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ABSTRACT With the increase in potential uses of terahertz technology, the need for terahertz transceivers
with application-oriented adaptive radiation patterns has emerged. Reconfigurable reflectarrays consisting
of actuated sub-wavelength reflectors have been successfully used for terahertz beam steering and beam-
forming. They do not require a complex feeding network and associated electronics, enabling a compact and
power-efficient terahertz beam steering system. However, the current reflectarray-based beam steering is
accomplished by forming the reflectarray as a grating structure, which is accompanied by the problems such
as grating lobes, limited steering range, and discrete steering angles. Here, we configure a MEMS-based
reflectarray with the genetic algorithm to eliminate the grating lobes and open up the possibility of
customizing its radiation pattern. We used single- and multi-objective optimization to find the optimal height
profile of the reflectarray and verified the results by full-wave electromagnetic simulations. We measured
the radiation patterns of four reflectarray phantoms, i.e. reflectarrays without the MEMS actuation systems.
The measurement results agree well with the calculated ones, with the main beam deviating at most 2◦

from the target direction. Our work demonstrates how a genetic algorithm is used to shape a reconfigurable
terahertz reflectarray to eliminate the grating lobes and tailor some specific featuress in its radiation pattern.

INDEX TERMS Beam steering, genetic algorithm, MEMS, optimization, reflectarray, terahertz.

I. INTRODUCTION
With the tremendous research efforts on terahertz systems,
its great potential for wireless communication [1]–[3], sens-
ing [4], [5], imaging [6]–[8], and spectroscopy [9]–[11]
has been demonstrated. There are still challenges ahead for
bringing the terahertz systems to the next level of matu-
rity for the industry and commerce. According to the Friis
transmission formula, the free space loss increases quadrat-
ically with frequency. In addition, the atmospheric absorp-
tion of terahertz radiation in a humid ambient condition is
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substantial [12], [13]. To ensure adequate receive power,
we can use an antenna array to combine the power from mul-
tiple sources and at the same time achieve a high directivity.
Moreover, an antenna array unlocks a fast scanning capability
for terahertz systems, enabling real-time applications that
can benefit sensing and imaging in a complex and large
environment.

Over the past few decades, researchers have developed
and advanced terahertz beam steering and beamforming tech-
niques in various ways [14], [15]. The phased-array, as a
mature concept at microwave frequencies, has been adapted
to terahertz systems. In one implementation, the phase of
each array element is shifted within the microwave band
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and the resulting phase shift is converted to the terahertz
regime by frequency upconversion [16]–[18]. The advantage
of such a terahertz phased-array is that the entire beam-
forming network prior to the frequency upconversion can
be designed like a microwave phased-array. Nevertheless,
a phase shifter [19]–[21] that can directly modulate the phase
of the terahertz signal enables the compatibility with any
terahertz source regardless of the generation methods. This
subsequently simplifies the terahertz beamforming network.

Metasurfaces have attracted great attention in terahertz
community and have been used in manipulating the terahertz
wavefront by varying their geometrical parameters [26]–[28].
The leaky-wave antenna has been applied to steer the tera-
hertz beam by changing the operating frequency [22]–[24].
This working principle has an intrinsic drawback: the steer-
ing of the main beam direction is always accompanied by
a change in frequency. To control the beam direction and
the frequency independently, Esquius-Morote et al. [25]
proposed the concept of a modulated graphene leaky-wave
antenna for terahertz beam steering at a fixed frequency.

Spatial modulation is another phase shifting technique that
is often used in terahertz beam steering and beamforming
network. Preu et al. [29] and Maki and Otani [30] have
successfully demonstrated the control of the terahertz beam
direction by spatially modulating the optical signal that is
used for the terahertz generation. The resulting phase shift
is translated into the terahertz domain after difference fre-
quency generation or photomixing. Due to the sub-mmwave-
length in the terahertz regime, spatial modulation of terahertz
waves is feasible in both transmission and reflection mode.
In transmission mode, a photo-active semiconductor can be
placed in the terahertz channel. Once the semiconductor is
illuminated by a spatially modulated optical pump, a photo
pattern (e.g. blazed grating pattern) is induced. The terahertz
wave is spatially modulated as it passes through the semicon-
ductor [31]–[34]. In reflection mode, the beam steering can
be done by a reflectarray that consists of multiple actuated
sub-wavelength reflectors [35]–[37].

Among the terahertz beam steering and beamforming
techniques described above, the reflectarray is a promising
candidate for a compact, simple, and power-efficient tera-
hertz beam steering network compatible with any terahertz
source. The reflectarray does not require a complex feeding
network and associated electronics, drastically reducing the
design and technological complexity. Furthermore, it can
achieve pure phase modulation without simultaneously mod-
ulating the amplitude of the reflected wave. In the work by
Monnai et al. [35], the reflectarray is formed as a grating
structure and the reflected terahertz beam is steered in differ-
ent directions by varying the grating period of the reflectarray.
However, the reflectors with only a binary state lead to inef-
ficient diffraction, which results in the beam being diffracted
mainly normal to the grating.

In our previous work [38], we presented a mathematical
model to calculate the radiation pattern of a reflectarray that
shifts the phase of the terahertz beam by adjusting the height

FIGURE 1. EM simulation setup in EMPIRE XPU. The reflectarray (in blue
color) is enclosed in a plane wave box (yellow box). The far-field monitor
is placed on the xz−plane to record the scattered field of the reflectarray.

of each reflector individually. We arranged the reflectarray to
approximate a blazed grating structure, steering the beam by
varying its grating period. This approximate blazed grating
structure has major grating lobes in its radiation pattern,
normal to the grating and opposite the main beam. It also
has a limited angular range and low angular resolution as
the grating period can only be an integer multiple of the
reflector width. In this work, we use a genetic algorithm (GA)
to optimize the radiation pattern of the reflectarray, providing
a non-perfect periodic structure that eliminates the grating
lobes. The resulting reflectarray also has a wider angular
range and a finer angular resolution. In addition, we can
manipulate the characteristics of the radiation pattern of the
reflectarray in a way that is not possible using a grating
structure.

The rest of this paper is organized in six sections.
In Section II, we describe the single-objective optimization
problem for the MEMS-based reflectarray, presenting the
design variables, the conditions that the design variable
must satisfy, and three optimization objectives and their
corresponding GA fitness functions. The three optimiza-
tion objectives are: maximizing the directivity in the target
direction, minimizing the sidelobe level, and nulling at a
given angle. We then perform the Fourier transform of the
reflectarray structure obtained by the GA to interpret its
spatial periodicity. In Section III, we observe the conflict-
ing behavior between the first two optimization objectives
and perform a multi-objective GA to give the Pareto front.
Section IV describes the MEMS actuation system and the
MEMS-reflectarray structure in detail. As a proof of concept,
we carry out planar and 3D radiation pattern measurements
of four reflectarray phantoms, i.e. reflectarrays without the
MEMS actuation systems. SectionV presents the design of
the reflectarray phantoms, radiation pattern measurement
setup, results, and discussions. At last, we conclude with a
summary of our work in SectionVI.

II. SINGLE-OBJECTIVE OPTIMIZATION
Most terahertz applications require at least one of the follow-
ing radiation pattern characteristics: maximized directivity in
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TABLE 1. Options for the single-objective GA.

an arbitrary direction to compensate for low transmit power
and high atmospheric absorption, minimized sidelobe level,
or a steerable null to mitigate an interferer. Obtaining the
radiation pattern of the reflectarray with the desired charac-
teristics can be considered as an optimization problem. The
desired characteristics are the optimization goals, and the
heights of the reflectors are the design variables.

We consider a reflectarray consisting of 80 identical rect-
angular reflectors. The reflectors have a reflective surface
of 300µm x 5000µm and are arranged adjacent to each
other on their long sides. Each reflector has an independent
5-bit MEMS actuation system, allowing a maximum vertical
displacement of 600µm. The design variables: the heights
of the 80 reflectors are bounded between 0 to 600µm with
no other constraints. Note that the reflectors can only stay
in 25 vertical positions. First, we neglect the discretization
and solve the continuous optimization problem. After finding
the optimal heights of the reflectors, we round them to the
closest feasible positions. To verify the optimization results,
we perform full-wave electromagnetic (EM) simulations of
the obtained reflectarray using the finite-difference time-
domain solver EMPIRE XPU. A plane wave box is used for
the plane wave excitation. A fictitious current flows on the
surfaces of the plane wave box such that both the incident
and scattered fields are present inside the box, while only
the scattered field is present outside the box. As shown in
Fig.1, the reflectarray is enclosed by the plane wave box. The
simulation boundary with absorbing boundary conditions is
at a distance from the plane wave box of two times the wave-
length of the target simulation frequency. The simulation area
is meshed according to the following rules: at least 4 cells
per object dimension and at least 15 cells per wavelength
of the highest simulation frequency. A far-field monitor is
defined on the xz−plane to record the scattered field of the
reflectarray.

In this section, we use a GA implemented in MATLAB to
solve the optimization problem and discuss single-objective
optimizations for three objectives: maximizing the directiv-
ity, minimizing the sidelobe level, and nulling at a given
angle. For each single-objective optimization, we describe
its optimization goal with one or multiple fitness functions.
In addition, we numerically compare the multiple fitness
functions to select which one of them best fits the optimiza-
tion objective.

TABLE 2. Averaged directivity Davg, sidelobe level SLLavg, 3 dB
beamwidth θ3dB, runtime tavg, and standard deviation σ over
20 optimization runs using the enlisted fitness functions.

A. MAXIMIZING DIRECTIVITY
We propose three different fitness functions for the
single-objective optimization to maximize the directivity
D(θ = θdesired) in the desired direction θdesired. The first
proposed fitness function is the reciprocal of the directivity
D (θ = θdesired):

fD,1 =
1

D (θ = θdesired)
. (1)

The goal of this fitness function is to maximize the directivity
D (θ = θdesired) in the desired direction without having to
satisfy any predefined target value.

For the other two fitness functions, we take a uniform
linear array of point-source isotropic radiators as a reference.
Its directivity at the desired angle DULA (θ = θdesired) is the
target value that D (θ = θdesired) needs to meet. The uniform
linear array has the following parameters:

• The overall length l of the uniform linear array is
the same as that of the MEMS-based reflectarray:
l = 80 · 300µm = 24mm.

• The element spacing d of the uniform linear array is less
than half of the wavelength at the design frequency.

We define the other two fitness functions as:

fD,2 = (D (θ = θdesired)− DULA (θ = θdesired))
2 and (2)

fD,3 = 1− exp

(
−
(D (θ = θdesired)−DULA (θ = θdesired))

2

2 · (240)2

)
,

(3)

so that fD,2 = fD,3 = 0 when D (θ = θdesired) =
DULA (θ = θdesired).
We carry out three independent runs of the GA with fit-

ness function (1), (2), and (3), respectively. The optimization
goal is to maximize the directivity in the direction of 45◦ at
300GHz. The parameters of the GA are listed in Table 1 and
remain unchanged for all three runs. The calculated and the
EM simulated radiation patterns of the obtained reflectarrays
are depicted in Fig. 2. With all three fitness functions, the
main beam is successfully steered to 45◦ with a directivity
of approx. 16.7 dBi and sidelobe level of −13 dB.

Due to its intrinsic randomness, a GA returns differ-
ent optimal results for each execution despite using the
same machine, fitness function, optimization objective, and
parameter settings. Therefore, to fairly compare these three
fitness functions, we run the GA 20 times with each fitness
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FIGURE 2. Calculated (in blue color) and EM simulated (in red color) radiation patterns of the reflectarray obtained by the GA with the
fitness functions (a) fD,1, (b) fD,2, and (c) fD,3, respectively.

function and summarize the averaged directivity Davg, side-
lobe level SLLavg, 3 dB beamwidth θ3dB, runtime tavg, and the
standard deviation σ of the 20 resulting directivities in the
target direction in Table 2. The resulting directivities using
the three fitness functions are similar. The fitness function
fD,2 performs slightly better in terms of averaged directivity
and standard deviation. However, it takes much longer to
converge compared to the other two fitness functions.

B. MINIMIZING SIDELOBE LEVEL
In this subsection, we define and compare three different
fitness functions for minimizing the sidelobe level. The first
proposed fitness function fSLL,1 is:

fSLL,1 =
max (D (θ 6= θdesired))

D (θ = θdesired)
. (4)

It minimizes the ratio of the directivity of the highest side lobe
to the directivity of the main lobe and works without knowing
the target sidelobe level.

The second fitness function fSLL,2 is defined by the
mask-based method proposed by Sheikholeslami and Atlas-
baf [39]. The masks that are used for the fitness function
fSLL,2 are shown in Fig. 3(a). The shape of the upper mask
Mup (θ) and the lower mask Mdown (θ) determines the key
features of the target radiation pattern:
• θmb defines angle difference between the diametrically
opposed nulls around the maximum peak

• θHPBW defines the half-power beam width
• SLLt determines the target sidelobe level.
The fitness function is defined as follows [39]:

ffitness

=

(
M2

up(θ )−
D(θ )

D(θdesired)

)
·

(
M2

down(θ )−
D(θ )

D(θdesired)

)
+

∣∣∣∣M2
up(θ )−

D(θ )
D(θdesired)

∣∣∣∣ · ∣∣∣∣M2
down(θ )−

D(θ )
D(θdesired)

∣∣∣∣ .
(5)

Once the radiation pattern completely lies within the area
bounded by the upper and lower masks, the fitness function
fSLL,2 reaches its minimum fSLL,2 = 0.

FIGURE 3. Masks used to restrict the radiation pattern in fitness function
(a) fSLL,2 and (b) fSLL,3.

The third fitness function fSLL,3 is defined by adapting
the mask-based method and assigning an absolute value to
the maximum directivity of the side lobes Dt (θsl) as shown
in Fig. 3(b). We exclude the main beam characteristics by
leaving a gap around the target direction with the width
of θmb.
Wefirst carry out three independent runs of theGAwith the

fitness functions fSLL,1, fSLL,2, and fSLL,3, respectively. The
incident wave on the reflectarray has a frequency of 300GHz.
The following values are assigned to the mask variables for
the optimization:
• θmb = 6◦

• θHPBW = 3◦

• θdesired = 45◦

VOLUME 10, 2022 84461
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FIGURE 4. Calculated (in blue color) and EM simulated (in red color) radiation patterns of the reflectarray obtained by the GA with the
fitness functions (a) fSLL,1, (b) fSLL,2, and (c) fSLL,3, respectively.

TABLE 3. Averaged directivity Davg, sidelobe level SLLavg, 3 dB
beamwidth θ3dB, execution time tavg, and standard deviation σ over
20 simulation runs carried out by GA using the enlisted fitness functions.

• SLLt = −18 dB
• Dt (θsl) = −3 dBi.
Fig. 4 shows the calculated and EM simulated radiation

patterns of the obtained reflectarrays. The side lobes, espe-
cially around the main lobe, are significantly suppressed.
As in Section II-A, we run the GA 20 times with each fit-
ness function and summarize the averaged directivity Davg,
sidelobe level SLLavg, 3 dB beamwidth θ3dB, runtime tavg,
and the standard deviation σ of the 20 resulting sidelobe
levels in Table 3. Comparing this with the results presented in
Table 2, we see that the sidelobe level is significantly reduced.
However, we observe a degradation in the directivity. The
fitness function fSLL,3 provides the best performance, which
has the minimum sidelobe level at the cost of longer runtime.

C. NULLING IN A SPECIFIC DIRECTION
To achieve nulling in the interferer direction while the main
beam is steered to the target angle, we define the fitness
function using the equally weighted sum method:

fnull =
1

D (θ = θdesired)
+ D

(
θ = θnulling

)
. (6)

This fitness function combines the two optimization objec-
tives of maximizing the directivity in the target direction
and nulling in the interferer direction. We carry out two
independent runs of the GA with the fitness function fnull,
nulling at θnulling = 20◦ and θnulling = 30◦, respectively. For
these two optimizations, the incident wave on the reflectarray
has a frequency of 300GHz and the main beam is kept at

FIGURE 5. Calculated (in blue color) and EM simulated (in red color)
radiation patterns of the reflectarray obtained by the GA with the fitness
function fnull, nulling at (a) θ = 20◦ and (b) θ = 30◦, respectively.

θdesired = 45◦. As depicted in Fig. 5, both calculated and EM
simulated radiation patterns show that the null is successfully
shifted from 20◦ to 30◦, while the main beam remains at 45◦.

D. REFLECTARRAY CONFIGURED BY GA VS. GRATING
STRUCTURE
The optimization results presented in Section II-A – II-C
prove the feasibility of using theGA to optimize such a reflec-
tarray. In this subsection, we take a close look at the height
profile of the resulting reflectarray and compare its radiation
pattern with the radiation pattern of a grating structure.

The heights of the 80 reflectors of an optimized reflectarray
are depicted in Fig. 6. This reflectarray is obtained by a
single-objective GA with the fitness function fD,1. The opti-
mization objective is to maximize the directivity at 33.6◦

away from the grating surface at 300GHz. The height pro-
file of the reflectarray is a saw-tooth structure with varying
periods. We calculate the Fourier transform of the structure to
interpret its periodicity in space. As shown in Fig. 7, there is a
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FIGURE 6. Heights of the 80 reflectors of the reflectarray obtained by
the GA.

FIGURE 7. Fourier transform of the structure shown in Fig. 6.

FIGURE 8. Calculated radiation patterns of the reflectarray structure
obtained by GA (in blue color) and the grating structure (in red color).

dominant spatial frequency component at ξ = 833.333m−1.
Its reciprocal is the period in space 3 = ξ−1 = 1.2mm.
By inserting the period 3 into the grating equation, we obtain
a first-order diffraction angle of 56.4◦, whose complementary
angle is our desired angle of 33.6◦. This indicates that the
reflectarray obtained by the GA is a grating structure with
a non-perfect period. As illustrated in Fig. 8, the non-perfect
periodicity results in the elimination of the grating lobes at
the normal of the reflectarray and opposite to the main beam.
This makes the reflectarray obtained by the GA superior to a
conventional grating structure.

III. MULTI-OBJECTIVE OPTIMIZATION
By comparing Table 2 and Table 3, we note the trade-off
between the two objectives of maximizing the directivity and

FIGURE 9. Pareto front given by the multi-objective GA with the initial
population being the output of the single-objective GA with the objective
of (a) maximizing the directivity and (b) minimizing the sidelobe level.

minimizing the sidelobe level: the result of one cannot be
improved without degrading results of the other. For such an
optimization problem involving two conflicting objectives,
multi-objective optimization can be used to produce the opti-
mum sets of the two objectives. In this section, we consider
applications that require both high directivity and low side-
lobe level by performing a multi-objective optimization and
obtaining its Pareto-optimum front, which shows the trade-off
and gives the optimum sets of the objectives.

The design variables of the multi-objective optimization
are the same as in the single-objective GA. The optimiza-
tion objectives are maximizing the directivity in the direc-
tion of 45◦ at 300GHz and minimizing the sidelobe level.
We describe these two objectives by the fitness function fD,1
and fSLL,3, respectively. The values assigned to the mask
variables are the same as in Section II-B. After experimenting
with different ways to implement the multi-objective GA,
we realize that it has the best performance when its initial
population is the output of a single-objective GA.

Fig. 9 shows two Pareto fronts, which are obtained by
carrying out two independent runs of the multi-objective GA.
Fig. 9(a) depicts the Pareto set output by the multi-objective
GA with its initial population being the output of the
single-objective GA whose optimization objective is to max-
imize the directivity. Fig. 9(b) depicts the Pareto set output
by the multi-objective GA with its initial population being
the output of the single-objective GA whose optimization
objective is to minimize the sidelobe level. By comparing
these two Pareto sets, we identify that the initial population
governs the focus of the optimization objectives. The Pareto
set in Fig. 9(a) has a smaller value of fD,1 and therefore higher
directivity, whereas the Pareto set in Fig. 9(b) has a smaller
value of fSLL,3 and therefore a lower sidelobe level. Let us
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FIGURE 10. (a) Drawing of the reflectarray. (b) Schematic of the 27 position DAC exemplarily in position (+1 0 −1) as the tri-state 1 is in position −1, the
tri-state 2 is in position 0, and the tri-state 3 is in position +1. (c) Stacked Photo of a fabricated single SOI chip.

now compare the optimal results given by the multi-objective
GA and the single-objective GA. The tagged element in red
color in Fig. 9(a) has a maximum directivity of 16.76 dBi
and a sidelobe level of -14.2 dB. Comparing these results to
those in the second column of Table 2, the multi-objective GA
achieves the same level of the directivity but with a lower
sidelobe level. The tagged element in red color in Fig. 9(b) has
a maximum directivity of 16.19 dBi and a sidelobe level of
-18.59 dB. Themulti-objectiveGA improves the directivity in
addition to returning almost the same sidelobe level compared
with the single-objective GA results in the fourth column of
Table 3.

IV. MEMS-BASED REFLECTARRAY
In Section II and III, the optimization is carried out based
on a 5-bit MEMS actuation system that allows a maximum
vertical displacement of 600µm. As a preliminary work,
we successfully demonstrated a 3-bit MEMS actuator sup-
porting a maximum throw of 151.3µm [40]. To reduce the
wirebonding complexity that drastically increases with the
number of the reflectors, we stack five MEMS-based reflec-
tors on one substrate and then place the stacks next to each
other. However, this arrangement results in a gap between the
stacks with a thickness of the substrate. In the first part of
this section, the structure of the reflectarray and the essential
actuation mechanism are described in detail. In the second
part of this section, we propose an alternative reflectarray
design by filling the gaps with static reflectors to reduce the
effects that the gaps have on the radiation pattern.

A. HIGH-THROW AND MULTI-STABLE MEMS
A schematic structure of the reflectarray is shown in
Fig. 10(a). The reflectarray consists of several single silicon-
on-insulator (SOI) chips stacked together. Each SOI chip
features a reflector and an actuator system consisting of
a 33-position digital-to-analog converter (DAC) and a
mechanical displacement transformer. The actuator system

and the reflector are made from a single SOI substrate. The
application of the reflectarray in the terahertz regime sets the
demands on the SOI chips. First, the reflector needs to feature
a large surface. In addition, the actuator system has to perform
a stepwise discrete and large displacement of the reflector.

Performing large displacements with multipoint stability
has been a topic of research for quite a long time. Comb-
drive actuators have been investigated for large displace-
ments [41]–[43] and are getting more of interest for photonic
and terahertz applications as well [44], [45]. In our previous
work [46], an in-plane actuator system is presented consisting
of multiple bending-plate actuators that generate a stepwise
actuator displacement up to 230.7 µm ± 0.9 µm at 54 V.
Thus, the number of conducting paths is equal to the number
of actuators resulting in complex control circuits. Therefore,
solutions with DACs appear as a promising alternative. For
DACs, the number of positions increases with the number
of actuators N by the factor 2N . Such DACs are e.g. pre-
sented in [47]–[49] using thermal or electrothermal actuation.
As terahertz reflectarrays require a high precision positioning
and quick response times, electrostatic actuators are a good
solution. In [50] and [51] it is shown that DACs based on
comb-drive actuation can achieve a large binary encoded
displacement at a low voltage.

We have presented aDACbased on bending-plate actuators
[40]. As depicted in Fig. 10(b), this DAC is comprised of
three tri-states combined by connecting springs. Each tri-state
features two actuators and can approach three positions.
The DAC exemplarily shown in Fig. 10(b) is in position
(+1 0−1) as the tri-state 1 is in position−1 by only activating
the downwards actuator, the tri-state 2 is in position 0 by
activating both actuators at once, and the tri-state 3 is in
position +1 by activating only the upwards actuator. With
this setup, the DAC addresses up to 33 = 27 positions
and generates a discrete and small displacement. This small
displacement is increased by the mechanical transformer [52]
and conducted to the reflector. The fabrication process allows
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the design of the reflectors with a large surface. Whereas
the actuator system is only fabricated on the (thin) device
layer, the reflector surface consists of the combined device
and (thick) handle layer resulting in a large reflector surface.
This design solution was presented in [53] and also allows
the removal of the SOI frame in front of the reflector to
have an open interface for the feeding wave as depicted in
the stacked device photo of a single fabricated SOI chip in
Fig. 10(c). During fabrication, the handle layer from behind
the actuators is removed, so that the single SOI chips can be
stacked without an additional intermediate layer resulting in
a minimum gap between each reflector.

As shown in Fig. 10(a), the single chips are stacked to
a reflectarray. For stacking, the chips have to increase in
length so that each bond pad placed underneath the actuators
(Fig. 10(c)) is accessible for the bond wire. Despite each chip
only requires seven bond pads for 27 positions, the number
of bond wires and the chip length increases with the number
of stacked chips so that a direct stacking of many chips is not
possible. As a solution, we propose to compose the array by
groups of five chips on one printed circuit board (PCB).

B. STATIC REFLECTORS
Forming the reflectarray by stacking the groups of five
MEMS-based reflectors together results in a gap between
the adjacent stacks. To accommodate the substrate to which
the reflectors are attached, the thickness of the gap must
be at least equal to the thickness of the substrate. We con-
sider a gap with the thickness of 300µm, which is the
PCB fabrication manufacturer’s standard substrate thickness.
Note that 300µm is also the width of the reflector. Thus,
a reflectarray with the reflective surface of 24mm × 5mm
consists of 67MEMS-based reflectors and 13 gaps. Due to the
relatively low permittivity of the PCB substrate, the incident
beam reflects weaker on the PCB substrate surface than on
the silicon substrate used for the reflectors. Now, we fill these
gaps with the reflectors without actuation systems: static
reflectors. The reflective surface of each static reflector is
300µm × 5000µm, just like the MEMS-based reflector.

To observe how this particular alternating arrangement
affects the radiation pattern of the reflectarray, we carry out
two independent runs of the GA. The optimization goal is
to maximize the directivity at 45◦ and 65◦, respectively,
at 300GHz. The design variables are the heights of the
67 reflectors, while the heights of the static reflectors are
fixed at 300µm. We choose the same GA option settings as
in Section II. We also conduct full-wave EM simulations of
the obtained reflectarrays. The calculated and EM simulated
radiation patterns of the reflectarray are shown in Fig. 11. The
calculated radiation patterns show little difference from the
reflectarray with 80 actuated reflectors. However, we observe
a slight degradation in the EM simulation results: the direc-
tivity in the target direction is 3 dB lower than the calcu-
lated value, and the sidelobe level around the normal of the
reflectarray increases.

FIGURE 11. Calculated (in color blue) and EM simulated (in color red)
radiation pattern of the reflectarray with the alternating arrangement
obtained by GA with the objective of maximizing the directivity at the
angle of (a) 45◦ and (b) 65◦.

V. PROOF OF CONCEPT MEASUREMENT
To validate the proposed mathematical model and the fea-
sibility of optimizing the MEMS-based reflectarray using a
GA,we fabricate four reflectarray phantoms, i.e. reflectarrays
without the MEMS actuation systems and measure their
radiation patterns. Two of the reflectarray phantoms are
the approximate blazed gratings. Their height profiles are
designed to have diffraction angles of 56.4◦ and 41.8◦,
respectively, for the first grating order at 300GHz. The height
profiles of the other two reflectarray phantoms are determined
by the GA. We want to compare the performance of the
reflectarrays whose height profiles are generated by a GA
with the performance of the grating structures. Therefore,
the objective of the GA is to maximize the directivity at
300GHz at the diffraction angles given above. In this section,
we describe the fabrication process of the reflectarray phan-
toms, explain the radiation pattern measurement setup, and
discuss the measurement results.

A. FABRICATION PROCESS OF THE REFLECTARRAY
PHANTOMS
The fabrication of the reflectarray phantoms is performed on
single side polished silicon wafer substrates with a diame-
ter of 100mm, and a thickness of 300µm. The wafers are
p-doped with a resistivity of 1-20 �·cm. The fabrication
process is divided into two steps. In the first step, the single
reflectors are fabricated. In the second step, the 80 single
reflector chips are stacked together to form the reflectarray
phantoms.

On the mask layout, each reflector has a 100µm etching
frame and an individual inscription to identify its geometry
and simplify the stacking of the array. First, a 400 nm SiO2
layer is deposited on the front and the back of the substrate
by plasma-enhanced chemical vapor deposition (Fig. 12(a)).
The SiO2 layer on the front serves as an etching mask during
deep reactive ion etch (DRIE) process. The layer on the back
serves as a breakthrough barrier to prevent the cooling liquid
on the carrying wafer to enter the etching trench. For lithog-
raphy, an AZ MIR 701 29 cp coating is used (Fig. 12(b)).
Then, the SiO2 etching mask is etched (Fig. 12(c)) followed
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FIGURE 12. Flowchart of the fabrication process of the reflectarray phantom: (a)Si-substrate with 400 nm SiO2 layer. (b) Lithography.
(c) RIE of the SiO2 etching mask. (d) DRIE of reflectors.

FIGURE 13. (a) Photograph of reflectarray phantom 1 whose height profile is generated by the GA. The objective of the GA is to maximize the
directivity at 300 GHz at 56.4◦. (b) Photograph of reflectarray phantom 2 whose height profile is generated by the GA. The objective of the GA is
to maximize the directivity at 300 GHz at 41.8◦. (c) Photograph of reflectarray phantom 3 which is an approximate blazed grating. Its height
profile is designed to have diffraction angle of 56.4◦. (d) Photograph of reflectarray phantom 4 which is an approximate blazed grating. Its height
profile is designed to have diffraction angle of 41.8◦.

by the DRIE process singularizing the chips (Fig. 12(d)).
During DRIE, the substrate is placed on a carrying wafer.
After DRIE, the chips are wet chemically cleaned and no
additional metallization is performed. The reflective surface
of the chips is comparable to the MEMS reflector used in the
MEMS-based reflectarray.

In the second fabrication step, the chips are assorted,
arranged, and aligned as straight as possible via adjustment
aids. The fixation is performed with a commercially available
two component adhesive. The stacked arrays are placed on
an acrylic glass block with the lateral dimensions 30mm ×
10mm, and a thickness of 6mm. The acrylic glass block is
fixed on a 3 inch carrying wafer substrate (Fig. 13).

B. PLANAR RADIATION PATTERN MEASUREMENT WITH A
TERAHERTZ TDS SYSTEM
1) MEASUREMENT SETUP
We first carry out a planar radiation pattern measurement
of the reflectarray phantoms with a terahertz time-domain
spectroscopy (TDS) system. For the terahertz generation and
detection, we use the fiber-coupled terahertz TDS system
TERA K15 from Menlo Systems. The femtosecond fiber
laser has a repetition rate of 100MHz and a pulse duration
of less than 90 fs. The terahertz spectrum typically has a
spectral bandwidth of 5.5 THz and a peak dynamic range of
95 dB. The delay line of the system has a maximum delay
of 1700 ps, which leads to a spectral resolution of 0.6GHz.
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FIGURE 14. Planar radiation pattern measurement setup for the
reflectarray phantom with the fiber-coupled terahertz TDS system.

The measurement setup is shown in Fig. 14. In this setup,
the reflectarray phantom is rotated while the position of the
terahertz receiver (Rx) remains fixed. To ensure a normally
incident beam when the reflectarray phantom is rotated,
we mount the terahertz transmitter (Tx) and a terahertz
polymethylpentene (TPX) lens together with the reflectarray
phantom on the same rail and fix the rail on a motorized
rotation stage. The center of the reflectarray is aligned with
the rotation center of the rotation stage. The terahertz lens we
choose is a plano-convex TPX lens with a diameter of 2 inch
and a long focal length of 250mm so that the collimated
beam (plane wave) can illuminate the entire reflectarray. The
terahertz receiver is fixed on an xyz-stage and aligned to
face the middle of the reflectarray. To avoid the collision
between the terahertz receiver and the transmitted terahertz
path, we set the rotation range between ϕ = 15◦ and ϕ =
65◦ in steps of 0.2◦. At each angle, we take an average of
1000 measurements to improve the signal-to-noise power
ratio. We set the scan window of the delay line to 200 ps,
which is sufficient to capture the terahertz pulse with the
adequate frequency resolution. Themeasurement duration for
one reflectarray phantom is around 5 hours.

2) MEASUREMENT RESULTS
After obtaining the time-domain trace of the reflected ter-
ahertz pulse, the following signal processing is performed.
We first multiply the time-domain trace with a Tukey window
to eliminate the echoes and spurious signals while preserving
the terahertz pulse. The windowed time-domain trace is then
zero-padded so that its duration is equal to the temporal pulse
spacing of the laser. Finally, the discrete Fourier transform is
computed. The measured and calculated broadband radiation

patterns for the four reflectarray phantoms at frequencies
between 200GHz and 800GHz are shown in Fig. 15.

For all four reflectarray phantoms, the measured radi-
ation patterns are in good agreement with the calculated
ones. We also observe a frequency dependence of the
main beams. Take reflectarray phantom 1 as an example.
Its main beam approaches the normal of the reflectarray
when the frequency increases from 260GHz to 450GHz.
As explained in Section II-D, the reflectarray whose height
profile is determined by the GA is a grating structure with
a non-perfect period. This frequency dependence can then
be explained by the grating equation. With increasing fre-
quency (decreasing wavelength), the diffracted beam comes
closer to the grating surface normal. By further increasing
the frequency, we observe the second-order diffraction at
frequencies between 520GHz and 800GHz.

Fig. 16 shows the radiation patterns of the four reflec-
tarray phantoms at the design frequency of 300GHz. The
measured radiation patterns agree with the calculated ones
in terms of the main lobe angle and side lobes angles. The
maximum angular offset between the measured and cal-
culated main beam directions is only about 2◦. It can be
attributed to the collimated beam not illuminating normally
onto the reflectarray phantom due to misalignment. Further-
more, we observe higher sidelobe levels and broader main
beamwidths in the measured radiation patterns compared
with the calculated ones. The reason for this is that we do
not place the terahertz receiver in the far field to ensure a suf-
ficient dynamic range for the radiation pattern measurements.

C. 3D RADIATION PATTERN MEASUREMENT WITH A
TERAHERTZ FDS SYSTEM
1) MEASUREMENT SETUP
To measure the partial hemispherical radiation patterns of the
reflectarrays, we utilize a motorized spherical measurement
system as shown in Fig. 17. The coverage of the measure-
ment system is 0◦ · · · 360◦ in azimuth and 0◦ · · · 90◦ in
elevation. We mount the reflectarray on a rail and fix it at the
position where the center of the reflectarray is at the origin
of the spherical system. The terahertz transmitter is attached
on the same rail, facing the center of the reflectarray. The
terahertz receiver is fixed on the arch frame and revolves
around the measured reflectarray during the measurement.
To avoid collisions between the terahertz transmitter and
receiver, we set the elevation range of the measurement
between 15◦ and 65◦. Since the radiation patterns of the
reflectarrays have a stronger angular dependence in elevation
than in azimuth, we choose an elevation step size of 0.25◦ and
an azimuth step size of 2◦. We have in total 15972 angular
points to measure. It would take around 22 days to finish
measuring one reflectarray using the terahertz TDS system
as mentioned in SectionV-B. Therefore, we use the terahertz
frequency-domain spectroscopy system TeraScan 1550 from
TOPTICA PHOTONICS, operating in the sampling mode at
300GHz, to significantly reduce the measurement time to
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FIGURE 15. Measured broadband radiation pattern for the frequencies between 200 GHz and 800 GHz at the angles between 35◦ and 60◦ of
(a) reflectarray phantom 1, (c) reflectarray phantom 2, (e) reflectarray phantom 3, and (g) reflectarray phantom 4. Calculated broadband radiation
pattern for the frequencies between 200 GHz and 800 GHz at the angles between 35◦ and 60◦ of (b) reflectarray phantom 1, (d) reflectarray
phantom 2, (f) reflectarray phantom 3, and (h) reflectarray phantom 4.

FIGURE 16. Measured (in color blue) and calculated (in color red) radiation pattern of (a) reflectarray phantom 1, (b) reflectarray phantom 2,
(c) reflectarray phantom 3, and (d) reflectarray phantom 4 at 300 GHz.

FIGURE 17. 3D radiation pattern measurement setup for the reflectarray
phantom with the terahertz FDS system (gray shaded area is not
measured).

7 hours. Another change we have to make in this measure-
ment setup is to remove the collimating lens because we can-
not accommodate the lens in this measurement setup while
ensuring that the reflectarray phantom is placed in the center

of the spherical measurement setup. As a result, the terahertz
radiation illuminating directly onto the reflectarray phantom
cannot be considered a strictly plane wave. We cannot sub-
sequently interpret the measurement results quantitatively.
However, with such measurements, we can still observe the
relative differences between the reflectarrays whose height
profiles are determined by the GA and the grating structure,
as well as the relative differences between the elevation and
azimuthal beamwidths.

2) MEASUREMENT RESULTS
The measured radiation patterns of the four reflectarrays are
depicted in Fig. 18. For all four reflectarrays, we see a null
around azimuth angle ϕ = 0◦. This is due to the polariza-
tion mismatch between the terahertz transmitter and receiver.
In addition, we also observe a strong reflection between
elevation angle θ = 15◦ and θ = 30◦ caused by the specular
reflection of the divergent terahertz beam on the siliconwafer.
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FIGURE 18. Measured 3D radiation pattern in elevation θ and in azimuth ϕ of (a) reflectarray phantom 1, (b) reflectarray phantom 2,
(c) reflectarray phantom 3, and (d) reflectarray phantom 4 at the design frequency of 300 GHz.

TABLE 4. Performance comparison of different terahertz reflectarrays for
beam steering.

The main beams of the radiation patterns of four reflectarrays
are in the target direction. The grating structures: reflectarray
phantom 3 and 4 show grating lobes at the opposite side
of their surface normal as expected, whereas the radiation
patterns of reflectarray phantom 1 and 2 only have amain lobe
in the target direction. The measured elevation and azimuth
3 dB-beamwidths of all four phantoms are around 5◦ and
around 12◦, respectively. This result reflects the fact that the
reflectarray’s electrical size is larger in the elevation than in
the azimuth plane.

VI. CONCLUSION
In this work, we use a GA to optimize the radiation pattern of
a MEMS-based reflectarray. The three optimization goals are
to maximize the directivity in the target direction, minimize
the sidelobe level, and place a null at a given angle. These
objectives are first considered separately using a single-
objective GA. We propose three different fitness functions
for maximizing directivity and compare them numerically.
Among them, the best fitness function yields a directivity
of about 16.82 dBi. To minimize the sidelobe level, we also
propose and numerically compare three different fitness

functions. The GA with best fitness function returns the
height profile of the reflectarray with a minimum sidelobe
level of around -18.4 dB. Both calculated and EM simulated
radiation patterns verify the feasibility of nulling at a given
angle while keeping the main beam direction unchanged.

Realizing that the two optimization objectives of maxi-
mizing the directivity and minimizing the sidelobe level are
conflicting, a multi-objective optimization is then carried out
to determine the Pareto front: a set of optimal height profiles
of the reflectarray that satisfies both objectives. By calculat-
ing the Fourier transform of the structure of the reflectarray
obtained by the GA, we realize that the reflectarray obtained
by the GA is a quasi-grating structure with a non-perfect
period. We describe the structure of the reflectarray and
the MEMS actuation mechanism in detail. We introduce an
arrangement of the reflectarray by alternating the actuated
reflectors and static reflectors to reduce the wire-bonding
complexity.

Finally, as a proof of concept, we conduct planar and
3D radiation pattern measurements on each of the four
reflectarray phantoms with terahertz TDS and FDS systems,
respectively. For the planar radiation pattern, the measured
broadband characteristics of all four reflectarray phantoms
agree with the calculated results. The measured main beams
at 300GHz are in the designed direction with a maximum
deviation of 2◦. Comparing the measured 3D radiation pat-
terns for four reflectarray phantoms, we see that the reflectar-
rays with height profiles determined by the GA are superior to
grating structures, because they do not have grating lobes on
the opposite side of the main beam. In Table 4, we compare
the reflectarray configured by a GA with the other two tera-
hertz reflectarrays in term of the beam steering performance.

It is clear from this work that using the GA to configure
a reflectarray consisting of subwavelength reflectors is a
better option than a reconfigurable grating structure for beam
steering application. We anticipate that this concept can also
be applied to optimize the geometrical arrangement, phase
and amplitude distribution of terahertz phase arrays.
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