increase so that the difference between
the main beam and the grating lobe is 2 dB (Fig. 13). As de-
scribed by Targonski and Pozar (1994), the phase-voltage re-
lationship depends on the angle of the incident and reflected

https://doi.org/10.5194/ars-19-215-2022

Figure 12. 6th layer of the prototype.

wave. Therefore, above a certain difference, the desired an-
tenna pattern cannot be generated. Figure 14 shows that the
cross-polarization ratio is better than 25 dB. The gain of the
measured beams are listed in Table 2.

8 Conclusion

A scalable and functional reflectarray antenna was presented
for the K-band. It was built with commercial off-the-shelf
components. The concept of Venneri et al. (2013) was ap-
plied and further developed for the millimeter-frequency
band. For verification, an antenna element was produced and
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Figure 14. Measured co-polar and cross-polar antenna pattern at
®=0°.

measured in a waveguide simulator. The position of the feed
for the reflectarray antenna was optimized. The control of the
phase of the reflected wave was explained, and the antenna
patterns for different steering angles were analyzed.
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