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ABSTRACT: We present an advanced approach to wave manipulation utilizing mmWave wide bandwidth, enhanced gain, and extensive
spatial coverage through a 1-bit stacked patch reconfigurable intelligent surface (RIS). The RIS was designed on a four-layer board
based on RO4350B, featuring a stacked patch on the front and phase-shifter components with a biasing line on the back of board. This
sophisticated RIS comprises 400 elements, with a total array size of 100 x 100 mm?, providing a remarkable bandwidth of 7.02 GHz
to cover the n257 band. Through a meticulous blend of simulations and real-world implementation, we emphasize the adaptability of
the RIS in steering beams, maintaining a minimum gain variation and ensuring the gain 0f 21.03 to 15.17 dBi up to £80° beam steering
on normal incidence. Our study explores various beam manipulation scenarios, including near-to-far-field, far-to-far-field, and far-to-
near-field transformations. The successful fabrication of the proposed RIS, combined with communication and transmission coefficient
performance tests across the n257 band, underscores the practical applicability and robust performance of the system in real-world
scenarios, thereby ensuring link throughput. The comprehensive investigation provides valuable insights into the design, simulation,
fabrication, and performance evaluation of mmWave RIS. The successful integration of theoretical insights with empirical validations
positions the present study at the forefront of mmWave innovation, with significant implications for the future of various research and
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wireless communication technologies.

1. INTRODUCTION

econfigurable Intelligent Surface (RIS) is an innovative
technology that uses metasurfaces to dynamically con-
trol electromagnetic waves. It can manipulate waves in the
millimeter-wave (mmWave) and terahertz range spectrum, of-
fering wide bandwidth and extensive spatial coverage. This
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technology has significant potential to improve wireless com- i}%

munication and signal propagation, making it highly valuable in 2l A

research areas such as electromagnetics and optics [1-5]. The &,

fundamental concept behind the RIS involves deploying a sur- - . ) )

face composed of numerous reconfigurable elements that can Transmitter l;i;";"g}’ R ;“{1‘;;“;‘:8““ e
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alter the properties of the incident electromagnetic waves [6—
11]. The RIS can effectively steer and focus signals by intelli-
gently adjusting the phase, amplitude, and polarization of the
waves, leading to improved communication links and signal
coverage. A conceptual illustration of beam scanning with re-
configurable surfaces for dynamic wave manipulation is shown
in Fig. 1.

Several studies have been conducted on RIS for communica-
tion applications. Sub-6 GHz amplifying metasurfaces are pre-
sented in [12, 13], where additional radio frequency (RF) ampli-
fiers were introduced to increase the gain. In [14], a computer
vision-aided RIS was demonstrated at sub-6 GHz. However,
owing to camera-based user detection and the narrow band-
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FIGURE 1. Conceptual illustration: Advancements in feedback-based
beam scanning with reconfigurable surfaces for dynamic wave manip-
ulation.

width of the unit cell, practical applications are limited. Recon-
figurable reflectarrays in the X band are presented in [15, 16].
In [15], a three-pin diode-based 1-bit unit cell was developed;
however, the realized bandwidth remained narrow. Similarly,
in [16], the phase shift remains unstable at the desired oper-
ating frequency. Mechanical rotation-based reflectarrays are
presented in [17, 18], where a phase difference of 180° was
achieved in [17] by altering the position of the unit cell, which
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is impractical for most real-world communication applications.
Magnetic force-based phase-shifting reflectarrays were demon-
strated in [18]; however, the operation bandwidth and beam-
scanning range remained narrow. A circularly polarized RIS
was demonstrated for the X-band with a two-diode-based 1-bit
RIS with a circular patch in [19]. Another one-diode-based 3-
bit RIS was presented in [20] that utilized a varactor diode for
variable phase shifts. However, for mmWave applications, var-
actor diode-based RIS development remains challenging owing
to the high junction capacitance of varactor diodes. A 1-bit two-
split-patch structure-based RIS element was developed in [21].
However, this type of structure produces a narrow bandwidth,
which is insufficient for the mmWave 5G frequency bandwidth
requirements. Reconfigurable transmitarrays were recognized
by utilizing hexagonal resonant patches and pin diodes [22],
where two pin diodes are used for 1-bit reconfigurability, en-
abling two-dimensional (2D) beam scanning. In [23,24], a
liquid crystal-based RIS was developed. Liquid crystals are
voltage-sensitive substrates that change their dielectric proper-
ties when a voltage is applied on the surface, enabling alter-
ation of the face on the desired elements. Nevertheless, the
observed bandwidth of liquid crystal-based RISs remains too
narrow for 5G applications. Therefore, they are unsuitable
for real-world 5G applications. In [25,26], a quad polariza-
tion and near-field focusing reflectarray, which operates near
15 GHz frequencies range, is presented. An RIS design mea-
surement demonstration was carried out in [27] for the 5.8 GHz
band frequency. The RIS comprises two PIN diodes; however,
its bandwidth is too narrow for practical applications. Simi-
larly, in [28], five PIN diode-based two RISs were presented
to operate at 2.3 and 28 GHz. However, the design process
and RIS performance were not well presented for 28 GHz RIS.
An X-band two-bit RIS unit cell measurement was presented
in [29]; it achieved a wide bandwidth and utilized four PIN
diodes. Two PIN diode-based polarization rotating surfaces and
a co-aperture dual-frequency programmable metasurface were
demonstrated in [30,31]. A dual-frequency co-aperture struc-
ture was formed using two separate structures, where a power
divider was used to feed them. In the power divider, a var-
actor diode was utilized to change the phase of the antenna
feeding, which enables it to steer the beam. Evidently, most
of the previous research focused on sub-6 GHz or X-bands due
to frequency range of n257 (26.50-29.50 GHz), n258 (24.25—
27.50 GHz), n261 (27.50-28.35 GHz) is highly sensitive design
and fabrication process. RISs are expected to help in current 5G
and 6G communications. Therefore, it is crucial to design an
RIS in the higher frequency range.

To address some of the aforementioned challenges, we
present a design for mmWave RIS with a wide bandwidth
and high beam-scanning angles, along with a prototype and
validation of its communication performance. In this design,
we utilized a stacked patch structure to enhance the bandwidth,
gain, and spatial coverage of the elements [32]. In addition,
owing to the unstable phase of the stacked patch elements,
we incorporated phase-controlled reflective diodes into the
microstrip to enhance and maintain the wide bandwidth of
the RIS elements, achieving a high reflection of —2.24 dB.
We arranged the unit cells in a uniform 20 x 20 array and

performed simulations. Finally, the control circuit and array
were fabricated, and their performances were verified in a
real-world scenario. The rest of the article is organized into
different sections: unit cell design, RIS formulation, RIS
fabrication, measured results, and finally, the conclusion.

2. UNIT CELL: DESIGN, SIMULATION, AND DISCUS-
SION

The unit cell integrates a stacked patch and a 1-bit reflection-
type phase shifter. It is designed on a four-layer board, as il-
lustrated in Fig. 2. The substrate material is RO4350B (e, =
3.66, tand = 0.004), and the prepreg material is RO4450F
(e, = 3.52, tand = 0.004). In the four layers, layer 1 con-
tains a parasitic patch, and layer 2 contains the main patch.
Layer 3 is used as the common ground for the antenna and phase
shifter and includes DC biasing. Layer 4 comprises a 28 GHz
matched impedance microstrip line with lumped components,
diodes, and capacitors. The optimized electrical lengths of the
microstrip lines are as follows: E1 = 21.41°, 2 = 53.02°
and 68.91°, based on a 28 GHz wavelength, as illustrated in
Fig. 3(a). The phase response of the phase shifter before it is
combined with the antenna element is shown in Fig. 3(b). The
reflection loss of the phase shifter remains at —2 dB, and the
phase response remains consistent within the frequency range
0f 24-32 GHz, in both ON and OFF cases of the diode. A nearly
constant phase difference was observed in Fig. 3(b). In the de-
sign process, a flip-chip aluminum gallium arsenide (AlGaAs)
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FIGURE 2. Tllustration of the unit cell structure: In-depth view along
the dimensions.
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FIGURE 3. Guided wave phase shifter: (a) Microstrip line with lumped
elements and (b) scattering parameter response against frequency.
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FIGURE 4. Unit cell scattering parameters against frequency: (a) Re-
flection Loss, (b) phase Response, and (c) parametric Phase Response
with the variation of diode capacitance while keeping all other param-
eters fixed.

PIN diode from MACOM MADP-000907-14020P was used,
which operates up to 70 GHz [33] and provides an ultralow ca-
pacitance of 0.025 pF under forward-biasing conditions. Ad-
ditionally, a 100 pF capacitor was used for DC blocking, and
an RF choke was employed for RF blocking with the biasing
line. Fig. 4 shows the scattering parameters of the unit cell
after combining the stacked patch and the phase shifter. It is
worth mentioning that the length of the patch elements, feed
gap, and small-length adjustments of the matched impedance
microstrip line are optimized through rigorous simulations with
antenna elements, considering the nonlinear phase response of
the antenna. Figs. 4(a) and (b) show the reflection loss and
phase response against frequency, respectively. In the normal
incident plane, with a phase variation of £20°, a wide band-
width of 7.02 GHz (24.71-31.73 GHz) is maintained, as shown
in Fig. 4(b). Within the bandwidth, the maximum reflection
loss is —2.4 dB, whereas within the n257 FR2 5G band, the re-
flection loss remains below —1.4 dB, demonstrating the wide
bandwidth and high performance of the unit cell. Additionally,
we conducted a parametric analysis of the diode capacitance, as
shown in Fig. 4(c). Notably, the diode capacitance plays a vital
role in the reflection phase variation of the unit cell. Therefore,
it is crucial to consider all the parasitic elements near the unit
cell in the simulation environment.

Figure 5 depicts the surface current for both ON and OFF
conditions of the diode. In Fig. 5(a), a high current density is
observed toward the end of the microstrip line under the ON
diode condition when the diode acts as a closed path. How-
ever, in Fig. 5(b), under the OFF diode condition, a quarter-
phase difference compared to the ON condition can be noticed,
with very low current density on the microstrip lines. Similarly,
Fig. 5(c) illustrates an exceedingly low current density on the
microstrip lines in comparison with the 0° ON condition, while
Fig. 5(d) also shows low current flowing toward the end. In
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FIGURE 5. Unit cell surface current: (a) and (b) represent the surface
current at 0° of the induced wave, while (c) and (d) represent the sur-
face current at 90° of the induced wave.

the OFF diode conditions, most of the current density is con-
centrated in the middle section of the microstrip line owing to
the diode open condition, and the wave was reflected back to
the antenna elements from approximately half of the path of the
microstrip line. This microstrip line current path difference pro-
duces phase differences in a specified application. These obser-
vations highlight the significant effect of the ON and OFF states
of the diode on the current distribution along the microstrip line.
All EM simulations in the design process were performed using
the finite-element-method-based ANSYS HFSS.

3. RIS FORMULATION: DESIGN, SIMULATION, AND
DISCUSSION

A stacked patch 1-bit reconfigurable metasurface system in
a two-dimensional setup featuring mn radiating elements ar-
ranged across the z-y plane and interacting with a feed wave
in the (0;, ¢;) direction is considered. To redirect the primary
focus beam precisely to the desired orientation (64, ¢4), the ex-
citation phase imposed on the currents of the mn-th element is
crucial. Here, (6;, ¢;) and (64, ¢4) can be calculated using z, y,
and z of the feed/focus coordinates [17, 34, 35], or vice versa.

ri,eﬁ,‘z = \/(J;feed - xm)2 + (yfeed - yn)2 + z?eed (1)
focus 2 2 2
Tmn = \/(xfocus - xm) + (yfocus - yn) + Z8cus (2)

where (z,, yn) are the relative coordinates of the (mn)-th ele-
ment of the array. r* and % are the distances to the (mn)-

th element of the metasurface for each unit cell.
Gmn =k - (rffzerc: + Tg%crlzls)a (3)
where ¢,,,,, denotes the phase distance between the feed, unit

cells, and focus point, calculated using Equations (1) and (2).

(a)f d(b)f

FIGURE 6. Complete RIS along biasing lines and pin headers: (a) Front
View, (b) back View.
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FIGURE 7. Near-field to far-field region beam scanning at different angles with normal incidence: (a) to (¢) show the phase pattern of the RIS, and
(f) to (j) depict the radiation pattern for 0°, 20°, 40°, 60°, and 80°, respectively.

k denotes the free-space wavenumber. Furthermore, it is mod-
ulated at 27.

For a 1-bit unit cell, the phase must be quantized to manipu-
late the beam. In our case, we consider state 1 from —7 to 5;
otherwise, we consider state 0. Therefore, the continuous phase
can be quantized as follows:

Prmn = “4)

7r i
if —-< mn < a0
™ A =5 S Pmn S g
0, otherwise.

The mathematical representation of the scattering field gen-
erated by an incident z- or y-polarized electromagnetic wave
onto an RIS comprising M x N unit cells can be expressed as
follows [38]:

M—-1N-1

Z Z Amnejam" : ‘an|€j¢m" : fmn(oa ‘P)

m=0 n=0

E®

% ejk:g(mclm sin 6 cos p+nd,, sin 6 cos ¢)
)

®)

The relative illumination amplitude and phase for each unit
cell are denoted by A,,,,, and cv,,,, respectively. The reflection
amplitude and phase of the unit cell (mn) are represented by
U] and @py,. The scattering pattern of the unit cell is given
by fmn (0, ), where dz and dy indicate the spacing between
the unit cells in the = and y directions, respectively.

3.1. Array Formation and EM Field Transformation

Figures 6(a) and (b) show complete array front and back views
of the RIS, which includes complete biasing networks with pin
headers. Excluding the pin headers, the measured surface size
was 100 x 100 mm?. Fig. 7 illustrates the near-field to far-field
transformation at 28 GHz. In the simulation, a horn antenna
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was used to feed the RIS with a gain of 10.87 dBi. Figs. 7(a)—
(e) show the discretized pattern of the RIS for angles of 0°, 20°,
40°, 60°, and 80°, while the feed horn is positioned 100 mm
above the surface in normal incidence. The simulated three-
dimensional (3D) pattern with gain properties of 21.03, 21.87,
20.59, 17.99, and 15.17 dBi is shown in Figs. 7(f)—(j). The gain
deviation is approximately 3 dB up to 60°, and 6 dB at a scan an-
gle of 80°. Figs. 8(a)—(g) show the near-field to far-field beam
scanning at different frequencies, ensuring high scanning abil-
ities and wide bandwidth properties of the proposed RIS. It is
evident that the gain remains > 14 dBi even at a scanning angle
of 80° for operating frequencies of 26, 27, 28, and 29 GHz, and
> 12dBi for the remaining operating frequencies. However,
up to =60° scanning angle, the RIS gain remains mostly stable
while maintaining a gain of > 18 dBi.

Figures 9(a)—(c) show a normalized electric field (E-field)
for the far-field transformation at the frequencies of 27, 28, and
29 GHz. In the simulation environment, a plane wave was fed
to the surface at a normal incident angle, and the reflected beam
was observed while controlling the surface phase pattern. Beam
artifacts exist in the figures owing to the 1-bit phase quantiza-
tion. However, all beams were successfully translated in the
desired direction (scanning angles of 0°-80°).

To validate the proposed RIS further, Fig. 10 demonstrates
far-field to near-field region field focusing, offering potential
applications in fields such as imaging, radar systems, and quan-
tum physics [36,37]. In Fig. 10(a), the simulation scenario
is illustrated, while Figs. 10(b)—(f) depict near-field beams di-
rected toward desired locations. Specifically, Fig. 10(b) in-
volves feeding at a 30° angle from the positive z-axis and fo-
cusing at 15° toward the —z-axis at a depth of 600 mm along the
z-axis. Fig. 10(c) showcases normal incidence feeding and fo-
cusing at 40° toward the +x-axis, located at a depth of 600 mm
along the z-axis. In Fig. 10(d), normal incidence feeding is
combined with focusing at 30° toward the z-axis, situated at a
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FIGURE 8. Near-field to far-field region beam scanning at different angles with a normal incidence: (a) 25 GHz, (b) 26 GHz, (¢) 27 GHz, (d) 28 GHz,
(e) 29 GHz, () 30 GHz, and (g) 31 GHz.
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FIGURE 9. Far-field to far-field region beam scanning at different angles with normal incident plane wave: (a) 27 GHz, (b) 28 GHz, and (c) 29 GHz.

depth of 100 mm along the z-axis. Fig. 10(e) demonstrates nor- caded to control 400 pin diodes. To maintain consistent current
mal incidence feeding with a focus at the —z-axis, set at a 50° flow to the pin diodes, we utilized an FDN306P MOSFET [39],
angle and directed toward the z-axis at a depth of 300 mm. Fi- where the gate of the MOSFET was connected to a shift regis-
nally, Fig. 10(f) exhibits normal incidence feeding with a focus ter output, the source-connected external power source, and the
at the —z-axis, positioned at a 50° angle and directed toward drain was in series with a light-emitting diode (LED), resistor,
the z-axis at a depth of 500 mm. and pin diode. In the measurement, we use 3 V across the shift

register and the common source of the MOSFET and its drains
0.07 A of currents, which indicates low power consumption un-

4. RIS MEASUREMENTS RESULTS AND DISCUSSION 4. the active condition of the RIS,

To validate the simulation results, we fabricated the RIS and
control circuit prototypes shown in Fig. 11 and Fig. 12, respec-

. I . . > L 4.1. Measured Beamforming Communication Performance
tively. The schematic diagram, illustrating the circuit config-

uration, is depicted in Fig. 13. The control circuit is required The proposed RIS for over-the-air communication was val-
to change the ON/OFF states of the diodes, which consists of idated to demonstrate its feasibility for real-world applica-
50 shift registers SN74HC595PWR [38], all of which are cas- tions. The instruments used for the measurement are shown in
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FIGURE 10. Far-field to near-field region field focusing at 28 GHz: (a) Conceptual figure, (b)—(f) field at different depth and angle in the near-field
region while having various feeding angles.
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FIGURE 11. Fabricated RIS: (a) Front View, (b) back View, and (c) enlarged View.
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Fig. 14. An NI PXIe-3620 IF-LO module was used to first- 1
stage up/down convert the baseband signal and for modula- GND
tion [40]. Additional up/down converters were used to con-
vert the up/down converted signal from the NI PXIe-3620 to
mmWave frequency and vice versa. The mmWave RF front-
end beamformer is connected to an mmWave phased array. A

FIGURE 13. Schematic diagram illustrating the connection of a shift
register, PMOSFET, resistor, and LED.

4 x 4 phased antenna array was employed on the transmitter bitrary wave was generated for the I-Q baseband signal with
side, whereas a 4 x 1 phased antenna array was used on the (64-QAM) at the transmitter side. For both the receiving and
receiver side. transmitting ends, we opted for broadband operation with an

In the measurement test bed, aimed at analyzing the com- 800 MHz bandwidth, satisfying the standard requirements for
munication performance of the RIS configuration at different the 5G NR n257 band. The mmWave frequencies employed
angles and distances at different operating frequencies, an ar- were 27, 28, and 29 GHz for each measurement, incorporating
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FIGURE 14. Configuration of instruments for mmWave in the testing setup.

TABLE 1. Measurements data composed of constellation diagram, link throughput, Error Vector Magnitude (EVM) for each configuration at the

operating frequencies of 27, 28, and 29 GHz.

Frequency 27 GHz 28 GHz 29 GHz
o
£o | fed 0.8 0.8 0.8 0.5 0.5 0.5 1 1 1
.‘Qﬂ | Focus 1 1 1 0.7 0.7 0.7 2 2 2
%)n Feed 0° 0° 0° 0° 0° 0° 0° 0° 0°
é F 40° 60° 80° 40° 60° 80° 40° 60° 80°
ocus
Measured
Constellation

Link Throughput

Mbps 1648

1738

EVM (dB) -24.44 -25.64

eight subcarriers, each with a 100 MHz bandwidth. To assess
near-field and far-field performance, a test bed featuring trans-
mitter and receiver distances of 1 m, 2m, 0.5m, and 0.7 m, is
depicted in Figs. 15 and 16, respectively.

Table 1 displays the measured data obtained from the test-
bed measurements for the given configuration. The measure-
ment includes a constellation diagram, link throughput, and er-
ror vector magnitude (EVM) for each configuration. The re-
sults clearly show that the proposed RIS effectively provided
satisfactory beam reflection in the desired direction within the
operating frequencies of the measurements. At a frequency
of 27 GHz, the peak throughput reached 1738 Mbps utilizing a
0.8 m feed and 1 m focus distance at a 40° angle, achieving an
EVM of —25.26 dB. At 80° angles, the EVM was —24.20 dB,
and the throughput was 1319 Mbps. Moving to 28 GHz, the
maximum throughput of 1738 Mbps was recorded with a 0.5 m
feed and 0.7 m focus distance, again at 40° angles, withan EVM
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of —25.64 dB. At 80° angles, the EVM was —23.67 dB, and
throughput dropped to 1278 Mbps. Shifting further to 29 GHz,
the highest throughput of 1537 Mbps was observed with a 1 m
feed and 2 m focus distance at 40° angles, yielding an EVM of
—25.18 dB. Similarly, at 80° angles, the EVM was —24.14 dB,
and the throughput was 1208 Mbps. Generally, shorter feed
distances tended to yield greater throughput, while longer fo-
cus distances led to reduced throughput at the same frequency.
EVM values exhibited some variability. However, the influ-
ence of feed and focus angles on throughput and EVM was
less noticeable, which ensures the RIS wide-angle beam scan-
ning capabilities while maintaining acceptable performance. It
is worth noting that with the increment of the transmitting an-
tenna power, the throughput and EVM can be improved. How-
ever, in our measurement setup, we used the same power for
all measurements to understand the RIS behaviors. The con-
stellation diagram provides a visual representation of the signal
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FIGURE 15. Testing the communication performance setup while re-
ceiver is at near-field: Positioning the feed antenna array at a distance
of 0.5m from the RIS, and the RIS is located at a distance of 0.7 m
from the receiver antenna.

Feed Antenna

FIGURE 16. Testing the communication performance setup while re-
ceiver is at far-field: Positioning the feed antenna array at a distance
of 1 m from the RIS, and the RIS is located at a distance of 2 meters
from the receiver antenna.

constellations, affirming the integrity and stability of the com-
munication links under various configurations. Link through-
put metrics provide insights into the data transfer capabilities
of the system, ensuring that the proposed RIS maintains robust
performance across different scenarios. The EVM data comple-
mented these findings and offered a quantitative measure of sig-
nal quality. The consistently low EVM values observed in the
measurements underscore the reliability of the system in main-
taining signal fidelity and providing a high transmission coef-
ficient from the RIS. The successful verification of the com-
plete n257 5G NR bandwidth further emphasizes the RIS beam-
scanning abilities, ensuring high spatial coverage and highlight-
ing its suitability for advanced wireless communication appli-
cations.
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FIGURE 17. Scattering measurement setup with WR-34 Horn antenna.
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FIGURE 18. Measured scattering parameters: (a) Feed horn and re-
ceiver horn when aligned face to face, (b) quantization phase fre-
quency of 28 GHz.

4.2. Measured Transmission Coefficient and Radiation Pattern

We further measured the RIS transmission parameters using
two horn antenna setups, where one was used as a transmit-
ter (Tx) and the other as a receiver (Rx), as shown in Fig. 17.
For measurements, we used Anritsu MS46122V vector network
analyzer along with two WR-34 horn antennas (22 to 33 GHz)
with a gain of 20dBi. Fig. 18(a) shows the Tx horn to Rx
horn scattering parameters for two different setups: one with
the horns 1 m apart and the other with the horns 2 m apart, both
facing each other. The 1 m apart setup shows a transmission
coefficient about —20 dB (£5 dB) over the frequency range of
24 GHz to 32 GHz. Similarly, the 2 m apart setup shows a trans-
mission coefficient about —30 dB (£5 dB). Fig. 18(b) presents
the scattering parameters for three different setups: (a) Beam
steering at 60° with normal incidence when the transmitter is
0.5 m from the RIS and the receiver 2 m from the RIS. (b) Nor-
mal incidence and 60° beam steering with a 2-m transmitter
distance and a 0.5-m receiver distance. (c¢) Normal incidence
and 80° beam steering with both the transmitter and receiver
1 m from the RIS. For all these measurement setups, the trans-
mission coefficient remains about —40dB (£5 dB) when the
bit quantization frequency is 28 GHz.

Similarly, Fig. 19 shows the scattering parameters for differ-
ent frequencies from 24 GHz to 32 GHz with 1 GHz steps. In
this measurement setup, the Tx and Rx were 0.5 m away from

Www.jpier.org



Progress In Electromagnetics Research, Vol. 179, 83-94, 2024

PIER

0
@ ——24 GHz 25 GHz
% T R 26 GHz
5
g
£-20
<
o
5 W
-40
24 26 28 30 32
Frequency (GHz)

FIGURE 19. Measured scattering parameters with the Tx horn at a 0° angle and the Rx horn antenna at a 60° angle, both located 0.5 m from the RIS,
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FIGURE 21. Measured radiation pattern of RIS at 40°, 60°, and 80° angle for the frequencies: (a) 27 GHz, (b) 28 GHz, and (c¢) 29 GHz.

the RIS, with the Tx normal to the surface and the Rx at a 60°
angle for all measurements and phase quantization at the re-
spective operating frequency. The results show that the trans-
mission coefficient remains about —25 dB (£7 dB). It is worth
noting that, as this is a scattering parameter-based measurement
with a wideband transmission coefficient, slight misalignment
significantly reduces the transmission coefficient due to the nar-
row gain properties of the RIS. However, this measurement en-
sures the wideband operation of the RIS compared to Fig. 18(a),
where the total distance 1-m apart with RIS reflections setup
shows a 5 dB lower transmission coefficient than the direct horn
antenna face-to-face setup, usually due to imperfect alignment
of the horn antenna beam with the RIS. Additional small losses
ofthe RIS can be found in Fig. 4(a). Furthermore, Fig. 20 shows
the transmission coefficient for a setup similar to Fig. 19 but
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with the Tx and Rx extended to 1 m from the RIS. In this mea-
surement, the transmission coefficient remains about —38 dB
(£8 dB), demonstrating the RIS operability in a wider-angle,
wideband, and far-field region. The transmission can be further
improved with active beam controlling mechanisms, which can
automatically align the beam with the receiver and transmitter.

Additionally, Figs. 21(a)—(c) present the measured normal-
ized radiation patterns at 27, 28, and 29 GHz, respectively, for
normal incidence, while incorporating scanning angles of 40°,
60°, and 80°. The measurement results demonstrate effective
beam focusing at various angles and frequencies. For pattern
measurement, the feed antenna was positioned at a distance of
1 m, and the receiver antenna was located at a distance of 2 m.
The results highlight the versatility of the proposed system in
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TABLE 2. Comparison with state-of-the-art RIS.
Number of Frequency Bandwidth Size Test-bed Scan
Ref. No. Method 5 L
elements (GHz) (GHz) (mm~) communication range
Singl
[20] et 100 3.2 3.00-3.35 254 x 272 No 0 = (£)60°
varactor diodes
0 =(+)45° &
[21] Single diode 400 35 34.20-36.15 100 x 100 No (£)
¢ = (£)180°
[24] Liquid crystal 144 29.5 N/A 60 x 60 Yes 0 = (£)62°
[41] 2 PIN diodes 256 73 70.30-75.3 32 x 32 No 0 = (£)70°
0 =(£)50° &
[42] Single diode 400 27.5 22.70-30.50 77T x 77 No (+)
¢ = (£)180°
0 =(4+)80° &
[Proposed]  Single diode 400 28 24.71-31.73 100 x 100 Yes () o
¢ = (£)180

achieving targeted beam patterns across different scanning an-
gles and operating frequencies.

4.3. Comparison with State-of-the-Art RIS

We conducted a state-of-the-art comparison with previous pub-
lications, presenting various findings in comparison with the
proposed RIS, as enlisted in Table 2. The table demonstrates a
comparison based on some major requirements and properties
of the RIS, recognizing that each individual work has unique
intended gains in performance. In [20], a single varactor diode
was employed for continuous phase shifting by altering the
voltage, suitable for sub-6 GHz applications but facing limita-
tions at mmWave 5G bands. Similarly, [24] utilized a single
pin diode at mmWave frequencies, but the achieved bandwidth
fell short of 5G requirements. Another technique using lig-
uid crystal-based RIS in [24] demonstrated beam scanning in
one axis with very narrow bandwidths, indicating limitations.
An E-band RIS in [41] incorporated two pin diodes to enhance
performance, and the recent work in [42] tackled the narrow
bandwidth issue with a rounded corner-based patch structure,
achieving a stable beam scanning angle of 50°.

To address previous limitations comprehensively, we devel-
oped a wideband and wide-scanning-angle RIS using a stacked
patch, enhancing bandwidth, gain, and spatial coverage. Addi-
tionally, we demonstrated field transformation in different re-
gions and frequencies. Furthermore, our work includes the es-
tablishment of a testbed measurement setup to ensure that the
RIS reflects communication performance across a wide range
of frequencies and angles, a feature absent in many previous
works [20,21,41,42]. While we have addressed several limi-
tations present in previous publications, we recognize that our
proposed work still has potential for further improvement. In-
creasing the number of bits could help suppress mirror patterns
more effectively. Additionally, incorporating dual polariza-
tion capabilities would significantly enhance the overall per-
formance and versatility of our design while maintaining wide
bandwidth and beam-scanning abilities. We hope to achieve
these improvements and attain the desired performance in our
future work.
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5. CONCLUSION

We introduced a mmWave wideband RIS with high spatial cov-
erage across the entire operating range. The designed RIS
comprises 400 elements, with each element measuring 5 x
5mm?, effectively operating in the frequency range of 24.71—
31.73 GHz. In our simulation environments, we demonstrated
the effectiveness of the RIS throughout its operation bandwidth.
With a gain variation of approximately 6 dBi, the beam pat-
tern can be steered up to 80°, significantly enhancing the spa-
tial coverage for operation. Furthermore, we demonstrated the
capability of the RIS for beam manipulation in various sce-
narios, including near-to-far-field, far-to-far-field, and far-to-
near-field transformations. The simulation results illustrated
the adaptability and versatility of the proposed RIS for steering
beams under different operational conditions. Moving beyond
the simulations, we successfully fabricated the proposed RIS
along with a control circuit. Additionally, we conducted com-
munication performance tests under various conditions across
the n257 band to demonstrate the practical applicability and ro-
bustness of the proposed system in real-world scenarios. The
results provided a comprehensive understanding of the capabil-
ities of the RIS, from its design and simulation to its fabrication
and performance evaluation.
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APPENDIX A.

To automate the beam tracking from the RIS, we propose
the procedure outlined in Algorithm 1. The algorithm uses
915MHz RF links for communication between base stations
and the RIS. The RIS actively searches for the optimum beam
based on feedback received from the base station, which is de-
rived from the link performance between the base station and
receiver devices. Although we evaluated wireless bit transmis-
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sion through the 915 MHz RF link, an automatic beam-tracking

test

could not be conducted in real time owing to limitations

in the measurement system. Nevertheless, this study provides
valuable insights into future possibilities.

Algorithm 1 Beam Tracking with SNR Threshold

1:

Input: Initialize base station beam angle towards the RIS.
Input: Initialize RIS beam angle towards the mobile user.

Loop:

TransmitCommandToRISController()

{Transmit a command to the RIS to initiate scanning
through the 915 MHz RF link.}

: Wait for acknowledgment or timeout.

6: if AcknowledgmentReceived() then

—_
N

MeasureSNRatBaseStation()

{Measure SNR for the beam from the RIS towards the

mobile user.}

if SNR > SNRThreshold then
KeepRISBeamAtCurrentAngle()

else
AdjustRISBeamAngle()

end if

. else

HandleTimeout()
{Handle the timeout situation (e.g., retry or take appro-
priate action).}

. end if

Repeat the loop as needed.
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