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Abstract

The high-speed, low-latency wireless communication in 5G and future 6G
networks require antenna systems that are capable of mitigating propagation loss at
millimeter-wave frequencies. This project presents the design, simulation, and testing of
a foldable 28-GHz reflectarray antenna that can change the directivity of reflected
signals. With higher directivity, the reflectarray would be able to reflect signals to
specified end-users that are farther away or need a higher signal-to-noise ratio. With
lower directivity, signals can be reflected to multiple end-users that are closer to the
reflectarray or are able to function with a lower signal-to-noise ratio. A unit cell of the
array was designed using simulation tools to provide a 180° phase difference using two
different configurations. Multiple instances of the unit cell form the reflectarray. An 8 row
by 4 column reflectarray produced asymmetrical beam reflections with wider
beamwidths due to the coarse phase gradient and its smaller aperture, signifying lower
directivity. Increasing periodicity by expanding the aperture size to an 8x8 strengthened
reflected power, and improved directivity by narrowing half-power beamwidth.
Experimental results confirmed that enlarging the aperture improved reflected power
and directivity. However, physically-folded reflectarrays had a more imprecise
beam-steering ability, which can be attributed to capacitive coupling between the two
halves of the array. Overall, this study demonstrates that a foldable reflectarray can be

expanded to improve directivity and reflected power.
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l. Introduction

With the expansion of 5G networks and ongoing research toward 6G
communication systems, advancements on high-frequency wireless connections would
allow for faster data transmission with lower latency as the available bandwidth
increases [1]. However, a major challenge as frequencies continue to increase is
propagation loss and attenuation which limits coverage and signal reliability. More
specifically, high-frequency electromagnetic waves experience higher loss as they travel
longer distances, and environmental conditions like the weather and molecules in the air
can further contribute to the absorption and dissipation of energy. Physical obstacles
also become harder for signals to propagate through, leading to substantial losses when
encountering buildings, trees, or even human bodies. Due to these effects, millimeter
waves (mmWave), electromagnetic (EM) waves with frequencies ranging from 30 to 300
GHz [2] have shorter effective communication ranges and are more susceptible to being
blocked or scattered by the environment. These limitations create a need for
communication systems that are capable of compensating for high propagation losses.

A common solution to compensate for signal loss is to focus signals efficiently
toward a specified direction of which a reflectarray antenna, a surface made of
conductive elements, is capable of by controlling the reflected phase of incoming EM
waves, similar to a parabolic reflector but more portable. As such, as the operating
frequencies of communication systems have continued to increase over the years,
advances in antenna design have been explored extensively, and modern evolution of
the traditional reflectarray concept has led to the development of reconfigurable

intelligent surfaces (RIS), which use electronically tunable components such as PIN



diodes, varactor diodes, or liquid crystal substrates to dynamically modify phase
reflections [3]. While RIS designs offer flexibility, power and complex circuitry to control
electrical components are required, increasing cost and fabrication difficulty.

To address these challenges, this project explores a 28-GHz foldable reflectarray
antenna that is designed to control its directivity by manipulating the aperture size. The
final prototype serves as a proof of concept demonstrating that increasing the aperture
size by unfolding the reflectarray enhances directivity and reflected power, whereas

reducing the aperture size reduces directivity and reflected power.

Significance

Many conventional designs employ other configurations to enhance the efficiency
of a reflectarray by achieving a wider bandwidth or dual-polarization which improves the
robustness of the reflected signals [4]. Some examples are multi-layered reflectarrays
that achieve a wider bandwidth at the expense of being thicker and complex to
fabricate, and multi-resonant designs that can operate at multi-frequencies but require
complex geometries that have smaller fabrication tolerances [5][6]. More recently,
reflectarrays incorporate an RIS design that utilizes elements that can be configured
electrically, such as PIN diodes, varactor diodes, or liquid crystal substrates. The
Liquid-Metal Electronics VIP team at the University of Hawaii at Manoa, for example,
have demonstrated reconfigurable reflectarrays consisting of liquid metal elements
actuated by voltage. However, this required a complex and lengthy fabrication process.

Given these challenges, a foldable reflectarray with a simple design is highly

desirable. This combines portability and limited reconfigurability, enabling adjustments



in the directivity and reflected power of signals without significant fabrication or design

complexity, and eliminating the need for electrical power.

How Reflectarrays Work

Wireless communication signals are made up of electromagnetic (EM) waves
characterized by their amplitude, frequency, and phase. When an EM wave strikes a
surface as shown in Figure 1, each point on that surface reflects the wave with some

phase, which is its position in its cycle where 21 or 360° is a full cycle.
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Figure 1. A side-view of a reflectarray with each conductive elements reflecting signals,

forming a wavefront. Figure reproduced from [7].

If a surface has the same structure throughout like a simple copper sheet, it is
very likely that it would reflect with the same phase. The reflected waves combine
in-phase only along the normal direction resulting in a normal reflection, or if it were

incident at 45° from the surface, it would also reflect at 45° from the surface towards the



opposite direction as predicted by the conventional Snell’s Law. To focus or steer the
reflected beam in a desired direction, there must be a progressive phase shift across

the surface. This is how a reflectarray operates. [8]
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Fig. 2. General structure of a reflectarray with a transmitter horn. Figure reproduced

from [9].

A reflectarray consists of a flat surface made up of smaller elements called unit
cells, portrayed as the yellow boxes in Figure 2. Each unit cell is capable of reflecting

incident electromagnetic waves with a specific phase shift using conductive patches of



varying geometry on the surface. When an EM wave collides on the surface of the
reflectarray, a surface current is induced on the conductive patches. This current
radiates an EM field, acting like a tiny secondary antenna, and its phase depends on the
phase of the surface current at that location. By adjusting the geometry or properties of
each element like the size of the patch, the phase shift between the incident and
reflected waves can be manipulated. A progressive phase shift across the reflectarray
surface, ensures that constructive interference made by the reflected wavefronts are in

the desired direction.

Methodology

The methodology includes the design, simulation, fabrication, and testing of a
foldable 28-GHz reflectarray antenna. The approach was divided into three main
stages: unit cell design, reflectarray design, and fabrication and testing. First, a unit cell
was designed and simulated using Ansys HFSS software to determine the reflection
phase and magnitude at the frequency of 28 GHz. These results were then used to
configure the overall reflectarray phase gradient to establish the highest possible phase
state in a column-by-column phase shift. Finally, the fabricated arrays were measured to
validate the accuracy of the simulation and assess the impact of aperture size and

folding geometry on reflected power and directivity.



Il.  Unit Cell

Unit Cell Simulation

A unit cell is the fundamental building block of a reflectarray, and its design
determines how the surface will react to electromagnetic waves. The design process
utilized a high-frequency simulation software called Ansys HFSS, as it accurately
predicts the reflected amplitude and phase of the unit cell. The simulated results are
essential for optimizing the unit cell for the required phase shift with minimal reflection

loss.

Fig. 3. 28-GHz unit cell model with U = Uy = 5mm, U = 0.7874 mm, and
P =1.5mm
y

The unit cell shown in Figure 3 consists of three components: a rectangular

copper patch, a dielectric substrate, and a copper ground plane. To keep the design



simple, the reflectarray has unit cells of a fixed size, and an equal length and width. The
dielectric substrate separates the patch from the ground plane, and controls the
coupling between these copper elements to reduce losses when reflecting signals. The
dielectric substrate was selected for its compatibility with the operating frequency of 28
GHz. The substrate, Rogers Duroid 5880 with a thickness of 31 mil [10], has a dielectric
constant of 2.2 and a loss tangent of 0.0009. This low-loss substrate also allows for a
manageable unit cell size. For the ground plane, it exists as a conductive backing
located below the substrate, and prevents electromagnetic waves from propagating past
the substrate by either reflecting or absorbing them. Without the ground plane, part of
the incident wave would simply pass through the dielectric without being reflected which
decreases the efficiency of the reflectarray.

As the size of the unit cell controls the sample spacing of the reflectarray, too
large of a unit cell can result in undersampling where the phase pattern is sampled too
coarsely, resulting in energy being re-radiated into unwanted directions. When the unit
cell is too small, the patch from adjacent cells can be so close that they interfere with
one another. However, some coupling between patches is wanted as it increases the

phase range that can be offered as the patch length, Px, is varied throughout the array

[11] . The size of a unit cell is typically a fraction of the corresponding wavelength of the
frequency it is designed to operate at. For the unit cell described here, this calculation
is:

8
c 3X10 m/s
A =— —9L = 10.7 mm

0 f 28x10° Hz



At a frequency of 28 GHz, the free-space wavelength is 10.7 mm. Based on the study in
[11], a cell sized at a half-wavelength resulted in a higher gain compared to a unit cell
sized at A/3 or A/4 (when operating at 32 GHz). Following this find, sizing the 28-GHz

unit cell with dimensions of half a wavelength results in Ux and Uy equal to 5.35 mm.

For ease of fabrication, these dimensions were rounded down to 5 mm.
For the size of the patch, only the length would be varied throughout the

reflectarray, while the width Py is held constant at 1.5 mm. By keeping the width Py

fixed, the reflectarray design is kept simple and the patches evenly spaced along the
y-direction, at the expense of a more limited phase range. If the patches that make up

the phase gradient were also varied in Py, determining the patch sizes would require a
parametric sweep of those two variables instead of only Px, resulting in a longer sweep

that can be time-consuming.

Unit Cell Simulation Results

A parametric sweep of the unit cell was simulated to evaluate the design’s
efficiency and phase response with different patch lengths. To form the reflectarray, a
column-based periodic pattern for arranging the cells was implemented in which all cells
in a given row are identical while differing from column to column, thereby producing

periodicity along the y-direction [12]. The parametric sweep was performed on Px from

1.0 mm to 4.0 mm at a step size of 0.1 mm. The frequency sweep was conducted from

25 GHz to 30 GHz.



Analysis of Unit Cell Simulation Results
In Figure 4, it can be seen that all values of Px resulted in reflection coefficient

magnitudes of 0.9910 or greater. The high values of the magnitude of the reflection
coefficient means that any patch length will suffice in maintaining a low power loss, as
the highest possible loss would be 0.9%. However, in Figure 5 where the reflection

phase of different patch lengths are shown, there is a phase range that no value of Px

would be capable of achieving. Figure 6 clearly visualizes this phase gap by the lack of

data points between 130° to 170°. To clarify, P at its lowest value of 1.0 mm has a

reflection phase of +120.5°, and -174.6° at its highest value of 4.0 mm. With a difference
of 295.1°, the unit cell would be incapable of completing a complete 360° phase range
depending on how many phase states are implemented in the reflectarray as the cell
cannot fulfill the remaining 64.9°. For example, increasing the number of phase states to
a 3-bit reflectarray would require a phase difference of 45° between adjacent states,
which cannot be fulfilled by the current unit cell. The most phase states possible that
can accomplish a complete 360° phase range would be with a 2-bit array that has four
states as the reflectarray would require the adjacent states to have an approximate 90°
phase difference, making the 64.9° that the unit cell is unable to fulfill become irrelevant.
However, with the parameters that were swept, a 2-bit array would still be difficult to
achieve as the current parameters that had been simulated can roughly maintain a 90°
phase difference between adjacent states. The simulation would require a finer

parametric sweep to determine the closest Px values, but the step size would be smaller

than 0.1 mm. The number of patch length to sweep would increase significantly,

resulting in a longer simulation time. Furthermore, the fabrication tolerance would be



smaller as there would hardly be a difference between fabricating a patch with a length
of 3.0 mm versus a 3.01 mm, making it phase-sensitive.
As a result, a 1-bit array was designed as it would only need two states which

have a 180° phase difference. The difference was achieved with P values of 3 mm and

3.7 mm, which have a phase of 25° and 204.8°, respectively. The difference is 179.8°, a
very close approximation of 180°. The downside of a large phase difference is that it

made the phase gradient of the reflectarray coarse.
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Fig. 4. Plot of reflection coefficient versus frequency with parametric sweep of Px from

1.0 mm to 4.0 mm at step size of 0.1 mm
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Fig. 5. Plot of reflection phase versus patch length with Py = 1.5mm at 28 GHz
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Fig. 6 Polar plot of S parameters with parametric sweep of Px from 1.0 mm to 4.0 mm at

step size of 0.1 mm
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lll. Reflectarray

Reflectarray Simulation

When the simulation of the unit cell was completed, the reflectarray was
designed to be 1-bit with two phase states, State 0 and State 1, which are distributed by

column. Following a 0011 pattern, an 8x4 array was simulated as shown in Figure 7a.

(a) (b)
Fig. 7. An (a) 8x4 simulated reflectarray model with Px for the first two columns on the

left being 3.0 mm (State 0), and 3.7 mm (State 1) for the last two; and (b) 8x8 made up

by two 8x4 arrays side-by-side

With the phase gradient of the reflectarray, the anomalous reflection can be

predicted by the Generalized Snell’s Law of Reflection [13].
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-1 A dg . —1(00107m  179.8° o
0 = sin (360" ax | = S ( 360° 2><0.005m)_ 32.3

Based on the calculation above in which d¢ represents the total phase difference
between the adjacent states and dx is the periodic spacing before the change in state,
the 1-bit array should have a beam reflection at angles +32.3°. If the reflectarray was a
2-bit, the symmetric beam would be eliminated due to a finer gradient [12].

An 8x8 reflectarray was designed to consist of two 8x4 arrays side-by-side as
shown in Figure 7b. By increasing the aperture size by extending the columns instead of
rows, more periodicity was introduced into the gradient. Therefore, in addition to
boosting the reflected power, the directivity of the reflectarray was improved. The
foldable aspect of the reflectarray was that the 8x8 array can be folded to form an 8x4
array. This can be done with a 180-degree fold in which the copper ground plane of
both halves of the array are flat against one another as shown in Figure 8a.
Alternatively, the 8x8 array can be folded 90 degrees, making the array form an L shape
as shown in Figure 8b. The L-shaped array has less coupling between the two halves of

the array.

14



Ground plane

!

—— Ground plane

(a) (b)

Fig. 8. An 8x8 as a (a) complete fold in which the ground planes are in contact with

each other, and (b) partial fold shaped like an L

Reflectarray Simulation Results

The various reflectarray configurations were simulated in Ansys HFSS. Each
reflectarray was illuminated with a normally incident plane wave positioned at a

distance of A/4 from the surface. The simulated results for the unfolded 8 x 8 array

(legend: 8x8), a single 8 x 4 array (legend: 8x4), a completely folded array (legend: 8x4

- B2B), and a L-folded array (legend: 8x4 - L) are shown in Figure 9.
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Bistatic RCS of 8x8-to-8x4
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Fig. 9. A bistatic RCS plot in which the arrays in Figure 7a (blue), 7b (green), 8a (red),

and 8b (yellow) are simulated

Figure 9 represents the expected bistatic RCS of the reflectarrays by showing the

power of signals received at different angles after reflection. The 8x8 (red line) shows

an increase in reflected power compared to any of the 8x4 configurations. More

specifically, the peak of the major lobes of the 8x8 is -7.95 dB at the reflection angle of

-28.05°, and -8.92 dB at 28.19°. The 8x8 reflectarray has at least 6 dB more reflected

power compared to any of the 8x4 arrays. This means that the 8x8 array reflects more

than four times more power than the 8x4 array configurations. Furthermore, the

directivity was shown to have improved when comparing the half-power beam width

(HPBW) of the major lobes which represents the angle between the points where the

16



gain drops by half its peak power (-3 dB). The calculated HPBW for the different

reflectarray configurations are shown as follows:

HPBW _ = 14.28°|| HPBW . = 15.99°
8x8 8x8

HPBW _ = 27.41°|| HPBW . = 31.69°
8x4 8x4

HPBW . =27.69°||HPBW .= 24.7°

x4,L x4,L

HPBW _ = 28.83°| | HPBW + = 18.55°
8x4,B2B

8x4,B2B

’

When compared quantitatively, the HPBW of an 8x8 is narrower than any of the
8x4 folds or single 8x4. The results show that the reflected power is concentrated in that

narrow angular region of the HPBW.

Analysis of Reflectarray Simulation Results

When comparing the accuracy of the direction in which the arrays were expected
to reflect, there are significant discrepancies in reflection angle. In Figure 9, a single 8x4
(blue line) has peaks occurring at -14.99 dB at 22.77° and -13.45 dB at -24.05°, which
are shifted 9.53° and 8.25° to the left compared to the angle of 32.3° calculated from
the Generalized Snell’s Law, respectively. This was very likely due to the 8x4 array
having only a single periodicity whereas the Generalized Snell’'s Law assumes a
continuous or finely sampled phase gradient. With only one period in which the 0011
pattern is present, there are not enough samples. This explains why when unfolded to

an 8x8, the reflection angles were -28.05° and 28.19°, which are closer to 32.3°. If the

17



design was expanded to be an 8x12 reflectarray, it should match even closer to the
expected angle.

Another issue presented by the data in Figure 9 is the asymmetry that occurs
when the 8x8 is partially or completely folded to an 8x4. Compared to a single 8x4
array, there is an obvious shift to the major lobes. To be more precise, a partial fold
(yellow line) results in about a 7.86° to 11.78° shift to the left, and a complete fold (red
line) also shifts the peak to the left by about 13.68° to 15.71°, the latter fold showing a
larger mismatch. This means that folding does affect the reflection angle, and the
reflectarray may not direct signals as accurately as expected.

Overall, the simulation shows that the 8x4 reflectarray configurations will have a
broader beamwidth, allowing signals to cover a wider area and reach more end-users
spaced farther apart, requiring less precise beam-steering which is ideal due to the
shifting that occurs with a folded reflectarray. Additionally, it is more suitable for users
located closer to the antenna as it delivers lower reflected power. The 8x8 array
exhibited a narrower beamwidth and higher reflected power, which is more ideal for
fewer targeted end-users that are farther away from the antenna. However, it would be
best to test this observation out on a bigger array that has enough periodicity to assume
Generalize Snell’s Law, as the lack of samples in an 8x4 could have contributed to the

discrepancies.

Reflectarray Fabrication

The reflectarray was then fabricated and tested in an antenna range to compare
its performance to the simulation. As previously stated, the substrate that was used was

a 5880 Rogers Duroid that had a thickness of 31 mil, and an 18-um-thick

18



electrodeposited copper foil on both sides. With the two 8x4 arrays already milled and
coated with positive photoresist by one of the graduate mentors, only the etching
process remained to be completed. The copper patches were etched using mixtures of
DI water and ferric chloride hexahydrate as shown in Figure 10 before cutting away the

copper around the array using a guillotine paper cutter.

Fig. 10. Excess copper being etched in DI water and ferric chloride hexahydrate mixture

The 8x4 arrays were measured to be 43 mm x 22 mm instead of 40 mm x 20

mm. It has a diagonal percent error of 8.0%, though the patches were spaced

accurately.

19



IV. Testing

Testing

With the two 8x4 arrays setup as shown in Figure 11 with different reflectarray
configurations, the arrays were binded together using a blue painters tape. To keep it
held onto the holder, it was taped directly on a ferrite sheet using a small piece of
double-sided kapton tape. These configurations were tested inside a MilliBox chamber

insulated with anechoic foams and a setup as illustrated in Figure 12.

Y

() ic)

Fig. 11. Setup for (a) an 8x8 array, (b) an 8x4 completely-folded array, and (c) an 8x4

partially-folded array in a MilliBox antenna range with ferrite sheet backing

20



90" | | +90°

Fig. 12. Antenna range where the orange is the array, Tx is the normal transmit horn
antenna, and Rx is the receive horn antenna moving from -90° to +90° in the azimuthal

direction

Measured Results

To compare the actual measurements to simulations, all the data were
normalized. Before the different folding configurations could be measured, it was
important to know how the individual 8x4 arrays performed to ensure that they are
performing similarly due to errors that may have been introduced from fabrication. Each
graph shows the reflection patterns of the 8x8 and 8x4 array configurations as signals
were transmitted at normal incidence. The peaks indicate the angle at which the
receiver horn antenna detects the maximum reflected power. In the graph legends,

Fabricated L and Fabricated B2B represent the folding configurations in which the 8x8

21



is completely folded and partially folded to an 8x4, respectively. The Fabricated 8x4 1
and Fabricated 8x4 2 in Figure 13 represents the two 8x4 arrays that were tested

individually to ensure matching.

28-GHz 8x4 Simulated vs Fabricated (Normalized)

== Fabricated 8x4 1 == Fabricated 8x4 2 Simulated 8x4

Y ey

Power [dB]
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Angle [deq]

Fig. 13. Normalized plot comparing the two fabricated 8x4 arrays vs the simulation
Based on the results in Figure 13, the fabricated arrays were performing
sufficiently similar to the simulated model as the major lobes of the measured results

occurred at around +15° and -28°. The trends were relatively consistent as the

measurements not only aligned with one another, but also with the simulation.
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8x4 Array Configurations

== Fabricated 8x4 - L == Fabricated 8x4 - B2B Fabricated 8x4
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Angle [dB]

Fig. 14. Measurements for the different 8x4 configurations
Figure 14 shows the un-normalized measurement taken from testing the
fabricated 8x4 reflectarrays. After confirming that the two 8x4 arrays performed similarly
to one another in Figure 13, since the folding configurations were taken at a different

day, the Fabricated 8x4 in Figure 14 is a new measurement taken.
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28-GHz 8x8 Simulated vs Fabricated (Normalized)
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Fig. 15. Normalized plot comparing the actual 8x8 reflectarray and the simulation

Figure 15 gives the normalized data of the fabricated and simulated unfolded
reflectarray. While the fabricated 8x8 shows more noise at the tail ends of the graph, it
matches very closely to the simulation with two major lobes occurring around +30° and

two minor lobes between the peaks.
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28-GHz Array Configurations

== Fabricated 8x4 -L == Fabricated 8x4 - B2B Fabricated 8x4 == Fabricated 8x8
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Fig. 16. Measurements of the different 8x4 configurations from Figure 14 overlayed with
the fabricated 8x8 data in Figure 15

In this figure, the un-normalized data were graphed to allow for comparison
between the different reflectarray configurations on reflected power. The calculated
half-power beamwidths are listed below. However, it is important to note that the HPBW
calculations are approximate due to noise in real-time testing, which resulted in jagged
curves rather than the smoothness portrayed in Figure 9. Additionally, the receiver horn
antenna was moved in 2° increments during testing, resulting in missing data between
angles, and therefore, the nearest available data values were used in the HPBW

estimation.

HPBW _ = 12°|| HPBW .= 16°
8x8 8x8
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HPBW _ = 24°||HPBW ., = 20°
8x4 8x4

HPBW

_=22°||HPBW  , = 22°
8x4,L 8x4,L

HPBW _ = 20°|| HPBW . = 40°
8x4,B2B 8x4,B2B

Analysis of Measured Results

When comparing the measurement for the folding configurations in Figure 16, the
same observation made from the simulated data could also be seen in the
completely-folded reflectarray (B2B). Despite expecting the copper ground plate to
supposedly prevent waves from traversing through, it is evident that completely folding
the 8x8 to an 8x4 incurs a shift to the reflection angle. When compared to the single
fabricated 8x4 (yellow), the B2B configuration (red) appears to have induced a wider
beamwidth in the positive reflection angle and a smaller beamwidth in the negative
x-axis. The flipped trend between these two configurations on Figure 16 is unexpected
as it was ensured that the reflectarrays had the same orientation toward the transmitter
horn antenna. This could be due to a distortion occurring heavily on the
completely-folded fabricated 8x4 array. However, based on the calculated HPBW, the
Fabricated 8x4 - B2B configurations show an 18° increase in beamwidth compared to
the Fabricated 8x4 on the positive x-axis, and only a 2° difference on the negative
x-axis. Though the completely-folded reflectarray has an unexpectedly wide beamwidth
on the positive reflection side, it can be considered advantageous as the antenna has

more coverage in exchange of a weaker signal.
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The discrepancy between the Fabricated 8x4 and Fabricated 8x4 - B2B may be
due to a capacitive coupling that is occurring between the two arrays when their ground
plates are directly attached together as the ground plane is not entirely reflecting or
absorbing the remaining incident waves that are propagating through the substrate.
Running a simulation with a unit cell of this configuration and checking if the phase had
shifted compared to the original unit cell could provide some insight into whether it is
due to coupling. Otherwise, there is also the possible factor where the ferrite sheet is
further distorting reflected signals as it is exposed to the feed horn..

On the other hand, the L configuration in Figure 16, which is the partially-folded
reflectarray (blue) reflects 3.52 dB more at -30°. That is more than twice the power of a
single 8x4 array. Compared to the simulation, it has a narrower HPBW, though it is only
by approximately 2 to 5 degrees which is miniscule due to the rough calculation
involved. For the B2B configuration, comparing its HPBW to the simulation, it has a
wider beamwidth on the positive x-axis by 21.45° and a smaller beamwidth on the
negative x-axis by 8.83°. The capacitive coupling between the two arrays that formed
the B2B configuration and the lack of periodicity may have produced a stronger effect in
real testing compared to the simulation. Furthermore, the rough estimation in the real
HPBW may have also amplified the difference.

Compared to the rest of the configurations, the 8x8 reflectarray performed the
closest to its simulation counterpart with only 0.1 to 2.28 degree difference in HPBW.
The Fabricated 8x8 demonstrated the highest peak reflected power that is 2.49 dB more
than the L configuration at -30° and the smallest HPBW of about 12°, indicating the

highest directivity and most focused beam.
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V. Conclusion

The development of a foldable reflectarray presented in this project addresses
the growing need for portable, high-performing antenna systems as wireless networks
move further into the mmWave bands to reduce propagation losses. The design
demonstrated that the increase in aperture size through the introduction of more
periodicity results in achieving high reflected power and concentrated directivity.
Through simulation and real-world measurement, the foldable reflectarray was shown to
produce directed reflections consistent with the Generalized Snell’s Law when sufficient
periodicity was present. The unfolded 8x8 configuration achieved the highest reflected
power and the narrowest half-power beamwidth, indicating improved beam focusing and
greater directivity. This confirms that increasing the aperture size enhances gain and
concentrates the reflected energy into a smaller angular region to compensate for the
propagation losses inherent with high frequencies such as 28 GHz.

Discrepancies between the predicted and measured reflection angles for the 8x4
configurations were primarily due to its limited periodicity, which resulted in coarse
phase sampling. When expanded to an 8x8 array, the reflected beam aligned more
closely with the Generalized Snell’'s Law output of £32.3°. The B2B configuration
introduced a left shift in reflection angle and an unexpected wide beamwidth , which
may have been caused by coupling. This conveys that using the completely-folded
reflectarrray may result in a less predictable reflection behavior. As such, further
refinement in the folding mechanism may need to be explored. Overall, the results
support the motivation behind this project, which is to improve directivity and reflected

power by increasing the effective aperture through the unfolding of the reflectarray.
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