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Abstract — In this paper, transmission of filter bank multi-
carrier (FBMC) modulated signal through reconfigurable intel-
ligent surfaces (RIS) is proposed as an assuring technique for
future wireless communication. RIS deliberately alters phas-
es of incident signals to enhance quality of the received signal.
Simulation outcomes show that it is possible to establish RIS-
based FBMC communications in which RIS functions as an
intelligent reflector with information concerning channel phas-
es. It is observed that RIS-based FBMC transmissions may be
a prospective solution for beyond 5G communication.

Keywords — beamforming, FBMC, MIMO, NOMA, OFDM,
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1. Introduction

Orthogonal frequency division multiplexing (OFDM) is
a technology that excels among all other multicarrier modu-
lation schemes because of its ease of implementation, lower
computational complexity and higher immunity to multipath
fading channel [1]. However, the out-of-band (OB) power
loss caused by pulse spreading in the frequency domain and
spectral loss resulting from the compulsory use of a cyclic
prefix (CP) in OFDM stimulate the evolution of the scheme
aiming to overcome the abovementioned issues.

To confirm the diverse use cases planned in future genera-
tion wireless communication solutions, a whippy allotment
of unused time-frequency resources is needed, as depicted in
Fig. 1 [2]. Discussions are currently ongoing within research
groups and standardization bodies regarding the selection of
the modulation technique to be relied upon in 5G wireless
communications and beyond. Modified OFDM may be used
for future wireless communication solutions [3]. It is also im-
portant, however, to explore alternate modulation techniques,
because modulation is the foundation of any communication
system that specifies affirmed uses.

In this article, the filter-bank multi-carrier (FBMC) tech-
nique [4], [5] is chosen as an alternate modulation scheme for
a modified OFDM approach, as it offers much better spectral
properties. FBMC can be used in many practical applications,
such as cosine modulated multitone (CMT) [6], filtered mul-
titone modulation (FMT) [7], or offset quadrature amplitude
modulation (OQAM) [8], also known as staggered multitone
(SMT) [9].
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However, FBMC-OQAM is chosen in this article, as it sup-
ports the maximum spectral efficiency. While FBMC supports
only real symbol orthogonality, some researchers rely on pulse
amplitude modulation (PAM) with FBMC [7]. Two important
issues have been identified for next generation communica-
tion systems, which impact the process of contriving the right
modulation technique:
e whippy time-frequency resource allocation for effective
affirmation of diverse user demands and channel features,

e lower delay spread, particularly in heavy heterogeneous
networks relying on multiple input multiple output (MIMO)
beamforming and high-carrier frequencies.

The aforementioned issues are addressed by FBMC, which

seems to be a prospective choice for next generation commu-

nication solutions, due to the following reasons.

e FBMC tends to be characterized by sound localization
in the time-frequency domain, permitting an effective
allotment of the unused time-frequency resources,

e in the most practical scenarios, the lower delay spread
ensures that only one tap equalizer is sufficient to obtain
a near optimal performance [10].
Thanks to this, without loss of generality, we can approximate
that FBMC symbols are interfered by first-order neighbor-
ing symbols only. However, OFDM symbols are interfered by
higher-order neighboring symbols. Theoretically, this order
is infinite in OFDM, while FBMC supports real signal trans-
mission only. Also, intrinsic imaginary interference is a major
hindrance in FBMC. Some of the pulse shaping filters that
are widely used in FBMC include the following: extended
Gaussian function (EGF), Bellanger’s PHYDYAS filter, and
isotropic orthogonal transform algorithm (IOTA) [10]-[12].
The most widely used multicarrier modulation techniques are
introduced for potential future use.

1.1. Orthogonal Frequency Division Multiplexing

The diagram shown in Fig. 2 presents the fundamental de-
velopment of an OFDM system, excluding the incorporation
of bit interleavers or forward error coding. The mapping of
message bits into the QAM string at the transmitter is em-
phasized.

Once the string has been transformed from serial-to-parallel
(S/P), the individual subcarriers undergo modulation through
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Fig. 2. Block diagram of OFDM transceiver system.

the use of IDFT. Before the transmitted signal is sent through
the channel, CP is added thereto. At the receiving module, the
reverse is performed. CP is initially eliminated, followed by
the application of DFT for channel equalization. Thereafter,
a QAM demapper is employed as the last step in contemplation
of retrieving the transmitted bits.

1.2. Generalized Frequency Division Multiplexing

The field of cognitive radio makes use of generalized frequen-
cy division multiplexing (GFDM) — a digitally implemented
multicarrier approach. A GFDM system satisfies the follow-
ing criteria outlined in [13], [14].

e reduced OB power radiation compared to that of OFDM,

e despite the wide-band nature of GFDM, the equalization
method is simple,

e frequency agility, which refers to the ability to detect and
identify unused frequency bands, especially in cases when
they are not sequential,

e due to the utilization of spectrum white spaces for data
transmission, GFDM is not exhibiting negative interference
with preexisting legacy channels.

A GFDM system is referred to as a multicarrier scheme that

uses block processing.
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1.3. Universal Filtered Multi-Carrier Modulation

Universal filtered multi-carrier (UFMC), sometimes also
known as UF-OFDM, is another type of a multi-carrier mod-
ulation approach. The application of subband filtering that
takes place in UFMC, which involves dividing the subcarri-
ers into blocks, exhibits similarities to its implementation in
GFDM. However, GFDM employs subcarrier filtering. Prior
to being filtered by a prototype filter (PF) of predetermined
length, every block of the subcarriers undergoes a conver-
sion from frequency to time domain. The generation of the
overall transmitted baseband signal is achieved through the
superposition of subbands that have been filtered [15].

1.4. Bi-orthogonal Frequency-Division Multiplexing

Upcoming 5G specifications provide for asynchronous access,
making them significantly dependent on irregular traffic.
The waveform commonly used for this type of traffic is
known as bi-orthogonal frequency-division multiplexing (Bi-
OFDM). The Bi-OFDM scheme requires the use of pairwise
orthogonality for both transmit and receive pulses — in contrast
to OFDM which relies on individual orthogonality.
Nevertheless, there is a lack of matching between the filters
employed in the transmitter and receiver. According to the
study conducted in [16], the use of Bi-OFDM has been found
to offer many advantages. As an illustration, it is more resistant
to frequency offset, which puts a cap on the duration of OFDM
signal.

Furthermore, the use of Bi-OFDM allows for the transmission
of data on frequencies that are not currently being used, i.e.
those designated as guard bands. This approach offers a bal-
anced and controllable compromise between the degradation
of performance caused by time and frequency offsets.

1.5. Filter Bank Multicarrier

The use of per-subcarrier filters in FBMC has resulted in
significant enhancements to the properties of the transmitted
signal. Numerous researchers have conducted investigations
and showed that the choice of filters has a significant effect on
the functioning of the system. Although all of these systems
share the per-subcarrier filter deployment, they use distinct
implementation approaches and have slightly different filter
specifications. The three distinct categories of FBMC are
presented below.

Cosine-modulated multitone (CMT) was first introduced
in [6]. The filter bank used in CMT is generated by complex
modulation of the PF, wherein the frequency responses of
these filters are obtained by shifting frequency response of
PF consistently. The aforementioned assumption is the reason
behind the use of the terms of cosine, as opposed to complex
modulation.

FBMC-FMT modulation [7] differs from CMT in that it
prevents the overlapping of subbands. This means that the PF
ensures a large amount of spectrum confinement, resulting
in negligible inter-symbol-interference (ISI) when compared
to other noise sources. To achieve subcarrier orthogonality
by spectral containment, it is necessary to employ filters that
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exhibit a sharp roll-off towards the frequencies at the edges
of the band. At both the transmitter and receiver, FMT is
performed by employing a set of uniform filters. These filters
are obtained from a PF and tuned to the required frequency
range, similar to the process employed in the CMT case.

Another subset of FBMC families is FBMC-OQAM, which
will serve as the foundation for the subsequent sections of
this paper. The FBMC principle that has received the greatest
attention in literature is FBMC-OQAM, which is also referred
to as SMT [9]. According to the research conducted in [5],
it has been shown that among the many orthogonal FBMC
waveforms, FBMC-OQAM demonstrates the highest spectral
efficiency level. The transmitter component of FBMCOQAM
comprises a synthesis filter bank (SFB) that shares a common
output and an analysis filter bank (AFB) that shares a common
input. The construction of the SFB involves the derivation of
all the filters of SFB through complex PF modulation. The
analysis process relies on simple matched filters in order with
the corresponding transmitter counterpart for each filter at
a given subcarrier.

5G has opened many research fronts, such as millimeter wave
communication, index modulation (IM), non-orthogonal mul-
tiple access (NOMA), terahertz communication etc. [17].
For enhancing the quality of service in wireless communi-
cation scenarios, research focuses on issues concerned with
propagating signal by controlling the reflection, scattering
and refraction characteristics of electromagnetic waves [18].
Changing the signature of the received signal by the use of
reconfigurable antennas is a feature of IM schemes [19].
The same objective is also achieved by the implementation
of reconfigurable intelligent surfaces (RIS) that control the
propagation environment [20]—[22]. RIS consist of large num-
ber of compact, cheap and passive reflecting element, which
reflect only the incident signal, with a suitable phase shift.
The idea behind intelligent surfaces is projected in [23] by
using active frequency selective elements that control the
signal coverage. As an alternative to beamforming techniques,
the smart reflect array idea is presented in [24]. It is proved
that the reflect array may be utilized efficiently for altering the
phase of reflected waves. The quality of the received waves
may be improved by adapting the phase change of every
element on the reflect-array without processing the incident
waves.

Building on the development of the massive MIMO concept,
the RIS idea presented in [25] utilizes a complete contermi-
nous surface for transmission and reception. [26] focuses on
downlink communication through RIS to affirm multiple-
users and the sum-rate is calculated. This article proposes
a new physical layer communication technique using the FM-
BC modulation scheme and controlling signal propagation
by the use of RIS, while signal reception relies on a single
antenna system.

It is worth noticing that RIS-based FBMC communication
is completely different from multiple input multiple output
(MIMO) FBMC [27], beamforming-FBMC [28], amplify
and forward relaying FBMC [29], and backscatter FBMC
communication [30]. In RIS-FBMC, large numbers of tiny,
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passive elements reflect the incoming FBMC wave with
a controllable phase change, without using a power supply.

The contribution of this paper is highlighted below:

o we implemented the RIS-based propagation control method
in FBMC/OQAM systems,

e we derived the optimum value of the phase introduced by
RIS elements,

e we proved, via simulation, that the bit error rate (BER)
of this system is better than the one achieved in non-RIS
based FBMC systems.

*

Notations used: (-)*,* represents conjugate, convolution
respectively. () and () stands for real and imaginary
part. a;; is the i-th row and j-th column element of a matrix.
j = +v—1. N(p,0%) and CN (u, 0?) stands for a real and
complex Gaussian-random-variable (GRV) with mean x4 and
variance o2 respectively.

The remainder of the paper is organized as follows. Section 2
explains the RIS-FBMC/OQAM system including the FBMC
transmission model, RIS model and behavior, channel model,
reception model, and data detection. In Section 3, the optimum
values of RIS elements are derived. Section 4 contains an
analysis of the simulation results. The paper is concluded in
Section 5.

2. Transmission Model

In this paper, an RIS-based FBMC/OQAM transceiver system
is considered, as shown in Fig. 3, where the signal is received
after being reflected from RIS. Here, we assume — similarly as
has been done in paper [21] — that no direct path exists between
the transmitter and the receiver. Since RIS is considered to be
an integrated part of the transmitter, the path loss between the
transmitter and RIS is neglected. RIS consists of L passive
reflecting elements in the form of a 2-dimensional array. The
channel between the [-th reflecting element of RIS and the
receiving antenna is modeled as:

hi = Bre V1, (1)

where | = {1,..., L}, §; is the magnitude and v, is the
phase. Here, we assume the channel is flat fading with h; to
be circularly-symmetric complex GRV having mean zero and
variance 1. The [-th RIS element introduces a phase shift of
¢y to the incident signal [21].

sl |

|
RS T EE 0B T RX

FBMC FBMC

lat lat IS
Xpg modulator RIS demodulator Tpg

Fig. 3. RIS-based propagation controlled FBMC/OQAM system
model.
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Fig. 4. FBMC/OQAM transceiver system.

2.1. RIS-FBMC/OQAM System Model

The FBMC/OQAM system considered in this article (Fig. 4)
contains P sub-channels with a sub-channel guard band of
1/Ts, where Ty stands for the complex symbol duration. The
FBMC transmitted signal at the n-th sample index is given
by [1]:

s[n] = Z_: Z Tp,qXp.a[n] 2

p=0 q€Z
where p and ¢ denote the sub-channel index and the real
OQAM symbol index, respectively.

The FBMC basis function y, 4[n] is defined as:
Xp.aln] = j%’qeﬂ}png [n B q];] ’ (3)

where g[n] is the impulse response of the PF. This filter
has real and symmetric coefficients and unit energy which
ensures that the energy of the input signal remains unchanged
[4]. Filter length is L, = bP with overlapping factor b.
¢p,q = 5(p + q) — mpq denotes the phase factor for the
p-th sub-channel and the g-th OQAM symbol instant. The
symbol corresponding to the p-th sub-channel and the ¢-th
real OQAM symbol index is denoted as x;, ; and is obtained
from the complex constellation symbols z, , as:

_ {%{Zp,q}’
Tp,2q =

when p is even

S{2p,q}, whenpisodd
(C))
S{%p,q}, when p is even
Tp,2g+1 =
R{zp,q}, whenpisodd

In this system model, the FBMC modulated signal s[n] is
reflected by the elements of RIS and then each reflected
signals is intercepted at the receiving module. The received
signal y[n] at the n-th sample index is:

n] = {Z hlem} s[n] +win], 3)

where white Gaussian noise w|n] is distributed as CA/(0, o2)).
Below, we discuss the effect of RIS on detecting the trans-
mitted data z,, , using the received signal y[n].
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€
2.2. Effect of RIS on FBMC Demodulation

Here, we consider the matched filter-based detection method
[1] for a RIS-assisted FBMC-OQAM system. The FBMC
demodulated signal at the p-th subchannel and g-th OQAM
symbol instant ¥  is obtained as:

Yp,q = Zy

We simplify this using Eq. (5) as:

Xp,qln (6)

- { zywm}mQ@dm+§§mmgAm
n=0 =1 n=0
L ') ')
_ z meM] { e -[n]} + 3wl b
P—

1prqqu IX5.q H]

n=0 p=0 q€Z

" p
them{ Z%q(Zqu Xp,gln )]
=1 p=0 q€Z

e_]dn{zzqu p,q} Mg » (7)

p=0 q€Z
where the trans-multiplexer function 515 9 and the effective

noise 75 7 are defined as: Z Xp.q[P]Xp g7, and

o0

Npa = 2 wn|xp g
n=0

almost the same as that of w[n]. This is so because the n = 0
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Fig. 5. BER comparison of RIS-FBMC/OQAM and FBMC/OQAM
systems for a 64QAM flat-fading channel.

prototype filter g[n] and thus x,, 4[n] does not alter energy
of the input signal and is of the sharp variety [4]. It is also
known that [1]:

; (¢))

I
ksl
Q1
—_—
S =
—~ -
i
~
okl
Q.

where (£)D7 = S‘y{ > Xpyq[n]x;';q[n}} represents the
n=0

imaginary part of the trz;ns—multiplexer function. Now, by
substituting Eq. (8) to Eq. (7), we obtain:

s
Q
I
—
=
CDV_.

e
-
—

8
3
Q|
A
Skl
Qi

+

8
3
=]
A
ikl
Q Q|

—

+
S

|

— p=0, q€Z,
P#D q#q
L
= {ZﬂleJ(mm)} { Z xp#l<§>£:g} +
=1 (P.a)#(P,q)
L
|:Z ﬁle—J(wz—ﬂﬁz):l Tp.q+ Mpq ©
1=1

where Eq. (9) follows Eq. (1). The real QAM symbol z,, ,
can be detected by extracting the real part of Eq. (9), i.e.:

Zp,q = R{yp,a}- (10)

We observe from Eqgs. (9) and (12) that the values of the
phases of RIS elements {¢;},_; ; play a major role in
reliable detection of the transmitted signal Zp,q. Therefore,
we need to find the optimal values of phases {¢1},_;,
by maximizing the instantaneous SNR which, in turn, will
minimize BER.
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3. Optimal Values of the Phases of RIS
Elements

The second term in Eq. (9) contains the necessary data
part x5 4, the first term contains the intrinsic interference

> xp,q(f)gzg} and the third term is the effective
(P.0)#(P,0)
noise. The intrinsic interference can be completely removed

by taking the real part of Eq. (9), if and only if the term

L .
[ > ﬁleJ(’“‘m)] is real. From Eq. (1) we know that
=1
and ; are, respectively, the magnitude and phase of the
channel between the [-th element of RIS and the receiver,

and ¢; is the phase introduced by the [-th element of RIS.
L
The term [ > ﬁle_j(’l”_‘f’l)} can be made real if and only if
=1

(1 — ¢1) = 2K, where K is an integer.

However, if K # 0, then the phase to be introduced by the
RIS elements will be ¢; = v; — 2K . For this subtraction
operation, RIS will consume more power and will demand
computational complexity which will negate the principle ac-
cording to which RIS is consuming much less power than
other methods, such as those relying on the use of a power
amplifier etc. For other values, the overall phase summation
may also go to zero for a very large value of L, as the chan-
nel’s complexity coefficient is a random variable with a zero
mean. However, in practice, the number of RIS elements L is
considered to equal 2, 4, 8, 16, and 32. With this value of L,
the aforementioned summation will not be zero in practice.
Hence, we consider K = 0, i.e. ¢; = ;. It is also assumed
that the reflecting surface is intelligent, i.e. the surface possess
the knowledge of channel phase 1; and, according thereto,
the surface makes the phase introduced by its elements ¢,
equal and opposite in polarity to 1/, (i.e. reconfigurable), so

L .

that the term { > ﬂleJ(d”‘z”)} becomes real and can be
=1

expressed as:

L L
[Zﬁze—m—ﬂ =) A=B8, (1)
=1 =1

where B is a real constant and is > 1. Therefore, Eq. (9) can
be represented as:

> xp,q<£>§.?:3}+ms,q. (12)

Yp,q = BTp,q +jB{
(p,q)#(P,q)

By taking the real part of Eq. (12), we obtain:
Yp.a = Brpg + R{npqa} (13)

The factor B in Eq. (13) is the contribution of RIS that
enhances SNR in the RIS-FBMC system, which is derived
next. Hence, BER is also improved.

We can otherwise prove the same as follows. Considering
that the instantaneous energy of an FBMC-modulated signal
s[n] is Ey,, the instantaneous SNR at the receiving antenna is
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Fig. 6. BER comparison of RIS-FBMC/OQAM and FBMC/OQAM
systems for a 64QAM frequency selective-fading channel.

given as:
L 2
E, Zﬁlej(m*wz)
ISNR = = (14)
Ow
Now, we can maximize ISNR by maximizing

2
as:

L
Z ﬁlej(@—ibz)
=1

2 2

L
Zﬁlej(@*iﬂz)
=1

L
Zﬁlejel
=1

L L L
S8 +230 S Bk cos(6 — 6r).
=1

=1 k=l+1

15)

where 0, = ¢; — ;. We know that Eq. (15) reaches its
maximum when 6; — 0, = 0, i.e. §; = 0. Otherwise, we can
say that the resultant phase of each reflected signal after the
phase introduced by the respective reflecting element must
be the same.

Assume that:

0129k=c
=>¢—Y = ¢p—Yr=c
= ¢ =c+ 1y, or =c+ Yk, (16)

where c is a constant phase.

The reflecting elements we have considered are smart, mean-
ing they have the knowledge of the phase of the corresponding
channel. It is clear from Eq. (16) that if ¢ # 0, then each re-
flecting element requires one extra addition to reconfigure the
phase it introduces, namely ¢;. This, in turn, demands extra
circuitry and power. So, to avoid these overheads, we chose
c = 0, i.e. the elements introduce a phase equal and oppo-
site to the corresponding channel phase ¢; = —(¢/;). This
makes the resultant phase of signal from each element zero

88

Fig. 7. BER comparison of RIS-FBMC/OQAM and FBMC/OQAM
systems for different QAM and flat-fading channels.

and equal. Therefore, we can express ISNR as:

L 2
E
n l:zlﬂl EnB2
ISNR = - =2 B> (17)
o2 oz,

Below, the effective SNR of the detected symbol is to be
derived. In Eq. (13), the first term contains the necessary data
symbol, the second term is the noise added to the channel.
Hence, effective SNR of a RIS-based FBMC/OQAM system
is given as:

B?%o?2

1
2

2B%02
o3

SNREFISFBMC i B>1, (18)

o
where afc is the variance of each real OQAM symbol z g,
o2 is the variance of complex AWGN added to the channel
and the factor of 1/2 used in the noise part results from the
assumption that complex noise power is equally split between
its real and imaginary parts.

For an FBMC system having perfect channel state informa-
tion and not relying on RIS, the effective SNR of a basic
FBMC/OQAM system is given by:

2 2
Basic-FBMC Oz 20;

SNR. =15 = > (19)
50w Ow

Therefore, by implementing RIS in an FBMC system, the
effective SNR of the FBMC system is enhanced by a factor
of B2,

4. Simulation Results

The parameters taken into consideration in the simulation
are as follows. The number of sub-channels P = 64, the
number of OQAM symbol instants ¢ = 50, sub-channel
spacing 1/Ts = 15 kHz, the number of reflecting elements in
the reconfigurable intelligent surface L = {1, 2,4, 8, 16, 32},
and the channel tap length equals {1, 6}. The pulse-shaping-
filter implemented in this article is Bellanger’s PHYDYAS
filter [4]. The channel coefficients are complex, with their
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real and imaginary parts being independent-and-identically-
distributed (i.i.d.) with CA/(0,1). The noise added to the
channel is complex AWGN, with its real and imaginary parts
being i.i.d. with CA(0,02). In the simulation, the signal
power is kept at a constant level of 1 and the noise power o2,
is varied as 02 = 1/SNR.

BER performance of the FBMC/OQAM system, with its
propagation based on RIS, is shown in Fig. 5 for a 64QAM,
flat fading channel, and different numbers of reflecting ele-
ments in RIS. Its BER is also compared with that of a basic
FBMC/OQAM system with a perfect channel information
scenario (PCSI) [1]. It is clear from Fig. 5 that BER perfor-
mance of the FBMC/OQAM system with propagation based
on RIS is better than that of a conventional FBMC/OQAM
system.

The received signal in the proposed method is given in Eq. (4).

L
The term { > hlej‘b’} multiplied by the FBMC transmitted

=1
signal s[n] is responsible for such a low BER. From Eq. (1),
the channel model between the RIS element and the receiver
is known. For maximized SNR at the receiver, the phase of the
channel and the phase introduced by the reflecting elements
are made equal and opposite in polarity. So, the cumulative

L .
effect of | Y h;e’® | on s[n] becomes a multiplication of
=1
a real number with a magnitude greater than 1. Hence, BER
performance of the system is better than that of a basic FBMC

system, as the received signal power is amplified.

The value of this real number is dependent on the number of
reflecting elements in the RIS. As the number of elements
in RIS increases, BER performance improves as well, which
is also seen in Fig. 5. By using a power amplifier in the
transmitter, we can amplify the received signal, but that
requires more power. However, in the RIS-based propagation
control method, no dedicated power supply is needed as no
RF processing is performed in RIS. The elements of RIS
are just smart reflectors that consume negligible amounts of
power. Figure 6 shows the BER of the proposed technique for
a frequency-selective channel having a tap length of 6.

Figure 7 shows the comparison of BER of the proposed system
with a varying number of reflecting elements in RIS, with that
of conventional FBMC/OQAM systems with PCSI [1] for dif-
ferent modulation schemes and flat fading channel scenarios.
Similarly, Fig. 8 compares BER for a frequency selective fad-
ing channel with a tap length of 6. It is clear from both figures
that the proposed system offers superior BER performance
when compared with conventional FBMC/OQAM systems in
every channel scenario and each modulation scheme.

5. Conclusion and Future Work

In this article, reconfigurable intelligent surface-based propa-
gation control in an FBMC/OQAM system is implemented.
From simulations, one may observe that the BER performance
of this method outperforms that of a simple FBMC/OQAM
system. In addition, as the number of elements in the RIS
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Fig. 8. BER comparison of RIS-FBMC/OQAM and FBMC/OQAM
systems for different QAM and frequency selective-fading channels.

increases, the BER improves even further. The extra power
consumption stemming from implementing RIS in an FBMC
system is negligible. So, the proposed scheme offers signifi-
cant benefits in terms of both BER and power consumption.

In this study, RIS is regarded to be an integral component
of the transmitter and the path-loss between the transmitter
and RIS is neglected. In future work, it is possible to position
RIS at a distance from the transmitter, hence necessitating
the consideration of path-loss between the transmitter and the
RIS.
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