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ABSTRACT Recently, a reconfigurable intelligent surface (RIS) that provides alternative wireless propaga-
tion paths (by reflecting an electromagnetic wave from a base station in desired directions) has attracted
attention as a key facilitating technology for Beyond 5G and 6G wireless communications. This paper
presents an improved path-loss model suitable for RIS-aided wireless communications. Unlike previously
reported RIS path-loss models, the proposed model considers more practical electromagnetic phenomena
(e.g., the incident and reflected gain patterns of the RIS unit cell, the effective received power at the
RIS, the reflection phase error of each unit cell, and the specular reflection loss), by applying rigorous
analysis. Furthermore, the accuracy of the proposed path-loss model is validated by extensive experimental
measurements using our developed RIS prototype. The prototype consists of 576 phase-reconfigurable unit
cells operating at 29 GHz, each of which features two PIN diodes. Each PIN diode is independently controlled
to produce the desired phase distributions on the RIS. It is shown that the calculated received power in the
proposed path-loss model matches the measurement results within a 1 dB margin across various practical
test environments.

INDEX TERMS Metasurface, millimeter wave, path-loss model, reconfigurable reflector, reconfigurable

intelligent surface (RIS), wireless communication system.

I. INTRODUCTION

IMT-2020, also known as Sth generation (5G) wireless
mobile communications, became commercially available in
2019, including operations in millimeter-wave (mmWave)
frequency bands between 24.25 GHz and 52.6 GHz, referred
to as Frequency Range 2 (FR2). In general, 5G FR2 has the
advantage of being able to support new mobile applications
that demand extremely high data rates, thanks to the wide
range of channel bandwidths available (as large as several
hundreds of MHz). Despite the more severe path loss in the
FR2 bands (compared to the microwave frequency bands),
massive multiple-input and multiple-output (MIMO) antenna
systems featuring advanced beamforming technologies in 5G

The associate editor coordinating the review of this manuscript and

approving it for publication was Barbara Masini

VOLUME 10, 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

can provide an improved end-user experience with enhanced
coverage and spectral efficiency. Therefore, numerous studies
have been conducted on mmWave beamforming systems [1],
(21, [31, [41, [51, [61, [71, [81, [91, [101, [11].

However, the coverage hole problem in a non-line-of-
sight (NLOS) environment remains difficult to solve, even
with the advanced beamforming technologies of 5G FR2
bands, as explained below. The coverage hole is an area in
a wireless communications network where data transmission
is not achievable because of arbitrary obstacles. When the
high-frequency signal reaches an arbitrary object, the rough-
ness of the object surface appears larger than that observed
under the legacy microwave frequency signals. Accordingly,
the wireless propagation paths permitted via reflection and
diffraction from these objects are reduced. As a result, in 5G
FR2, base stations must be deployed more densely than in
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lower-frequency cellular networks. In addition, this coverage-
hole problem is not limited to 5G New Radio FR2. A similar
problem is expected to occur in subsequent 6G wireless com-
munications, which may employ even higher frequency bands
(e.g., the sub-terahertz bands) and wider bandwidths to real-
ize emerging data-intensive applications such as immersive
extended reality, high-fidelity mobile holograms, and digi-
tal replicas [12]. Many “6G White Papers™ have proposed
diverse technologies to solve this problem, and numerous
studies have been actively undertaken [12], [13], [14], [15],
[16], [17], [18], [19], [20].

Reconfigurable intelligent surface (RIS)

BS Mobile device

FIGURE 1. RIS-aided wireless communication [12].

One technique introduced in a white paper [12] to solve
the coverage hole problem was a reconfigurable intelligent
surface (RIS). A RIS, defined as an actively controlled meta-
surface, can provide alternative wireless propagation paths
when new ones are required, as shown in Fig. 1. When
obstacles block the line-of-sight paths between the base sta-
tion and user equipment, alternative paths can be provided
to users in the blocked area via the reflected signal at the
RIS. The RIS consists of uniformly distributed reconfigurable
unit cells with integrated switching devices (or components).
The reflection phase of each unit cell can be intelligently
changed by controlling the state of the integrated switching
components (e.g., PIN diodes [21], [22], RF switches [23],
[24], [25], varactor diodes [26], [27], liquid crystals [28],
microelectromechanical systems [29], graphene [30], field
effect transistors [31], and VO2s [32]).

The utility of RIS for solving coverage hole issues has
been demonstrated via wireless-communication-based the-
oretical analysis [33], [34], [35], [36], [37], [38], [39].
The RIS can extend coverage not only outdoors but also
indoors [40], considering various form factors pertaining to
different environments and purposes. Moreover, the appli-
cations of RIS (asides from coverage extension) include
interference management [22] and MIMO spatial channel
enhancement [21].

In particular, to characterize the practical performance
of RIS-aided communication systems, an accurate path-loss
model involving RIS is essential. This is because the proper
position and requisite size of the RIS can vary according
to the performance predicted by the path-loss model. Many
studies into RIS path-loss model (reported in [41], [42], [43],
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and [44]) were based upon a simple mathematical model;
hence, discrepancies may arise between the calculated and
actual measurement results. In [45], the path-loss model was
revised from an electromagnetic-theory based perspective.
However, the unit cell gain pattern and received power of
the RIS were not considered sufficient for practical applica-
tions. Additionally, this path loss model does not account for
physical phenomena such as actual phase errors and specular
reflection. This could result in an inaccurate path-loss model
at certain distances and angles.

In this paper, an improved path-loss model is proposed
considering practical electromagnetic phenomena that have
not been accurately analyzed in previous papers; it can accu-
rately predict the path-loss of RIS-aided communications sys-
tems. This can be used for accurate communication channel
modeling or codebook design in the future [46], [47], [48].
Section II describes the proposed path-loss model and our
contributions in detail. The unit cell gain pattern, received
power at the RIS, unit cell phase errors, and specular reflec-
tion loss are discussed. In Section III, we design a 2-bit unit
cell at 29 GHz, to implement the actual RIS and simulate the
reflected beam performance according to the phase distribu-
tion of the RIS surface; to this end, we use the 3D electromag-
netic simulation tool. To control the phase distribution of the
RIS surface, it is necessary to control each unit cell and design
shift registers and an Arduino microcontroller, as presented
in Section IV. Finally, in Section V, the path-loss model
proposed in Section II is verified by comparing it with experi-
ment results obtained using the fabricated RIS prototype from
Section I'V.

Il. PATH-LOSS MODELING

The concept of RIS-aided propagation paths is illustrated
in Fig. 2. Theoretically, the electromagnetic field radiating
from Tx is reflected by the unit cells in the RIS. Hence, the
received power of Rx in the RIS-aided propagation path can
be obtained from the product of two-divided paths (Tx to RIS
and RIS to Rx). In addition, each path can be represented as
the superposition of each independent propagation path of the
unit cell, expressed as [45]

N 2
A
Pr — PT ; [Gt (e/ns ¢/11) Gu}’lil (Qi}’l’ ¢ln) (47Td[n> }
N A ’
X Zl |: 9//11, ” umt(erm ¢r") |F |2 (47Tdr7> :| ’

e))

where N is the number of unit cells on the RIS; P, is the Rx-
received power of the RIS-aided propagation path; primed
and double-primed coordinates denote the radiation pattern
of the Tx and Rx antennas, respectively; G,(8',, ¢’,) and
G, (0", ¢",) are the Tx and Rx antenna gains, respectively,
for the n™ unit cell; Gy (0, ¢) is the gain of the unit cell and
is reciprocal between incident and reflection; (6, ¢in) and
(0, @) are the incident and reflected angles, respectively,
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FIGURE 2. Scattering concept of RIS-aided propagation path.

of the n'! unit cell; d,, and d,, are the distances from the
nth unit cell to each Tx and Rx, respectively; and || is
the reflection amplitude of the n™ unit cell. We assume
that the polarization is always properly matched. This is a
theoretical equation based upon the Friis equation; hence,
it is not sufficient to accurately estimate the path loss in
a RIS-aided environment. To increase the accuracy of the
equation, detailed analyses of the electromagnetic phenom-
ena are performed from various perspectives in the following
subsections, and an improved path-loss model is proposed.

A. UNIT CELL GAIN PATTERN

It is convenient to calculate the gain pattern of the unit cell
using the effective aperture from antenna theory, expressed
as

4
Gunir (Ginv ¢in) = FAe (Gim ¢m) (21)

4
Gunit (91‘}15 ¢rn) = FAe (ems ¢rn) (2-2)

where A, denotes the effective aperture of the unit cell.
The aperture efficiency is defined as the ratio between the
available power at the aperture and the power flux density of
a plane wave incident upon a unit cell:

Py

A, (Oins ¢m) = ? (3)

Here, P, is the available power and S is the power flux density
of the incident wave.

Because the unit cell reflects most of the electromagnetic
fields radiating from the Tx antenna, most of the power
incident upon the unit cell surface is available. Therefore, the
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Physical
aperture

nth unit cell

FIGURE 3. Effective aperture of the RIS unit cell with respect to the
incident and reflected angles in the azimuth plane.

effective aperture of the unit cell can be determined as the
projected aperture area of the unit cell from the Tx-antenna
direction. In Fig. 3, the effective aperture of the unit cell
is represented graphically when Tx and Rx both lie in the
azimuth plane (¢;;, = ¢, = 0°). Extending this to a 3D
environment, when the RIS surface is on the x-y plane, the
projected aperture region of the unit cell is determined by the
degree of inclination (6;, or 6,;,) from the normal direction of
the unit cell, regardless of ¢;;, or ¢,,,. Therefore, the aperture
efficiency is determined only from 6;,, and 6,,, and (2.1) and
(2.2) are derived as follows:

4r 4
FAe O, Gin) = A_2Ap €os Oy 4.1
4 4
ﬁAe Orns @) = FAP €08 Oy 4.2)

where Ap is the physical aperture area of the unit cell.
In practice, each effective aperture of the unit cell is different,
because 6;, and 6,, are varied depending on the position of the
cells. However, it can be assumed to be a single value base on
the center point of the RIS, because the distances between the
RIS and the Tx and Rx are sufficiently large in the RIS-aided
environment. Consequently, the single values of the incident
and reflected angles based on the RIS center (6. and 6,.) are
applied to (4.1) and (4.2), and (1) can be rewritten as

A, \?
P
P, =P (—) coS B cOS O,
4

2 2
dtn drn

9
n=1 =1

&)

where 6, and 0, are the incident and reflected angles, respec-
tively, based on the center of the RIS.

From (5), it can be observed that Rx receives maximum
power when the reflected angle lies in the normal direction
of the RIS surface at a fixed incident angle, and the received
power follows the cosine of the reflected angle. Simultane-
ously, maximum power is received when the Tx is placed in
the normal direction, and it decreases according to the cosine
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of the incident angle. To summarize, Rx receives a larger
power when the directions of Tx and Rx are more closely
aligned to the normal direction of the RIS surface and vary
according to the cosine of the incident and reflected angles.

B. EFFECTIVE RECEIVING POWER OF RIS

The RIS can be installed in various RIS-aided communication
environments for different user scenarios. However, if the
distance between Tx and the RIS is small or the size of the
RIS is increased, the received power may differ between unit
cells (as shown in Fig. 4), owing to the radiation pattern of
the Tx antenna. However, the path-loss models of conven-
tional papers assume that all unit cells on the RIS receive
the same power; this is inaccurate in the above-mentioned
environments and should be modified to improve accuracy
across various RIS-aided environments. In this subsection,
the power intensities incident upon the unit cells from the
Tx antenna are accurately calculated for application to the
path-loss model. These can be obtained from the radiation
pattern shape of the Tx antenna and the configuration of the
RIS-aided environment.

RIS

* Radiation pattern
T~ X'

Tx (Base station)

FIGURE 4. Received power intensity at the RIS surface in case of a short
distance between the Tx and RIS.

First, because the antenna gain is generally given as a single
value of boresight, it is necessary to compute the radiation
pattern from the gain value. Theoretically, the gain pattern of
the antenna can be assumed to form a rectangular radiation
pattern, as shown in Fig. 5; this can be written as [49]

Area of sphere

Gain =
Area of antenna pattern
. 47Td§w _ 47
B d}%W sin BWy sin BW ~ sin BWy sin BWy'

(6)
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where BWy: and BWy are the beamwidths of each axis and
dpw is the distance from the pattern aperture to the antenna.
In general, the gain of the Tx antenna is high with a narrow
beamwidth, and (6) can be rewritten as

. 4
Gain = ———. @)
BWqy BW

However, this beam pattern is impractical because it rep-
resents an ideal rectangular beam, which assumes that the
antenna radiates equally in the rectangular area. In [49], the
beam efficiency is applied in (7) to calculate the practical
case, as

. 4
Gain = gy ————,
BWy BW
em = Qum/ R4, (8)

where ¢) is the beam efficiency, and 27 and €24 denote
the beam solid angle of the main beam and overall pattern,
respectively. The beam efficiency indicates the ratio between
the main beam and total radiation power; it is “1” for the
ideal rectangular beam pattern, as shown in Fig. 5. In other
words, the beam efficiency is determined by the shape of the
beam pattern and generally has a value smaller than “1”.
The Tx antenna is generally implemented using a planar
aperture with an antenna array, and the beam efficiency can
be determined as 0.6 [49]. In addition, the Tx antenna main
beam pattern can be approximately defined as the cosine of
0’ with a constant value for ¢’; this is expressed as

G (6',¢") = cos” ¢, )

where pt is determined using the beamwidth from (8).

5
dgw’,"

ng b‘,:,’/'
BW,

FIGURE 5. Antenna radiation pattern approximated as rectangular.

Second, the angle of each unit cell from the Tx antenna
must be calculated when applying (9). Fig. 6 shows the con-
cept of the Tx antenna gain for the ™ unit cell propagation
path in the azimuth plane. When the boresight of the Tx
antenna is directed towards the center of the RIS surface, the
angle between the position vector of the unit cell and the Tx
antenna can be written as

_ rp-dg
Oy = cos” ! (—" ) , (10)
" Irulldc|

where r, is the position vector of the ™ unit cell, dy is
the position vector of the Tx antenna, and 6,, is the angle
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FIGURE 6. Concept of the Tx antenna gain for the nth unit cell
propagation path in the azimuth plane.

Tx radiation pattern

between these two vectors. Using the calculated 6y,, 6’ can
be obtained as

0 — tan—! |rp|sin (r — 6;,)
" dic| + rn|cos (m — 0)

— tan—" <|dt ||rn| sin (60y,) ) . a1

— |ral cos (6m)

By substituting this into (9), the Tx antenna gain of the n'h
unit cell propagation path can be written as follows:

_ |7y | sin (6,)
/ AN pt 1
G, (Qn, ¢n) = cos (tan <|dtc| — |rp| cos (etn)))
(12)

The average of the Tx antenna gain across all propagation
paths of the unit cell can be replaced with a representative
value of the Tx antenna; the average is defined as

N .
1 _ |rp | sin (64,)
Gy = — cos”! (tan ! ( L )):|,
W=y [ el — rn cOs (O)

n=1
(13)

where Gy, is the average value of the Tx antenna gain for
the unit cell propagation path. In addition, the gain of the Rx
antenna can also be calculated reciprocally as

N .
1 _ [Py | sin (8,,)

G, = — cos”! <tan ! ( “ ))],

TN Z[ \dre| — |Fn] oS (6n)

n=1
(14)

where G,, is the average value of the Rx antenna gain for
the unit cell propagation paths, 6,, is the angle between the
position vector of the unit cell and that of the Rx antenna, and
the pattern of the Rx antenna is defined as cosP” (0”) where pr
is determined by the beamwidth. The (13) and (14) can be
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applied to (5) as follows:

N N
LZWZ
1d2 dz

n=1 "M p=1 70

A 2
Pr = Pt <ﬁ> Cos Gic Ccos QVCGme

15)

The received power of each unit cell propagation path differs
with respect to the distances from the Tx and Rx to each unit
cell; however, these differences are very small. Thus, the dy,
and d,, can be replaced by the representative single values
d:. and d,. represented in Fig. 2, which denote the distances
measured from the center of the RIS; thus, we have

Ay \? cos O;c c08 0,.G1aG N
P :PN _[7 ic rc ta ra F 2. 16
=P, <4n> 28 > Ima?. (16)

n=1

Conventional
Proposed

Received power (dB)

L

0 5 10 15 20

Distance between the Tx and RIS (m)

FIGURE 7. Calculated received power with respect to distance between
the Tx and RIS.

To identify the difference between the proposed and con-
ventional calculations, an example of the received power with
respect to the distance between the Tx antenna and RIS is
shown in Fig. 7. The calculation was performed when the Tx
gain was 30 dBi, the Rx gain was 0 dBi, the RIS size was
1 m x 1 m, and the distance between the Rx and RIS was
10 m without scanning at 29 GHz.

Because the conventional path-loss model assumes that the
Tx antenna gains of all unit cells are equal to the boresight
gain, the received power exponentially increases when the
distance between the Tx and RIS (d;.) decreases, as shown
in Fig. 7. However, in the proposed calculation, the received
power did not increase exponentially when the distance
decreased. The received power was highest at a particular dis-
tance and decreased when the distance (d;.) decreased. This
shows that if the distance between the RIS and Tx antenna is
too small, the received power distribution on the RIS surface
becomes tapered; thus, the overall received power is reduced.
This result was validated by comparing measurements in last
section.

C. PHASE ERROR OF UNIT CELL
Each unit cell of the RIS changes the reflection phase, and
each unit cell is controlled depending on the required RIS
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phase distribution, to reflect the desired beam. If the desired
beam direction and location of the Tx antenna are defined, the
reflection phase that compensates for the delay difference in
the propagation path of each unit cell can be calculated. The
distance from the phase center of the Tx antenna to each unit
cell can be obtained as

R = /il + Iral? — 2Mdielital cosbr,  (17)

where R, is the distance between the n™ unit cell and Tx.
Subsequently, the required reflection phase of the unit cell
for the plane wave in the desired direction is derived as

O = kRy, — k sin 6, (rnx COS @y + Ty SIN q),) , (18)

where ¢,,, is the required reflection phase of the n™ unit cell,
T'nx 18 the x-axis component of 7, 7,y is the y-axis component
of r,, and k is the wavenumber. However, it is difficult to
ensure that the unit cell reflects tunable continuous reflection
phases, because they are usually designed to have discrete
values (e.g., 1-bit or 2-bit). Thus, the quantization produces
a phase error depending on the number of bits (number of
states) of the unit cell, and the phase error of each element
can be represented as

Pen = Prm — Pq> (19)

where ¢, is the phase error of the n'™ unit cell and ¢q is the
closest value to ¢,, amongst the quantized reflection phases.
This quantization error produces a gain degradation of 2-3
dB for the 1-bit case and less than 1 dB for the 2-bit one [50].

Normal incident angle

£

" T A Azimuth-tilted
; Incident angle
/
Elevation-tilted /

/

P -

Incident angle

AV,

A8

FIGURE 8. Example surface composed of periodically arranged poles and
projected structure with respect to incident angle.

In addition, the phase error of the unit cell is changed
according to the incident angle. In Fig. 8, an example surface
composed of a periodically arranged pole is depicted to
explain the reflection phase change with respect to the inci-
dent angle. The reflection phase of the unit cell is determined
from the equivalent circuit characteristics of inductance and
capacitance generated by the structural characteristics. How-
ever, if the incident angle is changed, the inductance and
capacitance of the equivalent circuit vary because of the

98070

difference in the projected structure generated by the incident
angle. Similarly, the quantized reflection phases of the unit
cell vary according to the incident angle, and the phase error
is simultaneously altered. By applying this phenomenon, the
phase error can be rewritten as

Pen Oi $i) = Prm — @q (6i, i) - (20)

Consequently, the phase error loss is obtained from the dif-
ference in the array factor directivity of unit cells between the
ideal and quantized reflection phase of the unit cells, as

| ZnN—1 1Pt Gen(0i,0)] |2
5 ,
N
‘Zn:l g][(pm]

where Lpg (6;, @i, 60, ¢») denotes the phase-error losses with
respect to the incident and reflected angles. By adding this to
(16), the received power can be derived as

Lpg (6i, ¢i, 0r. ¢r) = 2L

Ap
P, = P,NLpg | —
4

N

2 cos Oic €08 0,:G1, Gy I |2

E ol
d2d2 p—

(22)

In addition, the reflection amplitude of the unit cell can be
approximated as the average value over all states, as follows:

A, 2 cos Oic €08 0,:G1,Gry 5
o 2 0 |FLIV| .
471 dth C

re

P, = P,N*Lpg (
(23)

Controllable reflection
Incident wave (designed reflection phase)

& ,/Spea”ar reflection

FIGURE 9. Specular reflection on the unit cell.

D. SPECULAR REFLECTION LOSS

Specular reflection is a physical phenomenon in which an
electromagnetic wave is reflected (via geometric optics) back
in the opposite direction when it impinges upon the reflect-
ing material. In the RIS-aided environment, the same phe-
nomenon occurs when the electric field is reflected by the
unit cell surface, as shown in Fig. 9. Thus, the RIS surface
is designed to generate the desired reflection phase via the
unit cell; however, a relatively small portion of the field
that cannot be controlled is also reflected. This means that
although the phase distribution at the RIS is controlled for the
beam scanning, the specular reflection power always remains
at the specular angle. This produces a power loss when
the scan angle of the RIS is not a specular reflected angle.
However, when the scan angle matches the specular angle,
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controllable and specular reflection can be combined. This
can be added to (23) as a power-loss parameter at the reflected
angle (excluding the specular reflected angle), expressed as

Specular Reflection Loss = Lgg (0; # 6,, ¢i # &),
(24)

where Lgp is the specular reflection loss. This loss is approx-
imately —1 dB to —2 dB in most cases and is determined
by the unit cell structure; furthermore, the value can be
inferred by comparing the magnitude of the main lobe in
the RIS-reflected angle with the magnitude of the specular
reflection [51]. Finally, by adding (24) to (23), the received
power can be derived as

Ay \? €08 B;c c08 6,.G1uG
P, = P.N*LppLsg (—”) e e | 2.
47-[ dtcdrf
(25)

E. PROPOSED PATH-LOSS MODEL

The received power obtained from analyses of the practical
RIS-aided environment was derived in terms of the electro-
magnetic mechanisms in (25). This can be rewritten in the
form of path loss as

Path Loss = P; /P,
B d2d% 1672
~ N2LpgLsg c08 0 €08 0,:GiaGra Tay|> A2
(26)

which contains most of the practical physical phenomena
related to the RIS. Hence, a more accurate path loss can
be obtained for various RIS-aided wireless communication
scenarios. Hardware characteristics (e.g., the phase error of
the unit cell and specular reflection) can be applied to produce
a more practical estimate.

IIl. RIS PROTOTYPE DESIGN AND FABRICATION

To validate the accuracy of the proposed path-loss model,
the RIS comprising 24 x 24 cross-dipole-shaped unit cells
was designed to operate at 29 GHz. In previous studies
[44], [45], the validity of the models was verified through
experiments; however, no detailed explanation of the unit cell
design was given even though the practical electromagnetic
phenomena (e.g., the reflection phases of the incident and
reflected angles, the phase error, and the reflection loss)
should be considered. In another paper [26], a new unit
cell structure was proposed as an influencing factor in RIS
performance; however, the relationship between the designed
RIS and path-loss model was not discussed.

This section describes the RIS unit cell design method
and simulation results (e.g., the s-parameters, reflection
phase variation, and RIS-reflected radiation patterns). It also
includes the configuration of the RIS control board used
to individually control unit cells. Finally, the RIS prototype
was manufactured by integrating the designed unit cells and
control circuit into one printed circuit board, and it was
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confirmed that the desired phase distribution on the RIS was
appropriately switched at high speeds.
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Hr op layer

e Copper

DC bias
—

> Dielectric

Top view

(@

< ; ; jLPIN diode #1

m

L R
OFF state m—l I—
PIN diode #2 L c

(© ()

FIGURE 10. Structure of the proposed 2-bit unit cell: (a) Top view,
(b) exploded view, (c) DC circuit configuration of unit cell with PIN diodes,
and (d) equivalent RLC model of PIN diode with respect to states.

ON state "= AN~

A. UNIT CELL DESIGN

In Fig. 10(a), the black-colored structures indicate copper and
the PIN diodes are denoted by blue symbols. The top-layer
copper pattern of the RIS unit cell was divided into three
parts, which were connected by two PIN diodes. These PIN
diodes were individually controlled using the voltage control
signal received from the Bias via holes #1 and #2. Both were
connected to the DC GND through a center via hole. The
size of the unit cell was set at 5 mm x 5 mm (less than the
half-wavelength at 29 GHz) to avoid grating lobe generation.
Furthermore, Fig. 10(b) shows that the proposed 2-bit unit
cell was designed as a four-layer structure using the dielectric
substrate Isola I-Tera MT, which has a relative permittivity of
3.45, aloss tangent of 0.0031, and a thickness of 0.78 mm.

The four quantized reflection phase states (with a 90° phase
difference) can be generated by tuning the dimensions of each
separated part and switching the state (ON or OFF) of PIN
Diodes #1 and #2. In particular, the length difference between
the two sides (LI, L2) is the dominant parameter for tuning
the reflection phase difference of each state [52], [53].

Fig. 10(c) and (d) show the DC circuit configuration of
the unit cell (with PIN diodes) and the equivalent circuit
model of a diode, respectively. A MADP-000907-14020P
PIN diode was used; this can be modeled as a series of lumped

98071



IEEE Access

J. Jeong et al.: Improved Path-Loss Model for RIS-Aided Wireless Communications and Experimental Validation

resistor—inductor—capacitor (RLC) elements. When the PIN
diode is in the ON state, it can be treated as a series circuit of
parasitic inductances and resistances; when in the OFF state,
a series circuit of parasitic inductance and capacitance is used
to describe it. The geometric parameters of the unit cell are
Ll =315mm, L2 =2.6 mm, L3 = 1.7 mm, W] = 0.6 mm,
and W2 = 1.2 mm.

The characteristics of the proposed 2-bit reconfigurable
unit cell were simulated using an ANSYS high-frequency
structure simulator (HFSS). As mentioned in the previous
section, the reflection phase of the unit cell is changed accord-
ing to the incident angle; hence, it is necessary to deter-
mine which incident angle condition is to have a reflection
difference of 90°. In our design, the target incident angle
was set to §; = —45° and ¢; = 0°, in consideration
of coverage improvement for various RIS-aided wireless
communications.
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FIGURE 11. Simulated reflection coefficients of the 2-bit unit cell:
(a) reflection phase, (b) reflection amplitude, and (c) reflection phase
with respect to incident angle.

The simulated results of the reflection phase and the ampli-
tude of the unit cell are presented in Fig. 11(a) and (b),
respectively. The phase differences between the four states
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TABLE 1. States of the unit cell.

State State 1 State 2 State 3 State 4
Diode #1/2 ON/ON ON/OFF OFF/ON OFF/OFF
Reflection 3/ o 34.9° ~55.3° ~142.7°

phase

were ~90° at 29 GHz, as summarized in TABLE 1. The
reflection amplitudes of the four states were —0.34 dB,
—1.56 dB, —2.12 dB, and —0.17 dB at 29 GHz, respectively.
The reflection amplitude of each state differed because the
shape of the electromagnetic field in the unit cell varied
according to the PIN diode state. The average value of these
simulated reflection amplitudes was used as the magnitude of
the reflection coefficient |I"y,| in (26).

The simulated reflection phases of the unit cell for inci-
dent angles of 0-90° at a frequency of 29 GHz are shown
in Fig. 11(c). As predicted from the previous section, the
designed phase difference changed with respect to the inci-
dent angle. This variation in the reflection phase produced a
difference in the phase error loss, depending on the incident

angle.
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FIGURE 12. Simulation setup for verifying the RIS characteristics.

B. RIS DESIGN
To verify that the designed unit cell is suitable for RIS-aided
communications, the RIS was designed as an arrangement
of 24 x 24 unit cells (120 mm x 120 mm), as shown
in Fig. 12. The standard horn antenna employed as the Tx
antenna was placed at an angle of §; = —45°, ¢;= 0° and a
distance of 1 m from the RIS surface. The scanning capability
was verified via simulation under the azimuth plane (¢;= 0°)
condition, and the simulations were performed for the various
reflected angles of 6,= 25 — 65° (in intervals of 10°). The
two PIN diode states of each unit cell were determined by
calculating the required phase compensation value according
to the steering angle and direction of the Tx antenna, as shown
in (17).

The reflected gain patterns are shown in Fig. 13. The
reflected peak gains are 14.82 dB, 14.77 dB, 15.46 dB,
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FIGURE 13. Reflected gain pattern of the RIS across various reflected
angles.

12.01 dB, and 10 dB for 25°, 35°, 45°, 55°, and 65° reflection
angles, respectively. These results show that the reflected gain
was highest at the specular reflected angle (6, = 45°) com-
pared to other angles which included the specular reflection
loss. Moreover, it was observed that the reflection gain was
markedly reduced when the reflected angle was varied at
angles far from the normal direction (6, = 0°) of the RIS,
owing to the unit cell gain pattern.

C. RIS CONTROL BOARD DESIGN

The designed RIS is composed of 576 unit cells each
equipped with two PIN diodes; in other words, it contains
1152 PIN diodes that must be controlled individually. There-
fore, a control board must be designed to apply the required
DC bias to the PIN diodes in the unit cells. In contrast to
varactors [54], and liquid crystals [55], [56], which require
multi-stage voltage control, the PIN diode has only two states
(turn-on and -off voltage conditions). Hence, the control
circuit can be designed simply using a commercial microcon-
troller instead of a complicated control circuit based upon a
field-programmable gate array [57].

One of the most challenging issues when using commercial
microcontrollers to operate RIS unit cells is that the number
of ports on commercial microcontrollers is insufficient to
control numerous PIN diodes [58]. In addition, simply using
many microcontrollers causes another problem: it increases
design complexity and requires a relatively large amount of
space to mount. Therefore, in our design, a shift register was
used to ensure an efficient control circuit configuration. The
shift register is a series-input-parallel-output (SIPO) compo-
nent with one data input port, eight data output ports, and
two control signal ports (clock and latch). When the clock
signal is high, a 1-bit value is entered through the data input
and change the first output pin (QO) to one. As the process is
repeated, the values of the input port change the data output
port from QO to Q7. The latch pin should be maintained in
the low state whilst the output pins are changed according to
the data input pin, and it should switch to a high state when
all data transmissions are complete.
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FIGURE 14. Schematic of the RIS control board.

Fig. 14 shows a block diagram of the designed RIS con-
trol board. A single shift register controls the states of four
2-bit unit cells (eight PIN diodes) using an 8-bit binary data
value. To implement the RIS control board more compactly,
a combination of series and parallel connections in the shift
registers was used.

In the case of the series connection, the serial data output
port was connected to the serial data input of another shift
register. These two serie’s connections facilitate the transmis-
sion of 16-bit binary data and make it possible to transmit
input data from a single port to eight output ports. If six shift
registers are sequentially connected, the 48 PIN diodes can be
controlled. This series connection can increase the number of
data bits transmitted by a single data port.

Parallel connections are used to simultaneously control
shift registers connected to different data ports in a micro-
controller. If the microcontroller port is accessed directly,
8 or 16 ports can be manipulated simultaneously, depending
on the bit number of the microcontroller used. Therefore,
when using an 8-bit microcontroller (even with 24 parallel
connections), the data transmission time is increased by a
factor of three only, rather than 24. Consequently, the connec-
tions of the 6-series and 24-parallel shift registers are used to
efficiently control a total of 1152 PIN diodes. The operating
conditions of the PIN diodes and LEDs can be regulated using
proper resistors by considering the current—voltage character-
istics. When the RIS unit cells are turned on, each resistance
(RpiN, RG—LED, RrR—LED) adjusts the current flowing through
the PIN diode and LED, respectively, as shown in Fig. 15.

D. FABRICATION AND TESTING

The RIS control system was integrated with unit cells on a
single board. Fig. 16(a) shows the top and bottom layers of the
fabricated RIS. From the top view, we can see two PIN diodes
per unit cell. At the bottom of the RIS, one shift register was
implemented per four unit cells, to control eight PIN diodes.
In addition, the LEDs were mounted on the bottom side of the
RIS, to indicate the state of the unit cells; the 2-bit unit cell
status can be confirmed from the color of the LEDs.

Fig. 16(b) shows the bottom view of the overall RIS pro-
totype. The total PCB size was 12 cm x 18 cm, the unit
cells were arranged in a 12 cm x 12 cm block, and the
control circuit component for beam control was implemented
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FIGURE 16. Fabricated RIS prototype: (a) configuration of the unit cells
viewed at the top and bottom and (b) bottom view of the RIS (including
the Arduino microcontroller board).

in the remaining 12 cm x 6 cm space. The control and
DC lines were internally printed on the inner layer of the
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multilayer PCB. An Atmel AVR (8-bit) CPU-based Arduino
Mega 2560 was used to control the phase distribution of
the RIS, and 144 shift registers consisting of 6-series and
24-parallel connections were used. As shown in Fig. 16(b),
the desired phase distribution for the reflected beam was
confirmed from the distribution of LED colors.

Furthermore, the data-transmission period from the
Arduino to the shift register was ~0.25 us (3.84 MHz).
It took ~2 us to convert the 8-bit data series input to
the parallel output via the shift register, and a total of six
series connections took 12 us. If the coding scheme directly
manipulates the ports of an 8-bit AVR, eight shift registers
can be controlled simultaneously. Consequently, even though
24-parallel connections were involved, the total time required
for beam switching was 36 us.

IV. VERIFICATION OF PATH-LOSS MODEL WITH
MEASURED RESULTS

Using the fabricated RIS, the proposed path-loss model was
verified under various RIS-aided communication conditions
(e.g., varying incident angles, reflected angles, and distances
between the RIS and Tx/Rx antennas). The Tx and Rx anten-
nas were connected to each port of the network analyzer
(Keysight, N5247B), and S;; was measured to obtain the
power decrement in the RIS-aided propagation path, as shown
in Fig. 17. The connected PC controlled the states of the unit
cells for the desired phase distribution. In addition, absorbers
were positioned beside the Tx and Rx antennas, to eliminate
the influence of direct paths therebetween.

RIS

Y
RIS control N
7 X

Absorber Network analyzer

l—

port1 port2

RF cable

FIGURE 17. RIS measurement setup.

All experiments were conducted in an anechoic chamber to
prevent unwanted interference, as shown in Fig. 18. Standard
horn antennas (Eravant, SAR-1725-28KF-E2) with a 17 dBi
antenna gain were used as the Tx and Rx antennas, respec-
tively. The boresight of each horn antenna was directed at the
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FIGURE 18. RIS measurement setup in anechoic chamber: (a) placement
of Tx, Rx, and RIS in chamber; (b) Rx and RIS with the absorber; and (c) Tx
and RIS with the absorber.

center of the RIS. The antennas and RIS were placed at the
same height, to measure various test conditions in the azimuth
plane.

Measurements were performed across three test scenarios,
to prove the accuracy of the proposed path loss model. First,
the received power was measured by changing the reflected
angle at several fixed incident angles, to validate the accuracy
of the proposed method regarding unit cell pattern, phase
error loss, and specular loss. The incident angle and reflected
angles were changed in the azimuth plane (¢; = ¢,= 0°).
The incident angle (6;) was varied from 0° to 45° with
a 15° interval, and the reflected angle (6,) was varied in
the range of 0° to 65° with a 5° interval. The Tx and Rx
antennas were located 1 m from the RIS (d;; = d,, = 1m).
As discussed in Section II, it was confirmed that the path
losses follow the cosine of the reflected angle at all incident
angles, as shown in Fig. 19(a). In addition, it can be observed
that the specular loss occurred at an angle other than that
of the specular direction. In addition, the received power
varied as the incident angle was changed, increasing when the
incident angle was closer to the normal direction of the RIS,
as previously discussed. Although the measurement values
were slightly lower than the calculations from the proposed
path-loss model, these are strongly matched in the various
incident and reflected angles.
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result.
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FIGURE 20. Received power with respect to distance between the Tx and
RIS (¢;=¢,= 0°0;= —45°0,= 45°).

Second, experiments were conducted to verify the effec-
tive received power of the RIS with respect to the distance
between the Tx and RIS. The received power of the Rx was
measured when the distance between the Tx and RIS was
reduced from 1 m. The incident and reflected angles were
set as —45° and 45° (6; = —45°, 6,= 45°), respectively. The
measurement results in Fig. 20 show that the received power
decreased after a specific distance, as seen in the proposed
model. Therefore, it is confirmed that the path loss can
be predicted more accurately using the proposed path-loss
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model when the RIS is deployed in an environment in which
the power received on the RIS is tapered.
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Distance between the RIS and the Rx (m)

FIGURE 21. Received power with respect to distance between the RIS and
Rx (dp=3m,¢;=¢,= 0> 0;= —45°,0,= 25°).

Third, the path loss was measured at various distances
between the RIS and Rx (with a 1 m interval), as shown
in Fig. 21. The incident and reflected angles were fixed at
0; = —45° and 6, = 25°, respectively. The distance between
the Tx and RIS was 3 m. As the distance between the RIS and
Rx increased, the received power decreased as the square of
the distance, and the values corresponded with those of the
path-loss model.

By comparing the measurement values and proposed
model predictions, it is shown that the measured values
for various RIS-aided wireless communication scenarios
accurately match the proposed model calculations. The
error between the proposed model and measurement was
within 1 dB.

V. CONCLUSION

This study primarily sought to derive an improved path-loss
model for RIS-aided wireless communications, and to con-
duct experimental validation. The proposed model contained
four critical parameters that have not been precisely con-
sidered in previous path-loss models: 1) the incident and
reflected gain patterns of the RIS unit cells, 2) the effective
received powers, 3) the phase error of each unit cell, and
4) the specular reflection loss. These parameters cannot be
neglected in path-loss-based performance evaluations for the
realization, deployment, and operation of the RIS. The effects
of all parameters were thoroughly analyzed in terms of elec-
tromagnetic phenomena before application.

Moreover, the RIS consisting of 24 x 24 cross-dipole-
shaped unit cells was designed and simulated, considering
actual operation and measurement conditions. The four states
(with a 90° phase difference in the unit cell) and the reflection
gain of the RIS were confirmed via 3D EM simulations.
In addition, the RIS phase control system composed of a
microcontroller and 144 shift registers with 6-series and
24-parallel connections was developed to efficiently control
the 1152 PIN diodes. Subsequently, the RIS prototype was
fabricated for validation. The measurement results obtained
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in an anechoic chamber showed excellent agreement with the
results calculated using the proposed path-loss model. Conse-
quently, we confirmed that the proposed path-loss model can
provide an accurate performance estimation for RIS-aided
communications in various indoor and outdoor deployment
scenarios in which direct communication paths between the
transmitter and receiver systems are unavailable.
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