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Abstract

In this manuscript, two wideband single layer reflectarray antennas are designed utilizing an optimization-based
metasurface in terahertz (THz) regime. It is demanded to design a metasurface with wide phase variation range
in a broad frequency region of terahertz band. The proposed metasurface is designed based on Random Hill
Climbing optimization algorithm whereas a multiobjective fitness function is defined to consider the desired

characteristics. A provided link between Matlab and HFSS softwares is utilized to define and simulate various

metasurfaces. The finalized cell has considerable wide phase variation (> 600°)and notable bandwidth of

30.76% (1.1-1.5 THz) whereas the mean value of magnitude variation of reflection coefficient is -0.42dB. Two
square and circular metasurfaces are designed based on the optimized cell and illuminated using a THz feeding
horn antenna. The angles of incident and reflected waves are considered equal to zero. The simulation results
confirm 3-dB gain bandwidths of 20.3% and 20.4% for square and circular reflectors, respectively. Moreover,
the considerable efficiencies of 45.67% and 46.27% are achieved for square and circular arrays, consequently.
The maximum gain of square array with 361 elements is 25.9dB whereas it is equal to 24.9dB for circular
metasurface including 277 unit cells.

Keywords: Efficiency, Metasurface, Optimization, Reflectarray, Terahertz.
1-Introduction

Terahertz (THz) band is located at the end of microwave band before the start of infrared band in the
electromagnetic spectrum and hence, benefits from the advantages of these two bands. THz spectrum covers the
frequency range from 0.1 THz to 10 THz [1]. Considering practical perspective among various frequency ranges,
THz antennas have attracted much interest in the last decade [2, 3].

One of the solutions for increasing data rate in new generation of telecommunications is the use of higher
frequencies, especially the terahertz band. Moreover, utilizing THz band has additional applications including
multimedia broadcasting [4, 5], wireless technology [2, 6], and medical imaging [7, 8]. One of the main challenges
of utilizing THz regime for communications is high attenuation rate of THz waves in the atmosphere. To overcome
this, it is necessary to design high gain antennas [9-11].

Many types of high gain antennas including phased array [12], parabolic [13], and lens antennas [14-18] are
applicable in THz communications. Typically, these antennas are highly efficient and fall into the category of
high-gain antennas. Each type of these antennas has individual disadvantages and advantages. The parabolic
reflectors have high manufacturing complexity due to their special geometry according to curvature of the metal
plate, high weight and volume. The phase array antennas are not suitable for common telecommunications due to

the complexity of demanded power network, construction cost, as well as excessive losses in transmitter and
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receiver parts. The drawbacks of these two types of antennas have considerably resolved in reflectarray antennas,
which are combination of classic reflector antennas and phase arrays [19-22].

The disadvantages of the reflector and phase array antennas have been a challenge until 1963 where an article
entitled as “The reflectarray antenna” was published by Berry [23]. The advantages of parabolic reflector and
phased array antennas are combined in the proposed antenna, whereas the problems with these two antennas are
eliminated in the reflectarray antenna. In 1978, the reflectarray antenna is developed based on utilizing microstrip
patch elements [24]. In addition to its simple planar construction, the antenna has remarkable benefits including
low loss, high gain, low-profile, low weight, easy design and fabrication, together with potential for
reconfigurability and dynamic control capability [19, 20].

Reflectarray antennas include a planar array of radiating elements excited by a feed antenna. The shape and size
of these elements are designed and modified to create different reflection phases. Therefore, the reflected waves
from the reflector array can be collected in a desired direction resulting in a single main lobe with a specific
beamwidth. In fact, the variation of dimensions and shape of cells is used to compensate different phase values
caused by variant encountered distances from the feed antenna [25, 26].

The performance of a reflector antenna is strongly dependent on characteristics of including cells. The cell shape
is the most effective parameter determining the cell property. Therefore, the cell design is a critical stage in the
evaluation of a reflectarray antenna. Some optimization algorithm may be utilized to develop an optimized cell
with specific characteristics. Random Hill Climbing (RHC) optimization algorithm is one of the most efficient
utilized algorithms [27].

The RHC is a powerful optimization algorithm that is moving towards increasing the value of an objective
function. This algorithm has a repetitive process starting with a desired or random solution and then, provides a
better response by changing the position of the bits in a binary string. This method continues until further progress
is possible [28].

In this paper, a broadband single layer unit cell with wide phase variation is designed based on RHC optimization
algorithm. The proposed cell is utilized in two wideband terahertz reflectarray antennas. The paper is redacted as
following. Some design aspects are explained in Section 2. The optimization algorithm and corresponding fitness
function are comprehensively investigated in Section 3. The simulation results of proposed unit cell are studied
in Section 4 whereas two reflectarray antennas with square and circular arrangements of the proposed unit cell are

designed and presented in Section 5. Finally, the manuscript is concluded in Section 6.
2- Design Aspects

One of the main drawbacks of the reflectarray antenna design is its narrow bandwidth. This is due to narrow band
feature of involved unit cells. Therefore, this problem can be removed by utilizing a wideband unit cell [29].
Moreover, it is desired to have a high gain reflectarray antenna in many applications [10]. This goal can be
achieved utilizing large reflector planes with numerous cells. The range of phase variation of a cell is usually
about 360" which is not sufficient for large reflectarray antennas. Low phase variation of utilized unit cells in
large reflectarray antennas results in a sudden dimension variation at the corner elements. Therefore, the assumed
periodic boundary conditions at simulation of utilized cell would be no longer satisfied and hence, the cell

performance in the metasurface would be very different from that in a periodic structure.



In addition to unit cell bandwidth, the phase delay caused by the physical distances between the feed antenna and
the corners of the reflector plane is another important parameter reducing the bandwidth of a reflectarray antenna.
This delay causes to reduce gain of reflectarray antenna. Moreover, the radiation pattern of reflectarray antenna

degrades over a wide frequency range. The angles of incident and reflected waves are also effective in determining

the phase of each cell. In other words, a phase variation range of 360" may be sufficient for some angles of

incidence and reflection whereas it is not adequate for another ones.

Therefore, the cells with phase variation range of greater than 360° should be designed to solve the problem of

narrow bandwidth encountered in large reflectarray antennas. A noteworthy point in the design of cells with a

wide range of phase variation is relatively gentle slope of the phase-scale diagram.

In this paper, a broadband single-layer cell with a high phase variation is designed utilizing RHC optimization
algorithm. Then, the phase response analysis and other features of the single cell are presented. Finally, two
reflectarray antennas with good performances and high efficiency values are designed based on the optimized
cell. The feed antenna is a horn antenna whereas the corresponding design procedure is described in the following

section.

The demanded range of 1 THz to 1.5 THz is considered in the design of unit cell and reflectarray antenna. A

wideband unit cell with high phase variation range is achieved by definition of a multi-objective fitness function.

3- RHC optimization algorithm

As it is previously mentioned, the RHC optimization algorithm is utilized to define various unit cells. Different
stages of definition, analysis and simulation of an arbitrary cell are expressed in the following subsections.

3-1 Unit cell definition

As shown in Fig. 1, a grid including 16 x 16 small squares is used to define a single-layer cell. Each small square,

which will be called as a pixel, is 6.25x 6.25 umz .

Fig. 1: Definition of the unit cell using a 16 X 16 square network

The cell is divided into 256 pixels. Due to symmetry of the structure, one-eighth of the cell is defined by a 36-bit
string and hence, the rest is completed by repeating this part.

3-2 Determination of the fitness function

In this sub-section, the fitness function consisting of several parts is defined to consider the desired goals. In the

first part, it is desired to achieve a linear phase-scale diagram for the frequencies between 1 THz to 1.5 THz



whereas the range of phase variation should be more than 600° . This condition is expressed mathematically in

equation (1):

B 600°
17 scale
Qk = (Average(Rk) - Dl) (1)
Qk <0

In the equation (1), k is the k-th desired frequency between 1 THz and 1.5 THz whereas the frequency step is

considered to 0.1 THz. The slope of the ideal phase-scale diagram is designated to —600° / scale (Fig. 2). Q is

the difference between the mean slope of phase-scale diagram of k-th desired frequency, R, . and the slope of

ideal curve in Fig. 2.
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Fig. 2: The ideal phase-scale diagram of the unit cell
The second part of the objective function is stated in equation (2). It is demanded that the average amplitude of

the reflection coefficient considering different scales at all desired frequencies should be greater than -1 dB.

X = Average (mag(Sl 1))

2
X; > -1dB

Other restrictions are also considered in addition to the above-mentioned conditions. The minimum relative
bandwidth of the cell should not be less than 25%. Therefore, the acceptable cases are limited to the following

four states:

Zym = ‘ARk—ARk_m‘ k=23,.,6 ; m<k (3)
Zly gy <150
Z2%m = |ARk - ARk_m| k=23,.,5; m<k )
22 <150
23y m = |ARk - ARk_m| k=34,.,6; m<k (5)
Z3) gy <150
Z4y 1 = |ARk - ARk7m| k=2,.,4 ; m<k (6)

Z4k,m <150



In all relations of 3 to 6, AR, is the average slope of the phase-scale diagram for k-th desired frequency.

The absolute value Zi, . is the difference between the mean values of the slopes for different frequencies. In

conditions 3 to 6, the value of m must be less than k where it is between 1 and 6 (Table 1).

Table 1: The relation between parameter k and desired frequencies between 1 THz to 1.5 THz
k 1|2 [3|4]5]6
frequency (THz) | 1| 1.1 |12 ] 13| 14|15

The conditions (3) to (6) indicate that in which frequency region the difference between the average of
corresponding phase-scale variation diagrams in adjacent frequencies is less than or equal to 150 degrees. This
condition causes a relative similarity of the phase change curves with each other. In all four cases, the relative

bandwidth of the cell is higher than 25%.

The implementation of the conditions (3)-(6) is explained in the following. At first, the equation (3) is examined.
If this condition is met, the produced structure has acceptable performance at frequencies between 1 THz and 1.5
THz else equation (4) will be considered. If the condition (4) is satisfied, the structure has acceptable
characteristic in the frequency range between 1 THz and 1.4 THz. In the case that none of equations (3) and (4)
are met, equation (5) has been examined and this process continues similar to the previous two conditions until

the appropriate answer is obtained for the fitness function.
3-3 Optimized unit cell

Based on fitness function definition, the optimal cell obtained after 4000 steps of program execution is defined
by the resulting 36-bit code string of [001010010101010000000010011101010101]. The schematic view of

obtained cell is presented in Fig. 3.

Fig. 3: Optimized unit cell obtained from RHC optimization process

The substrate of the cell is made of Silicon with dielectric constant of 11.9 and loss tangent of 0.001. Moreover,

the gold layer with surface impedance of 0.287 + j0.335Q2 is utilized as metallic parts of the cell.

4- Simulation results of the optimized cell

Fig. 4 shows the phase variation diagram of optimized cell in terms of various scales of the metallic section of

the cell considering desired frequencies between 1.1 THz and 1.5 THz. The optimized structure meets condition

(5) whereas the corresponding bandwidth is 30.76%. Moreover, the maximum phase variation is 738°at 1.5 THz

and more than 600° at other frequencies.
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Fig. 4: Phase-scale diagrams of the optimized cell considering different frequencies between 1.1-1.5 THz
The mean values of corresponding reflection coefficient considering various scales at different desired
frequencies are tabulated in Table 2.

Table 2: Reflection coefficient mean values of achieved cell in Fig. 3 at different frequencies

Frequency (THz) | 1.1 | 1.2 | 1.3 | 1.4 | 1.5
Mean s, (@B) | -0.39 | -0.42 | -036 |-038 |-036

To provide a conceptual explanation for the optimized cell characteristics, the cell evolution is examined in three

steps according to Fig. 5. Afterwards, corresponding phase-scale diagrams are depicted in Fig. 6.
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Fig. 6: Corresponding phase-scale diagrams of the cell in different stages of Fig. 5

According to Fig. 6, the phase variation range increases in Fig. 6¢ with respect to Fig. 6a. Moreover, the phase-
scale characteristics become closer at adjacent frequencies in the last state of cell evolution. Therefore, an
increased bandwidth is obtained utilizing the structure in Fig. 5c. Surface current distributions on the metallic

parts of the optimized cell are investigated considering different frequencies (Fig. 7).
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Fig. 7: Current distributions of the structure in Fig. 5c at: (a) 1.1 THz, (b) 1.2 THz, (c) 1.3 THz, (d)
1.4 THz, (e) 1.5THz

It is evident that cell corners are more excited at lower frequencies whereas the central parts are also excited at

higher frequencies.



5- Design of reflectarray antenna

In this section, two different metasurfaces are designed based on the proposed optimized cell. In the first design,
a square array design is considered whereas corresponding cells are arranged on a circular reflector plane in
second design. The designed metasurfaces are utilized in two reflectarray antennas which are illuminated by a

horn antenna located at a suitable distance with respect to the reflecting plane.

The incident angle is considered equal to zero. Moreover, the radiation characteristics of illuminating horn

antenna are studied in the following section.
5.1 Specifications of feed horn antenna

In this sub-section, a broadband horn antenna is designed to excite two proposed reflectarray antennas. The

schematic view of proposed horn antenna is depicted in Fig. 8.

¥

X

=z

Fig. 8: Scheme of the designed feed horn antenna

The horn antenna aperture size is equal to 423x 268 um? whereas the operation frequency range covers the

demanded frequency band according to proposed reflectarray antennas. The radiation pattern of the proposed

feed antenna at 1.3 THz is shown in Fig. 9.

Fig. 9: Radiation pattern of the proposed horn antenna in Fig. 8 at 1.3 THz

The maximum gain of the designed feed antenna is equal to 12.9 dB at 1.3 THz. The corresponding gain and

return loss variations are illustrated in Fig. 10 for frequencies between 0.9 THz to 1.5 THz.
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Fig. 10: Specifications of the feed horn antenna, (a) gain and (b) return loss variations versus frequency

The proposed horn antenna is utilized to feed two designed reflectarray antennas. These reflectarray structures

are comprehensively investigated in the following sub-sections.
5-2 First reflectarray structure: square layout
In the first design, 361 optimized cells are arranged in a 19x19 square metasurface. The angles of incident and

reflected waves are assumed to be zero whereas the reflector plane is 19001900 um? . The feed antenna is
positioned at the optimized distance of 1900um with respect to the center of the reflector plane, which is equal

to the focal point of the array at the central frequency of 1.3 THz.
5-2-1 Cell arrangement on the square array

The required phase of each unit cell located at a specific position on the metasurface is calculated as follows [30],
PRA = Ppp + Ppa = ko(R, - sin 60 (x; cos @+, sin () N

The reflecting phase of each cell is denoted by Pspd compensating the phase delay due to the distance of the feed

antenna to the corresponding element of the array. Moreover, to focus the reflected beam into a specific direction

of (Go,q)o) , a progressive phase must be added to the aperture that is shown by Pop in equation (7). Therefore, the

required phase of each element in the aperture, @, , is a combination of two compensating and progressive
phases.
In equation (7), R. is the distance from the center of feed antenna to the ith element and k, is the free space

wave number at the central frequency. Moreover, the position of each element is expressed by ( xi,yi) . The phase
distribution diagram on the surface of the19x19reflectarray antenna at the central frequency of 1.3 THz is

presented in Fig. 11.
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Fig. 11: Phase distribution diagram of the cells located on the metasurface at the central frequency of 1.3 THz

The phase distribution on the metasurface includes one-eighth symmetry. According to Fig. 11, the required
phase values in Fig. 11, are provided by scaling the metallic pattern of designed cell. The phase-scale diagram
according to Fig. 4 is utilized to determine the required scales for demanded phase values in Fig. 11. The
corresponding scales of each cell are presented in Table 3. The phase origin is the cell located at the center of the
reflectarray, whereas the phase shifts of other cells are considered with respect to this central cell. Due to
symmetry of the structure, it is sufficient to provide the dimensions of 55 cells located in one eighth of the array

(Table 3).
Table 3: Corresponding scales of each cell in one eighth of the 19 x 19 reflectarray antenna

Element number along x
sealel ;5 3 4 5 5§ 7 § 9 10

— | 021

@ |o.42]o0.46

0.46 | 0.49 | 0.53

048 | 052 06 |0.72

Element number along y

The scheme of finalized reflectarray antenna consisting of 361 optimized cells is demonstrated in Fig. 12.



Fig. 12: Total view of the 19 x 19 designed square reflectarray antenna with feed antenna
5-2-2 Simulation and performance analysis

The maximum gain of the 19x19 square reflectarray antenna is 25.9 dB at the central frequency of 1.3 THz. The
gain variation of designed reflectarray antenna is compared to the feed antenna in Fig. 13. The 3 dB gain
bandwidth of designed reflectarray antenna is 20.3% (1.15-1.41 THz). The maximum efficiency of the proposed
reflectarray antenna at 1.3 THz is calculated by equation (8) resulting to a 45.67% efficiency value [30]:

22

T]aperture =G 41tA ®)

where A is corresponding wavelength at 1.3 THz andn is corresponding antenna efficiency.

aperture
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Fig. 13: Comparison between gain of designed reflectarray antenna and that of feed horn antenna at the desired

frequency band

Due to wide provided phase variation range of the optimized cell (= 600", no suddenly change would be

occurred in the size of the adjacent cells. Therefore, the bandwidth of the reflectarray is desirable with respect to

similar structures, e.g. [10]. The simulated radiation patterns of the antenna at first, middle and last frequencies

of 3 dB gain bandwidth considering perpendicular planes of ¢ =0and ¢ = 90° are illustrated in Fig. 14.
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Fig. 14: Simulated radiation patterns of the designed square reflectarray antenna at (a) first, (b) middle and (c)
last of frequencies of 3 dB gain bandwidth in Fig. 13

5-3 Second reflectarray structure: circular array
The schematic view of the reflectarray antenna with circular metasurface including of 277 optimized cells is

depicted in Fig. 15. It should be noted that the design aspects of this antenna is the same as those of previous

one, except that 84 lateral cells are removed to create a circular structure.



Fig. 15: Scheme of designed circular metasurface in the reflectarray antenna

In spite of reduced cell numbers in the circular reflectarray, the antenna gain is only 1dB less than that of previous
square reflectarray, and is equal to 24.9 dB. However, the effective area of the circular aperture is 21% decreased
resulting in an ultimately improved total efficiency. According to equation (8), the antenna efficiency at 1.3 THz
is 46.27%, which is better than that of square structure. The comparison results of obtained gain with respect to

horn feed antenna are presented in Fig. 16. The 3 dB gain bandwidth is 20.4% (1.19-1.46 THz).
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Fig. 16: Comparison results of gain variation of the designed circular reflectarray antenna and the horn feed

antenna
The simulated radiation patterns of the circular reflectarray antenna at first, middle, and end frequencies of the

corresponding 3 dB bandwidth considering two perpendicular planes of ¢ =0and ¢ = 90° are demonstrated in

Fig. 17.



Fig. 17: Simulated radiation patterns of designed circular reflectarray antenna at (a) first, (b) middle, and (c)

5-4 Discussions

First, the main characteristics of proposed cell are compared to some similar reported works in Table 4. Then the
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end frequencies of 3 dB gain bandwidth in Fig. 16

two designed square and circular reflectarray antennas are compared to previous works in Table 5.

Table 4: Comparison between the properties of proposed unit cell and similar cells

Reference | Frequency (THz) | Max ( |S ) l| ) dB | Phase change range (°) | Optimization algorithm
This work 1-1.5 -0.42 <738 v

[31] 0.9-1.17 - <390 x

[10] 0.357-0.421 -1.8 <550 x

[32] 0.225-0.325 - <550 x




Table 5: Comparison between the characteristics of designed reflectarray antennas and similar works

Feed Aperture Size
Reference Numbers of cells | Gain (dBi) 5 Efficiency(%)
Antenna (mm )
This work
horn 361 25.9 3.61 45.67
(square layout)
This work
. horn 277 249 2.83 46.27
(circular array)
[31] horn - - 2500 -
[10] horn - 32.84 309.15 29.29
[32] horn - 33.98 400 43

According to Table 4, the phase variation range of designed cell is highly improved in comparison to previous
works. Moreover, the reflection coefficient value is less than reported one in [10]. As it is stated in Table 5, the
efficiency of the designed square and circular antennas are considerably more than corresponding values in [10,
31, 32]. Since the aperture sizes of proposed arrays are much smaller in comparison to mentioned works, the

resulting gain values are reduced.
5-conclution

In this manuscript, a single layer broadband unit cell with wide phase variation range was proposed. The RHC
optimization algorithm and an established link between Matlab and HFSS are used to define and simulate various
structures. A fitness function is defined in several stages to provide demanded goals including broadband and
wide phase variation properties. Finally, a structure with maximum value of the objective function is chosen as

an optimized one.

The optimized cell has wide phase variation range (> 600° ) in a broad frequency region between 1.1 THz to 1.5
THz whereas the average magnitude of reflection coefficient is -0.42dB. Two square and circular reflectarray
antennas are implemented based on the optimized cell. According to simulation results, the square reflectarray
antenna has 3-dB gain bandwidth of 20.3% and 45.67% efficiency, which are notable with respect to similar
reported works. In the circular reflectarray antenna, the 3 dB gain bandwidth of 20.4% together with 46.27%
efficiency are achieved. The maximum gain values of two square and circular antennas are 25.9 dB and 24.9 dB,

respectively.
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