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Abstract: Electrical beam scanning is a feature enabling an
antenna array to electrically control its main beam toward a
desired direction. In this paper, a three-phase state element
for electronically reconfigurable transmitarrays is presented.
The element is made up of C-patches and modified ring
slots loaded rectangular gaps. By controlling the bias state
of four p-i-n diodes, three phase states are obtained. The
dimension of the element is optimized by using full-wave EM
simulation and performance of the element is validated by
both simulation and an experimental waveguide system. A
transmitarray consisting of 12x12 elements has been simulated
to validate the steering capabilities. Experimental results
indicate the element has good characteristics and excellent
phase change capabilities.

Keywords: Transmitarray antenna, flat lens antenna, reconfig-
urable transmitarray antenna.

I. INTRODUCTION

Planar array antennas have been widely used in many
applications requiring low profile antenna with high gain
and beam control capacity. Examples of radar applications
working at X-band are marine rain map radar, airborne
weather surveillance and warning system and Synthetic
Aperture Radar (SAR) for satellites. Recently, modern
tunable electronic components enable high-speed beam
forming and vibration elimination for planar array antennas.
This is a considerable advantage over the traditional high
gain antennas in which a bulky mechanical system is
required to physically rotate the antenna direction. Phased
array, reflectarray and transmitarray are three types of
antennas that can provide high gain. A planar phased array
typically uses a microstrip feeding network to excite the
array elements in a specified state to form the main beam.
On the other hand, reflectarray and transmitarray utilize
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Figure 1. Basic diagram of (a) planar phased array, (b) reflectarray, and
(c) transmitarray.

the space-feed mechanism in which an external feed source
is placed at a focal point, thus no complex beamforming
network is required in the array’s surface. A transmitarray,
as shown in Figure 1(c), overcomes the disadvantage of
reflectarray which is the feed blockage phenomenon due to
the fact that the feed source of transmitarray is located in
the opposite side of the radiated wave. Recent transmitarray
designs are mainly based on multilayer frequency selective
surfaces (M-FSS) [1-5]. A typical transmitarray using M-
FSS structure composes of multiple microstrip arrays of



antenna elements and a feed source. The first planar layer
that is placed in front of the feed source is labeled as
receiver (Rx), working in receiving mode. The last layer
acts as transmitter (TX).

A transmitarray transforms the spherical wave from the
feed source into a planar wavefront. In order to collimate the
energy toward a specific direction, each element is designed
to provide a desired phase shift to compensate the phase
error due to different path lengths from the feed source.
Hence, the performance of the element is the utmost factor
in any transmitarray design. The transmitarray element must
be able to not only generate desired phase shift but also to
achieve minimum energy loss.

To achieve electronically beam-scanning ability, recent
works have proposed different designs for transmitarrays in
which different tunable components are employed to con-
trol the main beam direction. The transmitarrays proposed
in [6-8] use varactors. The advantage of a transmitarray
element using varactors is the continuous phase control.
This is based on the fact that the capacitance of varactors
is varied as a function of the DC bias voltage. Different
capacitance values could lead to different transmission
phase states of an element. However, to achieve enough
phase range for implementing a transmitarray, transmitarray
elements proposed in [6—8] use a large number of varactors
that leads to high losses and increases the complexity of the
element geometry.

Besides the electronically reconfigurable transmitar-
ray based on varactors, various transmitarrays using RF
switches such as RF-MEM [9], p-i-n diodes [10-13] have
been proposed. Although RF switches cannot provide a
continuous phase variation, they are much more suitable for
transmitarrays operating at high frequencies, especially in
millimeter-wave frequency band. Moreover, the RF switches
are not much sensitive to DC voltage, this makes the re-
configurable transmitarrays using RF-switches more stable
against the fluctuation of DC bias voltage. In [10-12],
an 1-bit reconfigurable transmitarray element using two
p-i-n diodes and in [13], a 2-bit reconfigurable transmi-
tarray element have been proposed. The disadvantage of
the reconfigurable transmitarray using RF switches is the
low phase resolution. A low phase resolution leads to
large quantization loss, resulting in gain degradation of the
transmitarray. To increase phase resolution, higher number
of switches is required. However, this may increase the
complexity of the biasing network. In design of an elec-
tronically reconfigurable transmitarray using RF-switches,
there is a trade-off between the number of phase states and
the complexity of the transmitarray element.

In this paper, a reconfigurable transmitarray with three-
phase states is presented. The three phase states are ob-

107

Vol. 2019, No. 2, December

Substrate
g, h

. Air, h,
Diodes

Substrate
&, h1

Layer 1

Layer 2

Figure 2. Geometry of the proposed transmitarray element.

tained by using four p-i-n diodes. The proposed element
is an extended version of our previous work [12] for the
purpose of increasing the number of phase states of the
transmitarray element. Four additional p-i-n diodes are
biased in pairs, which makes the biasing network simple.
The three-phase state element is designed to operate at
the center frequency of 11.5 GHz. A passive prototype
with the use of an ideal switch has been fabricated.
Measurements on the prototype have been conducted to
demonstrate the performances of the proposed element.
A transmitarray of 12 X 12 elements was designed and
simulated to validate the performance and the capability
of main beam reconfigurability.

II. TRANSMITARRAY ELEMENT DESIGN
1. Element Design

Figure 2 shows the proposed transmitarray element that
is implemented using four metallic layers printed on two
identical Roger RO5870 substrates. The Roger RO5870 sub-
strate has a thickness of 1.575 mm and dielectric constant
& = 2.33. Two substrates are separated by 1.5 mm. On
each substrate, a C-patch and a modified ring slot loaded
by a rectangular gap are printed. The C-patch is on the
top of the substrate and the modified ring slot loaded by a
rectangular gap is on the bottom of the substrate. Two p-
i-n diodes are inserted on the rectangular gap of each ring
slot. The p-i-n diodes are used to control the transmission
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Figure 3. Equivalent circuit of our proposed structure.

phase shift. The element is designed to operate at X band
with the center frequency of 11.5 GHz. It operates with
linear polarization where E-field of the incident wave is
perpendicular to the gap of the C-patch. The cell size is 14
mm, equivalent to 0.5, where A, is the wavelength in the
free space.

The proposed element is developed from the transmi-
tarray element that was investigated in [12]. In this work,
two more diodes are added to provide the third phase state.
Increasing the phase states is based on the ability of chang-
ing the transmission phase by modifying the length of the
rectangular gap of the ring slot. Therefore, we can increase
the number of phase states by increasing the number of
switches on the rectangular gap to control the length of the
rectangular gap. To understand the working principle of the
proposed structure as well as the capability of changing the
phase according the length of the rectangular gap of the
ring slot, it is helpful to analyze the equivalent circuit of
the structure. As presented in [14], the equivalent circuit of
the element can be represented as shown in Figure 3.

For the equivalent circuit, the two C-patches placed on
the top of two substrates are modeled as a parallel circuit
containing two series LC tanks (Cr1, Lt1, Cr2, L13). The
ring slot loaded with a rectangular gap is represented by
a parallel LC tank (Cp;, Cp) placed in parallel with a
series LC tank (Cpgy, Lpy). The substrate with a thickness
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TABLE 1
DIMENSIONS OF THE PROPOSED ELEMENT
Element Dimensions (mm)
Layer 1 Rin =0.8; Ry =5.7; t = 1.
Laver 2 Ry =51, Roye =6; w=1.5;
Y p=1.4:1 =25 1, =43.
Substrates hy =1.575
Air gap hy =1.5

of h; is modeled as a transmission line with a length
of h; and a characteristic impedance of Z; = Zy/+/e,,
where g, is the relative permittivity of the substrate and
Zo = 377Q is the free space impedance. As shown in
Figure 3, the element structure has multi-resonances. For a
transmitarray element structure, multi-resonances can allow
a large phase range [1, 2]. The modification of a ring slot to
become the ring slot loaded with a rectangular gap makes
the structure having two resonances. The original ring slot
creates a single resonance that can be modelled as a parallel
LC tank (Cp1, Lp1). Adding a rectangular gap creates the
second resonance at a high frequency. It is modeled by a
series LC tank (Cpy, Lp>). The frequency of the second
resonance is a function of the length of the rectangular
gap. The second resonant frequency is shifted towards to
the lower frequency when the length of the rectangular
gap is increased. Variation of the second resonance of the
ring slot leads to a variation of the transmission phase of
our structure. Therefore, three phase states can be achieved
by using four p-i-n diodes. These four p-i-n diodes are
placed on the rectangular gaps to control the length of
the rectangular gaps. We use the same biasing circuit as
presented in [12] to supply the DC power to p-i-n diodes.
Four diodes work in pairs. Each pair is biased in reverse
compared to the other. The position of four diodes is
optimized to obtain three phase states with a step of 120°
at 11.5 GHz according to ON/OFF state of diodes. The
first phase state is obtained when all diodes are OFF. The
second phase state and the third phase state are obtained
when the first pair and second pair of diodes are turned
ON, respectively. The parameters of the element are shown
in Table 1.

2. Frequency Response of The Transmitarray Element

The performance of the element should be validated be-
fore implementing a transmitarray. ANSYS HFSS software
version 13 is used to simulate and to optimize the proposed
element. To obtain the transmission phase and magnitude, a
method is to use the waveguide simulator. Since the center



frequency of the element is 11.5 GHz, the WR-90 standard
waveguide is suitable to be used as waveguide simulator.
In the simulation, the element is placed in the open-end of
two WR-90 standard waveguides. Two excitation ports are
assigned at the other ends of two waveguides to measure
the transmission coefficients. Before the final version of an
electronically reconfigurable transmitarray is implemented,
the performance of the element is first evaluated using ideal
RF-switches. In this case, metallic strips are used as ideal p-
i-n diodes. For the ON state of a diode, the metallic strips
are inserted on the gaps. For the OFF state, the metallic
strips are removed.

Figure 4 shows the simulated transmission coefficients
of the proposed element for three phase states. As it can
be seen, the transmission magnitude of three phase states
at 11.5 GHz is greater than —1 dB. The common -3 dB
transmission bandwidth of three phase states is 16.5%
from 10.6 GHz to 12.5 GHz. As shown in Figure 4(b),
the transmission phase curve successfully changes when we
change the state of four diodes. Three phase curves have a
step of 120° at 11.5 GHz. However, the step of 120° is not
maintained for frequencies far from 11.5 GHz, due to the
non-linearity of the phase curves.

ITII. EXPERIMENTAL VALIDATION OF THE ELEMENT

A prototype of the element is implemented to validate
the performance of the proposed element. The element is
fabricated by standard PCB fabrication technique. A small
metallic strip that acts as an ideal switch in the ON state is
soldered across the rectangular gap of ring slot layer. That
metallic strip is removed for the OFF state of the switch,
as shown in Figure 5.

The method to measure the frequency response of the
element prototype is also to use waveguide simulators. This
technique requires two WR-90 standard waveguides whose
open-end size is 22.86 x 10.16 mm?. Since the element’s
shape is a square while the aperture of the waveguide is
rectangular, two rectangular-to-square transitions are imple-
mented and they are used as an adaptor to put the element
in the middle of two waveguides. A metallic plate with a
hollow of 14x14x 1.5 mm? is inserted between two parts of
the element to ensure that two substrates are separated by
an air gap of 1.5 mm. Figure 6 presents the measurement
system. The measurement of the transmission coefficients
is performed using Agilent E5071C Vector Network An-
alyzer. The measurement system has been calibrated at
the ends of two straight waveguides, not including the
two rectangular-to-square transitions. Figure 7 shows the
measured transmission coefficients in comparison with that
of the simulation. As shown in Figure 7, the measured
results agree well with simulated results.
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Figure 4. (a) Simulated transmission magnitude and (b) transmission

phase of the proposed element.
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Figure 5. (Simulated transmission magnitude (left) and transmission phase
(right) of the proposed element.

IV. TRANSMITARRAY DESIGN

A square transmitarray antenna is designed with 12 x 12
elements to validate the radiation characteristics and beam
steering capacity. As the periodicity of each element is 14
mm, the transmitarray size is 168x 168 mm?, corresponding
to 6.441, X 6.44, at 11.5 GHz. A small aperture horn
antenna is used as the feed source for the array. Its aperture
is 32 x 23 mm? and its directivity is 11 dB. The horn
antenna is placed at a focal length of 150 mm corresponding
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to an F/D ratio of 0.89. The transmitarray in 3D and the
simulation environment are shown in Figure 8.

In the design of a space-fed array antenna, to steer the
main beam to direction (6,¢), the transmission phase of
each element can be calculated using equations (1) and (2)
as follows:

@(xi, yi) = ko(d; —sin@(x; cos ¢ + y; sing)), (1)

di = \/(xi —xp)2+(yi—yp)?+(zi—zp)%h ()

where (6, ¢) is the direction of main beam, x;, y; and
z; are the coordinates of the i element, x £, yr and
zy are the coordinates of the feed source, and ko is a
propagation constant.

According to equation (1), the phase distribution on the
transmitarray aperture is depicted in Figure 9. In this figure,
the desired main beam direction is 6 = ¢ = 0°.
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Since the transmitarray antenna is based on the element
which provides three phase states as discussed above, after
calculating the theoretical compensation phase of each
element using equations (1) and (2) for a main beam at
direction (6, ¢), the real phase y (x;,y;) of the element at
the position with the coordinates x;, y; on the transmitarray
is quantized using equation (3). This corresponds to the
three phase states:

0°, -60° < @(x;,y;) < —60°,
Y(xi,yi) = 120°, 60° < @(x;,y;) < 180°, 3)
240°, 180° < (p(x,-,yi) < 300°,

where ¥ (x;, y;) is the quantized phase of the i element at
the position with the coordinates x;, y;.

In order to evaluate the beam steering capabilities of
the transmitarray, various phase distributions obtained by
arranging the suitable transmission phase are designed.
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Figure 11. Simulated radiation patterns at 11.8 GHz with main beam
tilted from —30° to +30° in (a) E-plane and (b) H-plane.

Figure 10 illustrates the phase distributions to steer the
main beam directions along the theta angle in both E-plane
(¢ = 0°) and H-plane (¢ = 90°). All phase distributions are
constructed using three phase states. For the transmitarray,
the elements with all diodes being OFF are used to provide
the phase state 0°. The elements with first pair of diodes
in ON state are used to provide the second phase state
(120°). The elements with the second pair of diodes being
ON provide the third phase states (240°). The scanning
performance of the transmitarray has been evaluated by
simulations. The radiation patterns at 11.5 GHz for different
main beam directions varying from —30° to +30° for both
E-plane and H-plane are shown in Figure 11. It can be
seen that the main beam changes consistently with phase
arrangement and low side lobes are obtained. The maximum
directivity is 23.9 dBi when the main beam is at broadside
direction while the scan loss reaches 1.6 dB and 2.9 dB
for beams tilted at +30° in H- and E- planes, respectively.
In comparison with the 1-bit element for reconfigurable
transmitarray in [12] where the maximum directivity is
reported with 21 dBi, the transmitarray validated in this
paper provides higher efficiency while the size and the
number of elements are identical.
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V. CONCLUSION

The three-phase-state element for reconfigurable trans-
mitarray has been presented in this paper. Both simulation
and measurement results validated good phase shifting
capability and a wide —3 dB transmission bandwidth. While
the prototype is still passive, where the ideal metallic strips
are used as p-i-n diodes, simulation results indicated that
the fully populated reconfigurable transmitarray can provide
a wide scan angle with low scan loss. Further study and
implementation of real p-i-n diodes will be deployed in an
electronically tunable version of the transmitarray.
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