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Abstract—In recent years, reconfigurable intelligent surface
(RIS) has garnered considerable attention for their ability to
manipulate electromagnetic (EM) waves, effectively establishing
virtual line-of-sight (LoS) paths to mitigate wireless signal
attenuation caused by path loss and shadowing. RIS consists
of low-cost, passive, controllable dielectric patches, usually
referred to as unit cells. However, RIS often exhibits relatively
low gains in practice, necessitating the use of a dimensionally
large RIS with hundreds, thousands, or even tens of thousands
of unit cells to achieve significant performance improvements.
Additionally, most of the existing RIS prototypes are designed
to work optimally only at a single frequency, limiting their
applicability across different bands. This letter introduces a
low-loss, miniaturized, dual-band RIS unit cell design operating
at 5.8GHz and 7.3 GHz. The unit cell is equipped with an
integrated radiofrequency (RF) choke to prevent unnecessary
losses. Each unit cell measures 13 x 13mm?, approximately
0.25 A of the 5.8 GHz frequency. The proposed design is capable
of shifting the phase of incident EM waves by 180° at both
frequencies while maintaining minimal losses. By simulations,
we demonstrate the ability of the proposed RIS design to
perform beamsteering across various angles in both frequency
bands.

Index Terms—unit cell, reconfigurable intelligent surface
(RIS), dual-band RIS, integrated radiofrequency (RF) choke,
wireless communications, wireless technology
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ECENTLY, reconfigurable intelligent surface (RIS) has
R emerged as a promising technology for enhancing wire-
less communications. RIS is capable of altering the properties
of the impinging electromagnetic (EM) wave by shifting
its phase, magnitude, frequency, and polarization [1], [2].
Typically, RIS comprises hundreds to thousands of low-
cost, low-power, passive dielectric patches known as unit
cells. Due to this characteristic, RIS is anticipated to be one
of the key factors to enable future generations of wireless
communications [2].

The fifth generation (5G) of wireless technology has now
reached the commercialization stage. Even though 5G has
yet to be fully exploited, industry and academia have already
started researching beyond 5G (B5G) and the sixth genera-
tion (6G). These generations are expected to utilize higher
frequency bands, such as sub-6 GHz, sub-10 GHz, mmWave,
and even sub-THz, to meet stringent requirements.

Unfortunately, due to the nature of the wavelengths, atten-
vation from path loss and shadowing is expected to be far
more severe in these bands. Consequently, future generations
are expected to rely heavily on the line-of-sight (LoS) path.
However, a simple obstacle, such as a tree, building, or even
a person standing between the base station (BS) and user
equipment (UE), could obstruct the LoS path and severely
deteriorate the quality of wireless communications. One
could mitigate this problem simply by deploying a massive
number of BSs or relays. However, this solution is considered
cost-ineffective and impractical.

RIS rises as a promising solution to mitigate this issue. RIS
enables manipulation of the wireless environment, allowing
the creation of a virtual LoS path. Unlike a typical phased
array antenna (PAA), RIS requires no power-hungry active
radiofrequency (RF) chains. This significantly lowers the
deployment cost, making RIS a viable solution. Compared
to relays, RIS does not introduce additional delay because
it does not require internal signal processing. Furthermore,
RIS operates in full-duplex mode, making it more spectrum-
efficient than active relays, which often operate in half-
duplex mode. Although full-duplex relays are implementable,
they require complex and costly self-interference cancellation
techniques [3].

However, RIS technology is still far from perfect. The
multiplicative fading effect, high loss, and low gain are
among the main challenges [4]. One way to enhance RIS
performance is by increasing the number of RIS unit cells.
However, increasing the number of unit cells also increases
the overall dimensions of the RIS, which could lead to
impracticality for certain applications.

Volume 32, Issue 8, August 2024, Pages 1569-1576



Engineering Letters

Another major challenge of RIS is its incompatibility with
multi-band frequencies. Most existing RIS prototypes have
only been optimized for a single frequency band [5]-[9].
Therefore, serving multiple frequency bands would require
deploying different RISs optimized for each band. This
method exponentially increases deployment costs, which,
again, could lead to impracticality.

This letter introduces a low-loss miniaturized dual-band
RIS wunit cell design. The proposed unit cell is designed
to operate on dual frequency bands, namely 5.8 GHz and
7.3 GHz. The dimensions of each unit cell are 13 x 13 mm?,
which is approximately 0.25 1 of the 5.8 GHz frequency. A
dual-band RF choke stub is integrated to minimize radiation
loss by preventing the energy of the incident EM wave from
leaking.

In general, our proposed design offers three main advan-
tages:

« We propose a miniaturized unit cell design, allowing a
massive number of unit cells to be arranged as a single
RIS in a compact manner.

o The proposed unit cell is designed to operate at dual
frequency bands (i.e., 5.8 GHz and 7.3 GHz), enabling
utilization across multiple frequency bands. This con-
trasts with most existing RIS prototypes, which are
designed only for a single frequency band.

o Our proposed design includes an integrated RF choke
to prevent EM wave leakage. Unlike lumped element-
based RF chokes, the RF choke in this work is designed
as a stub structure printed on a dielectric substrate,
maintaining the compactness of the unit cell and elim-
inating the need for additional electronic components.

The rest of the letter is organized as follows. Section II
presents the design and analysis of the proposed RIS unit
cell. Section III discusses the simulation results of the unit
cell’s characteristics and its beamforming and beamsteering
capabilities. In Section IV, we provide a brief comparison
between our proposed design and several existing ones.
Finally, we conclude this study in Section V.

II. DESIGN AND ANALYSIS OF THE PROPOSED RIS
DESIGN

A. Fundamental RIS Theory

An RIS typically consists of a number of unit cells.
Suppose we have a single RIS comprised of K X L unit cells.
An EM wave from a BS illuminates the RIS. The scattering
field of the x- or y- polarized incident EM wave is expressed
as [10]

K-1L-1
E(0,¢) = Z Z Agrexp (jwg,1) - [Tkl exp (jox,1)
k=0 1=0 (1)
X fr1(0,¢) - exp(jv(kdy sinf cos ¢
+1dy sinfsin ¢)),

where Ay, wi, are the relative illuminating amplitude and
phase of unit cell (k,/). |T'x;| and ¢ ; are the reflection
amplitude and phase concerning each unit cell. The notation
Sx.1(6, ¢) represents the unit cell scattering pattern, v is the
wavenumber, and d and dy, denote the periodicity in x- and
y- directions, respectively.

From (1), we can see that the scattering EM wave reflected
from the RIS is controlled by the reflection amplitude |y ;|
and phase ¢ ;. As mentioned briefly in the introduction,
an RIS can alter the phase, magnitude, frequency, and even
polarization of the impinging EM wave. Despite that, most
practical implementations of RIS consider only a phase-shift
type RIS, as manipulating only the phase of the incident EM
wave is simpler yet sufficient to form and steer the reflected
EM wave to create a virtual LoS path. Thus, in this work,
we will consider only a phase-shift type of RIS.

Assuming that the reflection magnitude of the RIS is
uniform, the reflection phase matrix for the whole RIS can
be modeled as

L1,1 1,2 P1,K
@ = <P?,1 90%,2 ‘102.,L . )
YK,1  PK.2 PK,L

To synthesize a specific beam, it is necessary to determine
the optimal phase compensation matrix ¢. To focus the beam
from the source (i.e., BS) to the desired direction (i.e., UE),
the phase compensation of unit cell (k,/) can be found as
[11]

BS UE
O =v(s™ = skl + 1877 = sk, 3)

where sBS is the source location (i.e., BS location), sg;

denotes the position of unit cell (k, /), and sUE is the focusing
point location (i.e., UE position).

The phase computed above can only be realized using
an RIS with a continuous phase shift. Depending on the
type of controllable load, the phase shift of the RIS can be
continuous or discrete. However, for practical reasons, most
available RIS prototypes offer only discrete phase shifts [12].
Consequently, the optimal phase must be quantized based on
the phase shift resolution of the RIS, which depends on the
number of controllable bits in the RIS. For instance, if each
unit cell is controlled discretely by one bit, the phase shift
can be either 0 or m. With two bits, the phase shift options
expand to 0, 7/2, m, and 37/2.

While RIS with continuous phase shift or high-resolution
phase shift offers superior performance, it demands a more
intricate design and entails higher operational complexity.
Moreover, previous studies have indicated that the perfor-
mance gap between continuous RIS, high-resolution RIS,
and low-resolution RIS is minimal and diminishes further
as the RIS size increases. When the RIS is sufficiently large,
1-bit phase shifts prove to be adequate as the performance
disparity becomes negligible [13]. Therefore, for simplicity,
we consider a 1-bit unit cell RIS with 180° phase shift
resolution in this study. Thus, the proposed RIS only has
two states, “ON” and “OFF”, corresponding to 180° and 0°
phase shifts, respectively. Thus, the quantized optimal phase
is calculated as

G- m, if %SSDkJSST”, @)
kot 0, otherwise.

Subsequently, the reflection coefficient of unit cell (k,1) of
a 1-bit RIS is expressed as

Ui = Tl exp (g 1) o)
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Fig. 1. The proposed RIS unit cell. (a) unit cell design and dimensions. (b) equivalent circuit of the PIN diode.

B. RIS Unit Cell Design and Equivalent Circuit

In this subsection, we present our proposed RIS unit cell
design. The proposed unit cell is designed on a 1.54 mm
thick ROGER RO4350B substrate with dielectric constant
& = 3.48 and loss tangent tan(é) = 0.0037. Fig. la depicts
the design and the dimensions of the proposed unit cells.
Note that the Back View here is mirrored. The unit cell is
designed based on several elliptical cylinder (EC) geometries.
The overall unit cell dimensions are 13 x 13 mm?2, which
is approximately 0.25 1 of the 5.8 GHz frequency. Detailed
parameters of the unit cell are summarized in Table 1. Here,
the Y-radius is the radius of the EC along the y-axis (i.e.,
vertical). Subsequently, the X-radius is the radius of the EC
along the x-axis (i.e., horizontal).

TABLE I. Detailed Parameters of the Unit Cell

Parameters | Size (mm) Parameters Size (mm)

As depicted in Fig. la, the unit cell structure has three
metal VIA holes. VIA 1 connects the DC bias line and the
RF choke. VIA 2 connects the RF choke and the unit cell.
A PIN diode (SMPA1320-079LF-203195B) is attached to
each of the unit cells and connected to the ground plane
through VIA 3. The PIN diode serves as a switch to alter the

states (i.e., the reflection coefficients) of the unit cells. The
equivalent circuit of the PIN diode is presented in Fig. 1b.
The PIN diode behaves differently in different states. In the
“ON” state, the PIN diode functions as a series of resistance
and inductance, whereas in the “OFF” state, it behaves as a
series of capacitance and inductance. During the “ON” state,
a bias DC current is applied to the PIN diode, whereas no
bias DC current is applied during the “OFF” state. Under
the illumination of an EM wave, the PIN diode impedance
is expressed as [5]

ON state,
OFF state,

where in this work, R =0.9Q, L =0.7nH, and C = 0.23 pF.
The phase reflection coefficient of the unit cell (k,[) in (5)
can now be expressed as

Zr = 6
L jwln+—i— (}

{R +jwL,
joC?

Z1 - Zr

. I'ei=———=-, (7)
P 13.0 EC1 Y-radius 5.15 Zy +Zg
L1 7.50 EC! X-radius 1.87 where Zg represents the radiation impedance of the unit cell.
L2 1.30 EC2 Y-radius 0.85 The unit cell’s structure is designed to deliver the ap-
L3 0.16 EC2 X-radius 1.50 propriate value of Zg to achieve a 180° phase difference
L4 3.74 EC3 Y-radius 5.25 between “ON” and “OFF” states at the objective frequency.
Wi 1.00 EC3 X-radius 0.40 Therefore, the RIS unit cell structure should be designed to
w2 10.50 DI 0.85 resonate at the target frequency. Typically, a rectangular patch
w3 0.38 D2 0.65 with dimensions of approximately 0.5 4 is used as a resonant
W4 5.15 structure. However, in this study, we propose a miniaturized

patch with dimensions of around 0.25 4, significantly smaller
than the typical structure with 0.5 A dimensions, yet still able
to yield the desired performance.

C. RF Choke Design

Since the proposed unit cell operates at dual-band fre-
quencies, a dual-band RF choke becomes necessary. Thus,
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we introduce a dual-band RF choke to minimize the energy
loss from the incident EM waves. The RF choke functions as
a barrier to prevent the illuminating EM wave from leaking.
Previous studies, such as the study [5], proposed an RIS
unit cell design with lumped elements serving as the RF
choke. However, their approach requires additional electronic
components (i.e., lumped elements) to be soldered to the
board. Due to the small dimensions of the unit cells, they
separated the RF choke from the main RIS board, leading to
increased fabrication and design complexity.

In this paper, we design the RF choke as a butterfly stub
structure that can be printed on a dielectric substrate. This
approach necessitates no additional electronic components
and allows the unit cell design to remain compact. The RF
choke is positioned beneath the unit cell. The DC current
from the biasing line needs to pass through the RF choke
before it goes to the unit cell. Table II summarizes the de-
tailed parameters of the RF choke. The RF choke is designed
on a 1.6 mm thick FR4 substrate with a dielectric constant
of approximately & = 4.43 and loss tangent tan(6) = 0.0053.
Fig. 2 illustrates the design of the RF choke.

( )

Bl

\
Fig. 2. Proposed butterfly stub RF choke design.

TABLE II. Detailed Parameters of the RF Choke

Parameters | Size (mm) | Parameters | Size (mm)
B1 7.05 R1 4.55
B2 1.95 R2 3.95
Cl 0.38

D. RIS Control Board

To adjust the states of each unit cell, a control board
comprising D-flipflop ICs, decoder ICs, and shift register
ICs is proposed. The shift register IC provides the signals
to load the states of the unit cells (i.e., “ON” or “OFF”).
Each of its output pins is connected in parallel to the input
pin of the D-Flipflop IC. Subsequently, each output pin of
these D-Flipflop ICs is connected to the PIN diode input to
control the state of the PIN diodes. Notably, one D-Flipflop
IC corresponds to one column of PIN diodes. A decoder IC
is employed to activate the designated column. The output
pins of the decoder IC are connected to the enable pins (EN)
of the D-Flipflop ICs. An LED can optionally be connected
to each unit cell as the state indicator for ease of observation.

For instance, the LED can be turned on when the unit cell’s
state is “ON”, and turned off when the unit cell’s state is
“OFF”.

The ICs are employed to minimize the number of required
data pins to control the RIS. The layout of the control board
is illustrated in Fig. 3. The shift register ICs can be daisy-
chained. The decoder ICs share the same data input line (Data
2 line in Fig. 3). Data for the control board can be provided
by various devices, such as FPGA, microcontroller, PLC, etc.
We will not delve deeper into this control board design as it
is not the main focus of this letter.

| Controlling Device (FPGA, microcontroller, PLC, etc.) |

=1 =~
z2 £
=
~

1 8jeq
201D

5 EN
[ IN
oLt ] {DEC ICP
’
b EN b EN b EN .
DFF | | DFF | | DFF
Q ; ) Q EN
IN
I hd ? DECIC
b EN D EN D EN
v Q9 + Q—9 3 Qs
e > |
b EN DAEN b EN
DFF DFF DFF
) Q— ) Q— Y Q—
DEC: Decoder -+ : LED

SR : Shift Register
DFF: D-Flipflop

- : PIN Diode

Fig. 3. Proposed control board layout.

E. Overall RIS Structure

The RIS structure can be connected to the control board
using pin headers in a sandwich configuration (see Fig. 4).
The RIS board is fabricated on hybrid ROGERS R0O4350B
- FR4 substrates. As illustrated in Fig. 5a, the RIS board
comprises four layers, with a total thickness of 3.482 mm.
The unit cell shown in Fig. 1 is placed on the top layer. The
second and the fourth layers serve as ground planes. The RF
choke depicted in Fig. 2 is positioned on the third layer.

Fig. 5b depicts the detailed stackup of the proposed RIS
and control boards. The DC current from the control board’s
biasing line propagates to the RIS board through the pin
headers on the fourth layer of the RIS board. It then travels to
the RF choke on the third layer through VIA 1 and proceeds
to the unit cell on the first layer through VIA 2. After passing
through the PIN diodes, the DC current is dissipated to the
ground planes on the second and fourth layers through VIA
3. Note that VIA 1 is not connected with anything (N/C) at
the top layer, and VIA 2 is N/C at the fourth layer. Through-
hole VIAs are chosen over blind VIAs to reduce design cost
and complexity.

The control board supplies biasing DC currents to the RIS
board. It consists of two layers with an overall thickness of
approximately 1.6 mm. Note that the proposed control board
is not proprietary here, meaning that the proposed RIS design
can be operated with any compatible controlling system.
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Fig. 5. The stackup of the proposed RIS. (a) The lateral view
of the RIS stackup. (b) The detailed stackup of the proposed
RIS and control boards.

III. SIMULATION RESULTS

A. Characteristic of the RIS Unit Cell Response

We use CST 2022 software to simulate the proposed
design. To evaluate the characteristics of the RIS unit cell
response, we employ a Floquet port excitation to illuminate
the unit cell. The frequency range for the simulation is
set from 4GHz to 8§ GHz. We configure the unit cell in
both the “ON” and “OFF” states and measure its phase
and magnitude response across this frequency range. The
simulation result is shown in Fig. 6. As observed, a 180°
phase difference between the “ON” and “OFF” states can
be seen at both 5.8 GHz and 7.3 GHz with approximately
100 MHz bandwidths. Furthermore, the magnitude losses at
both frequencies, in either “ON” or “OFF” states, are less
than -2 dB, which is considered acceptable.

For the RF choke evaluation, we conduct a 2-port scat-
tering parameters (S-parameters) test. The effectiveness of
the RF choke is assessed by examining its S-parameters,
specifically S11, S12, S21, and S22. For an RF choke to

180 = =5
] ¥ Fj a8z ':J‘O
150 Voo | o."‘ R oo
MagnltudeOFF;."E. ; P Yt
— 120 \- Magnitude | tege° q )
8 907 prae E N nmT g
g s R VNI S
1 § RS
2 gl IR
i i R -
X o o 7 2
8 : g
& O phaseOFF ¥ o --8
-1204|--o-- phase ON ¥ %
-150 4 [—=— Magnitude OFF| \| bbl i 10
--e-- Magnitude ON | :5.8 GHz N 117.3GHz[ "
V180_ T T T - T T T t T
40 45 50 55 60 65 70 75 80

Frequency (GHz)

Fig. 6. RIS unit cell response over various frequencies.

function optimally, the S11 (input reflection coefficient) and
S22 (output reflection coefficient) values should be high,
indicating strong reflection at both ports. Conversely, the
S12 (reverse transmission coefficient) and S21 (forward
transmission coefficient) values should be sufficiently low,
demonstrating that the RF choke effectively impedes the
transmission of electromagnetic signals through it. This
impedance is crucial for ensuring that the RF choke suc-
cessfully blocks undesired EM signals from passing through,
thereby maintaining signal integrity, minimizing energy loss,
and preventing interference.

The result of the RF choke simulation is depicted in Fig. 7.
We can see that the proposed RF choke design demonstrates
sufficient suppression at both 5.8 GHz and 7.3 GHz, with
49.377dB of suppression at 5.8 GHz and 56.950dB of sup-
pression at 7.3 GHz.

Magnitude Response (dB)
| | | |
£ 553

|
5
(=3
1

|
(=N
S

10
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o
1z
o
~
©
©

Frequency (GHz)

Fig. 7. RF choke response over various frequencies.

B. Beamforming and Beamsteering

We further validate the performance of the proposed de-
sign by conducting beamforming and beamsteering tests. For
this purpose, we arrange the unit cells in a 16 X 16 formation
and position a horn antenna as a feed, perpendicular to the
RIS, with a 200 mm distance separating them (see Fig. 8).
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TABLE III. Comparison Table with the Existing RIS Designs

Work Dimension (mm?) Frequency (GHz) | Number of Bits Substrate Integrated RF Choke | Multi-band

[5] 11 x 11 58 1 Taconic RF-35 No No

[6] 80.2 x 40.83 3915 2 Duroid 5880 No No

[7] 3.85 x 3.85 28 1 ROGERS 5880 Yes No

[8] 36.2 x 36.2 5.8 1 ROGERS R0O4350B Yes No

[9] 14.3 x 10.27 5.8 Continuous FR4 and F4B No No

This work 13 x 13 5.8 and 7.3 1 ROGERS RO4350B Yes Yes
208 mm frequencies after phase quantization is obtained as
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Fig. 8. Setup for beam synthesis simulation.
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Fig. 9. RIS optimal reflection coefficient (phase) to steer the
beam toward various angles for 5.8 GHz (left) and 7.3 GHz
(right).

In this simulation, we illuminate the RIS with a transmitted
signal and measure its reflected beam. The states of the unit
cells are set according to (3) to form a beam and steer it
toward the desired angles.

Fig. 9 depicts the RIS optimal reflection phase ¢ to steer
the beam towards various angles for 5.8 GHz (left) and
7.3 GHz (right). In this figure, the phase ranges between 0°
and 360°. As observed, the optimal reflection phases for the
two frequencies differ slightly. Therefore, to steer the beam
simultaneously at both frequencies, it is necessary to combine
these reflection phases. Let us denote the reflection phase
compensation of unit cell (k,[), optimized at 5.8 GHz and
7.3 GHz, respectively, as ¢} 9" and ¢ 9", The combined
unit cell (k, ) phase compensation to steer the beam at both
frequencies is obtained as

combined 5.8 GHz

Qoned = o8 o (8)

+ ¢

Assuming that the reflection magnitude of the RIS unit cell
is identical, the RIS reflection coefficient optimized at both

Fig. 10. RIS combined optimal reflection coefficient (phase)
to simultaneously steer the beam at both frequencies (i.e.,
5.8 GHz and 7.3 GHz). Left = original continuous phase.
Right = 1-bit quantized phase.

Fig. 10 presents the optimized combined RIS reflection
phase to simultaneously steer the beam at both frequencies
(i.e., 5.8 GHz and 7.3 GHz) towards various angles. Since our
design has only a 1-bit phase shift, the continuous optimal
phase (left) needs to be quantized into a 1-bit optimal phase
(right) using (4). Here, yellow corresponds to the “ON” state,
and purple corresponds to the “OFF” state. The quantized
phase is then loaded into the RIS.

Figs. 11-12 depict the beams formed at both frequencies
when the quantized RIS reflection phase in Fig. 10 is loaded
to the RIS. It is evident that the proposed design is capable
of forming and steering the beam toward various angles
(i.e., 10° to 60°) at both 5.8 GHz and 7.3 GHz. However,
it is worth noting that for every beam steered at a specific
angle, a smaller copy of that beam exists at a mirrored angle.
Naturally, this quantization lobe became more apparent at a
wider angle, with its normalized magnitude almost equal to
the main beam at 60°. This quantization lobe is due to the
effect of the phase shift quantization and can be mitigated by
using various techniques. These include dividing the RIS into
multiple tiles and adjusting the spacing between them [14],
employing the random phasing method [15], or increasing
the bit resolution of the RIS [16].

IV. COMPARISON WITH OTHER RIS DESIGNS

In Table III, we present a comparison of the proposed
design with several existing RIS designs. We can see that
the proposed structure offers several advantages over the
existing ones. For instance, all designs mentioned in Table III
operate only at a single frequency band. Additionally, the
dimensions of the RISs proposed in study [8] are larger than
our proposed design, despite serving only a single frequency
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Fig. 12. Beamforming and steering capability of the proposed RIS toward various angles at 7.3 GHz.

band (i.e., 5.8 GHz). Furthermore, the designs proposed by
studies [5], [6], [9] are not equipped with an integrated RF
choke. While the study [5] proposed the use of a separate
RF choke, it employed lumped elements, requiring additional
electronic components and potentially increasing fabrication
complexity.

V. CONCLUSION

This letter introduces a low-loss miniaturized dual-band
RIS with an integrated RF choke. The proposed unit cell
is capable of shifting the phase of the incoming EM wave
by 180° at 5.8 GHz and 7.3 GHz frequencies. Notably, the
proposed structure has relatively compact dimensions, mea-
suring 13 x 13mm?, which corresponds to approximately
0.25 4 of the 5.8 GHz frequency. Moreover, the loss of the
proposed design is significantly low, measuring less than -
2dB for both 5.8 GHz and 7.3 GHz frequencies. Through
simulations, we have validated that our design can perform
adaptive beamforming and beamsteering toward different
directions.
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