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Owing to the envisioned new use-cases, such as immersive virtual reality and

high-fidelity mobile hologram, and their potential challenging new requirements for future

wireless networks, extensive research has already started on 6G and beyond wireless

technologies. Despite the fact that several modern physical layer solutions have been

introduced in the past decade, a level of saturation has been reached in terms of

the available spectrum and adapted modulation/coding solutions, which accordingly

limits the maximum capacity and reliability. Within this respective, reconfigurable

intelligent surface (RIS)-empowered communication appears as a potential candidate

to overcome the inherent drawbacks of legacy wireless systems. The core idea of

RIS-assisted communication is the transformation of the random and uncontrollable

wireless propagation environment into a reconfigurable communication system entity

that plays an active role in conveying information and improving system performance. In

this paper, the well-known multipath fading phenomenon is revisited in mobile wireless

communication systems, and novel and unique solutions are introduced from the

perspective of RISs. The feasibility of eliminating or mitigating the multipath fading effect

stemming from the movement of mobile receivers is also investigated by utilizing RISs.

It is shown that rapid fluctuations in the received signal strength due to the Doppler

effect can be effectively reduced by using real-time tunable RISs. It is also proven that

for a hypothetical propagation environment where all reflectors are coated with RISs, the

multipath fading effect can be totally eliminated. Furthermore, we show that for more

general propagation environments with several interacting objects, even a few real-time

tunable RISs can remarkably reduce the Doppler spread and the deep fades in the

received signal.

Keywords: 6G, Doppler effect, multipath fading, reconfigurable intelligent surface, intelligent reflecting surface

1. INTRODUCTION

Fifth generation (5G) wireless networks have three major use-cases with different user
requirements, namely enhanced mobile broadband (eMBB), ultra-reliable and low-latency
communications (URRLC), and massive machine type communications (mMTC). Although
the introduction of promising physical layer (PHY) technologies in 5G, including millimeter
wave (mmWave) communications, massive multiple-input multiple-output (MIMO) systems
with hybrid precoding, and multiple orthogonal frequency division multiplexing (OFDM)
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numerologies, the most recent mobile communication standards
do not contain revolutionary ideas in terms of PHY solutions.
Within this context, researchers have already started research on
next-generation (6G) mobile technologies of 2030 and beyond by
exploring completely new and radical PHY concepts to satisfy the
requirements of the envisioned science-fiction like technologies.
Although future 6G technologies might seem to be extensions of
their 5G counterparts at this time (Gatherer, 2018), potential new
user requirements, challenging use-cases, and new networking
trends of 6G (Saad et al., 2020) will bring more challenging
problems in mobile wireless communication, which necessitate
radically new PHY concepts for next-generation radios. New
solutions for 6G any beyond must provide extremely high energy
and spectral efficiencies along with ultra-reliability and ultra-
security. Furthermore, we need a highly flexible and controllable
PHY concept to satisfy the challenging requirements of the
envisioned use-cases. Despite the intensive research efforts in
the field of PHY research during the past two decades, these
are still features that we seek for in state-of-the-art wireless
communication systems and standards, which might necessitate
a rethink of communication system design for 6G and beyond.

Due to the random and uncontrollable behavior of wireless
propagation, it has always been challenging for the network
operators to build ubiquitous wireless networks that can provide
high quality-of-service (QoS) and uninterrupted connectivity
to multiple users and devices in the presence of harsh
propagation environments since the early wireless networks
(Molisch, 2011). Particularly, this challenging behavior of
wireless propagation causes

(i) deep fading due to uncontrollable interactions of transmitted
waves with surrounding objects and their constructive and
destructive interference at the receiver,

(ii) severe attenuation due to high path loss and transmissions
under blocked line-of-sight (LOS) links (shadowing),

(iii) inter-symbol interference due to different runtimes of
multipath components relative to the symbol period, and

(iv) Doppler effect due to the high mobility of users and/or
surrounding objects.

Although a plethora of modern PHY solutions, including multi-
carrier modulation, adaptive modulation and coding, non-
orthogonal multiple access, relaying, beamforming, massive
MIMO, and reconfigurable antennas, have been considered to
overcome these challenges in the next several decades, the
overall progress in terms of the PHY improvement has been still
relatively slow. This can be explained by the following undeniable
fact in wireless systems: the propagation environment has been
perceived as a randomly behaving entity until the start of the
modern wireless communications era and it degrades the overall
received signal quality and the communication QoS owing to
the uncontrollable interactions of the transmitted signals with
the surrounding objects. In other terms, the primary focus of
system designers has always been the transmitter and receiver
ends of communication systems to cope with the negative effect
of the wireless channel, which is inherently assumed to an
uncontrollable part of communication systems. One of the main

objectives of this paper is to challenge this view by exploiting the
new paradigm of intelligent communication environments.

In recent years, reconfigurable intelligent surfaces (RISs) have
been brought to the attention of the wireless research community
to enable the control of wireless environments (Basar et al.,
2019; Di Renzo, 2019). RISs are artificial and 2D surfaces of
electromagnetic (EM) material that are electronically controlled
with integrated electronics. Bymodifying the current distribution
over themselves in a deliberate manner, RISs might support
unique EM functionalities, including anomalous reflection,
wave absorption, polarization modification, wave splitting, wave
focusing, and phase modification. Recent practical efforts in the
literature have revealed that these unique EM functionalities
are possible with a very simple architecture that does not
require complex decoding, encoding, and radio frequency (RF)
processing operations and the communication QoS (capacity,
signal power, secrecy, error performance, etc.) can be boosted
by exploiting the implicit randomness of wireless propagation
(Basar et al., 2019). However, the fundamental issues remain
unsolved within the theoretical and practical understanding as
well as modeling of RIS-aided communication systems.

Contrary to traditional wireless networks, where the wireless
communication environment is out of control of the system
designers, the emerging concept of smart radio environments
have been realized by RISs. Here, the propagation environment
is turned into an intelligent and controllable system entity
that plays an active role in processing signals and accordingly,
transferring information in an effective way. It is worth
noting that the introduction of controllable propagation is a
completely new paradigm in wireless communication and has
the potential to change the way the communication takes place.
The core technology behind this new concept is RISs, which
are the 2D equivalent of metamaterials (metasurfaces). It is
worth noting that RIS-empowered communication is completely
different from other well-known technologies, such as MIMO
beamforming, amplify-and-forward relaying, passive reflect-
arrays, and backscatter communications, which are currently
employed in wireless networks. On the other hand, RIS-
assisted systems have the followingmajor distinguishable features
and advantages:

(i) RISs do not require an energy source for RF signal processing
thanks due their almost passive architecture;

(ii) RISs provide an inherently full-duplex transmission and do
not amplify or introduce noise when reflecting the signals due
to their passive natures;

(iii) RISs can be easily deployed on certain locations, such as the
facades of buildings, ceilings of factories, and indoor walls;

(iv) RISs are reconfigurable and can adapt themselves according to
the changes of the wireless environment.

These distinctive characteristics make RIS-empowered
communication a unique technology and introduce important
communication theoretical as well as system design challenges,
some of which will be tackled in this paper.

Within the context of radical PHY solutions toward beyond
5G wireless networks, there has been a growing recent interest
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in novel signaling and modulation concepts in which the
propagation environment is controlled or its inherently random
nature is exploited to further increase the spectral/energy
efficiency and/or QoS of target communication systems. For
instance, IM-based (Basar, 2016; Basar et al., 2017) schemes,
such as media-based modulation (Khandani, 2013; Basar, 2019a)
and spatial scattering modulation (Ding et al., 2017) benefit
from reconfigurable antennas or scatterers in the environment
to create different signatures for received signals in rich
scattering environments and transmit additional information
bits accordingly. On the other hand, RISs primarily focus
on the control of the propagation environment by exploiting
reconfigurable reflectors/scatterers embedded on themselves to
boost the signal quality at the receiver. It is worth noting that
a number of preliminary works have been reported in the
earlier literature to control or benefit from wireless propagation,
such as intelligent walls (Subrt and Pechac, 2012a,b), spatial
microwave modulators (Kaina et al., 2014), 3D reflectors
(Xiong et al., 2017), and coding metamaterials (Cui et al.,
2014). Nevertheless, the rise of RIS-empowered intelligent
communication environments can be mainly attributed to
programmable (digitally-controlled) metasurfaces (Yang et al.,
2016), reconfigurable reflect-arrays (Tan et al., 2016, 2018),
software-controlled hypersurfaces (Liaskos et al., 2018), and
intelligent metasurfaces (Liu et al., 2019). For instance, the
intelligent metasurface design of Liu et al. (2019), enables
tunable anomalous reflection as well as perfect absorption by
carefully adjusting the resistance and the capacitance of its unit
cells at 5 GHz.

The concept of RIS-empowered wireless communication has
received tremendous interest from researchers in our community
in the past couple of years due to interesting as well as challenging
problems it brings in the context of metamaterials and
electromagnetics, communication, optimization, and probability
theories (Basar et al., 2019; Di Renzo, 2019; Wu and Zhang,
2019b; Di Renzo et al., 2020). Particularly, researchers focused on

(i) maximization of the achievable rate, minimum signal-
to-interference-plus noise ratio (SINR), and energy
efficiency and minimization of the transmit power by
joint optimization of the RIS phases and the transmit
beamformer (Huang et al., 2018a,b, 2019; Wu and Zhang,
2018; Yu et al., 2019b; Nadeem et al., 2020),

(ii) maximization of the received signal-to-noise ratio (SNR) to
minimize the symbol error probability (Basar, 2019b),

(iii) efficient channel estimation techniques with passive RIS
elements as well as deep learning tools to reduce the
training overhead and to reconfigure RISs (Mishra and
Johansson, 2019; He and Yuan, 2020; Taha et al., 2021),

(iv) PHY security solutions by joint optimization of the
transmit beamformer and RIS phases (Chen et al., 2019; Cui
et al., 2019; Yu et al., 2019a),

(v) practical issues, such as erroneous reflector phases, realistic
phase shifts, and discrete phase shifts (Wu and Zhang,
2019a; Abeywickrama et al., 2020; Badiu and Coon, 2020),

(vi) design of NOMA-based systems for downlink transmit
power minimization and for the minimum decoding SINR
maximization of all users (Ding and Poor, 2019; Fu et al.,
2019),

(vii) channel modeling and measurements for different
frequency bands and RIS types (Tang, 2019; Basar and
Yildirim, 2020a,b,c; Danufane et al., 2020; Yildirim et al.,
2020), and

(viii) practical implementations (Dai et al., 2020, 2021).

Furthermore, the first attempts on combining RISs with space
modulation, visible light and free space optical communications,
unmanned aerial vehicles, wireless information and power
transfer systems, and OFDM systems have been reported in
recent times (see Basar et al., 2019; Di Renzo et al., 2020;Wu et al.,
2020 and references therein).

In our paper, we take a step back and revisit the well-
known phenomenons of multipath fading and Doppler effect in
mobile communications from the perspective of emerging RISs.
Although the potential of RISs has been explored from many
aspects as discussed above, to the best of our knowledge, their
potential in terms of Doppler effect mitigation has not been
fully understood yet. For this purpose, by following a bottom-up
approach from simple networks to more sophisticated ones, we
explore the potential of RISs to eliminate multipath fading effect
stemming from Doppler frequency shifts of a mobile receiver
for the first time in the literature. Specifically, we prove that
the rapid fluctuations in the received signal strength due to the
user movement can be effectively eliminated and/or mitigated by
utilizing real-time tunable RISs. We introduce a number of novel
and effective methods that provide interesting trade-offs between
Doppler effect mitigation and average received signal strength
maximization, for the reconfiguration of the available RISs in the
system and reveal their potential for future mobile networks.

It is worth noting that the results in this paper are obtained for
hypothetical RISs which create specular reflections with a single
and very large conducting element. However, the results obtained
in this paper can be adapted for practical RISs in which many
number of tiny elements on them scatter the incoming signals
in all directions, in other words, for RISs with multiplicative
path loss terms. Finally, it has been also shown that by using
carefully positioned and relatively large RISs, it might be possible
to reach the same path gain as that of specular reflection by
carefully adjusting the phases of RIS elements (Ellingson, 2019).
Nevertheless, exploration of application scenarios in which
practical RISs might be effectively used to overcome Doppler
and multipath effects is an open problem and this paper aims
to shed light in this direction by following a unified signal
processing perspective.

The rest of the paper is organized as follows. In section 2,
we consider a simple two-path scenario and revisit multipath
and Doppler effects. In section 3, we deal with Doppler
effect elimination with RISs. More sophisticated networks with
multiple RISs and objects as well as practical issues are covered
under Supplementary Material. Finally, we conclude the paper
in section 4.
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2. REVISITING MULTIPATH AND DOPPLER
EFFECTS WITH SIMPLE CASE STUDIES

In this section, we revisit the Doppler and multipath fading
effects caused by the movement of a mobile receiver under a
simple propagation scenario (with and without an RIS). We
focus our attention to the low-pass equivalent and noise-free
received signals while a generalization to pass-band signaling is
straightforward from the given low-pass equivalent signals.

2.1. Multipath Fading Due to User
Movement and A Reflector
In this subsection, we focus on the basic two-path propagation
geometry given in Figure 1 with a base station (BS), a mobile
station (MS) and an interacting object (IO) (Basar, 2020). In
this geometry, the MS has a constant speed of V (in m/s) and
it follows a straight route toward the IO. Here, a second replica
of the transmitted signal, reflected from the IO, arrives at the
receiver of the MS in addition to the signal traveled through
the LOS path between two terminals. For simplicity, a reflection
coefficient of unity magnitude and phase π is assumed for the IO,
that is, R = −1. In this setup, the reflecting surface is assumed to
be large and smooth enough to create specular reflections.

To capture the effects of multipath fading and Doppler
in the received signal with respect to the motion of the MS
in time, the transmission of an unmodulated radio frequency
(RF) carrier signal cos(2π fct + 20) is assumed, where fc is
the carrier frequency and 20 is the initial phase. This carrier
signal is equivalent to x(t) = exp(j20) in complex baseband
representation. Here, we focus on a very short travel distance (a
few wavelengths) in order to illustrate the fade pattern and the
Doppler spectrum due to the movement of the MS. As a result,
the received direct and reflected signals have almost constant
amplitudes during our observation, while experiencing rapidly
varying phase terms. In other words, focusing on a very short
time interval ensures that the large-scale fading does not affect
the received signal. At the same time, we observe Doppler shifts at
the received signals due to the movement of the MS. Against this
background, we obtain the received complex envelope as (Fontan
and Espineira, 2008).

r(t) =
λ

4π





e−j
2πdLOS(t)

λ

dLOS(t)
−

e−j
2πdR(t)

λ

dR(t)



 (1)

where the initial carrier phase 20 is dropped for clarity. Here
dLOS(t) and dR(t), respectively denote the time-varying radio
path distances for the BS-MS and the BS-IO-MS links due to the
movement of the MS. For this specific setup in Figure 1, we have
dLOS(t) = dLOS + Vt and dR(t) = dLOS + 2d1 − Vt, where
dLOS and d1, respectively stand for the initial BS-MS and MS-
IO distances. We further assume a horizontal communication
link between the BS and the MS owing to their sufficiently
small antenna height differences. The same assumption applies
to the reflected signal stemming from the IO. In other words,
MS travel distance variations directly affect radio path lengths of
both rays. However, a generalization is straightforward for signals

FIGURE 1 | Two-ray propagation model with a mobile station and an IO

creating reflections.

coming from different angles (see Supplementary Section 1). As
mentioned earlier, we focus into only a few wavelengths of travel
distance of the MS (a very short time interval) to purely focus
on small-scale fading effects, while due to this short distance, two
rays have approximately constant amplitudes for all positions of
the MS. In light of these assumptions in the system model, (1)
simplifies to

r(t) =
λ

4π

(

e−j2π fDt−jφLOS

dLOS
−

ej2π fDt−jφ1

dLOS + 2d1

)

(2)

where fD = V/λ is Doppler shift with respect to the nominal
carrier frequency in the passband or with respect to 0 Hz in low-
pass equivalent representation, φLOS = 2πdLOS/λ, and φ1 =

2π(dLOS+2d1)/λ. The constant (initial) phase terms of φLOS and
φ1 can be readily dropped if they are integer multiples of 2π . In
light of this, using the properties of complex exponentials,1 the
magnitude of the complex envelope can be obtained as follows:

∣

∣r(t)
∣

∣ =

(

λ

4π

)

(

1

d2LOS
+

1

(dLOS + 2d1)2
−

2 cos(4π fDt)

dLOS(dLOS + 2d1)

)1/2

.

(3)

In Figure 2, the magnitude of the complex envelope in (3) is
plotted for the travel of the MS for six wavelengths (which
corresponds to an observation time of 0.06 s for the given MS
speed) considering the following system parameters2: fc = 3
GHz, V = 10 m/s with different dLOS and d1 values for a
fixed BS-IO total distance of dLOS + d1 = 2, 000 m. As seen
from Figure 2, the received signal strength fluctuates rapidly
around a mean value that is dictated by the path loss, due to the
destructive and constructive interference of arriving two signals.
We further note that this fluctuation in the signal envelope has a
frequency of 2fD Hz as evident from (3). This oscillation is also
known as the fade pattern of the received signal’s envelope. We
also note that the variation of the magnitude is more significant
for smaller d1 values, when the values of dLOS(t) and dR(t) are
close to each other, which corresponds a stronger interference
betweenmultipaths. This is also verified by the Doppler spectrum

1For z1 = r1e
jξ1 , z2 = r2e

jξ2 , and z3 = z1 + z2 = r3e
jξ3 , we have r3 =

(r21 + r22 + 2r1r2 cos(ξ1 − ξ2))
1/2.

2The same simulation parameters (mobile speed, carrier frequency, observation

interval, traveled distance, FFT size, sampling distance and time) are used in the

following unless specified otherwise.
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FIGURE 2 | Complex envelope variation with respect to MS movement with V = 10 m/s for varying dLOS and d1 (observation interval: 0.06 s, traveled distance:

6λ = 0.6 m).

of the received signal given in Figure 3 for these four cases,
which include two sharp components at opposite frequencies,
i.e., −V/λ = −100 Hz (from the LOS path) and V/λ = 100
Hz (from the IO) with different normalized amplitudes due to
different travel distances of the two rays.

2.2. Eliminating Multipath Fading Due to
User Movement With an RIS
In this subsection, we focus on the same basic system model
of subsection 2.1 (Figure 1), however, we consider that the IO
creates a controllable reflection at this time, thanks to the RIS
that is mounted on its facade with the purpose of manipulating
the reflected signals. In this setup, we capture the intelligent
reflection from the RIS by a time-varying but unit gain (passive)
reflection coefficient, which is denoted by R(t) = ejθ(t). Here θ(t)
stands for the time-varying reflection phase of the RIS. In light of
this, the received complex envelope is expressed as

r(t) =
λ

4π

(

e−j2π fDt

dLOS
+

ej2π fDt+jθ(t)

dLOS + 2d1

)

. (4)

From (4), one can easily observe that the magnitude of r(t) can be
maximized when the phases ofmultipath components (direct and
reflected signals) are perfectly aligned, that is, by adjusting the
time-varying RIS phase as θ(t) = −4π fDt (mod 2π). We note

that the maximization of
∣

∣r(t)
∣

∣ can only be feasible with a unique
RIS, which can adjust its reflection phase in a dynamic manner
with respect to time, in accordance with the user movement. The
practical issues related to this adjustment procedure are discussed
in Supplementary Material. With the determined value of θ(t)
discussed above, the complex envelope of the received signal
simplifies to

r(t) =
λe−j2π fDt

4π

(

1

dLOS
+

1

dLOS + 2d1

)

. (5)

As seen from (5), the magnitude of the complex envelope is
now maximized. Furthermore, it remains constant with respect
to time can be given in the following:

∣

∣r(t)
∣

∣

max
=

λ

4π

(

1

dLOS
+

1

dLOS + 2d1

)

. (6)

In light of (5) and (6), we have the following three remarks.
Remark 1: The multipath fading effect (rapid fluctuations in

the received signal strength) can be eliminated by time-varying
intelligent reflection of the RIS for the scenario of Figure 1.
In this case, we obtain a constant magnitude for the received
complex envelope, which is also shown in Figure 4A. In other
words, by utilizing a unique RIS with a time-varying reflection
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FIGURE 3 | Doppler spectrum of the received signal for varying dLOS and d1 (FFT size: 256, sampling distance: λ/32 = 0.003125 m, sampling time:

λ/(32× V ) = 0.3125 ms).

phase, one can escape from rapid fluctuations in the received
signal due to the user movement. For this setup, the position
of the RIS can be arbitrarily selected as long as the RIS is
adjusting the reflection phase in real-time. We further note that a
maximized complex envelope magnitude improves the received
signal-to-noise-ratio, in return, the achievable capacity.

Remark 2: The received signal is still subject to a Doppler shift
of −fD Hz, which is also observed from the Doppler spectrum of
Figure 4B. Although the RIS effectively eliminates fade patterns,
due to the direct signal received from the BS, which is out of
the control of the RIS, it is not possible to eliminate Doppler
frequency shifts in this propagation scenario.

Remark 3: For the case of a practical RIS in which the
incoming signals are scattered with many number of tiny
RIS elements in Figure 1, the received complex envelope is
obtained as

r(t) =
λ

4πdLOS
e−j2πdLOS(t)/λ +

N
∑

n=1

λ2Ge

(4π)2(dLOS + d1)d1

ej(θn(t)−2πdRn (t)/λ) (7)

where Ge is the element gain, θn(t) is the adjustable phase of the
nth RIS element and dRn (t) is the associated path length (Basar
and Yildirim, 2020b). Here, under the case of far-field, the same

path loss is assumed for all RIS elements. By carefully adjusting
the RIS phases, that is, for θn(t) = 2π(dRn (t) − dLOS(t))/λ, the
signals coming from the RIS can be aligned to the LOS signal
and the magnitude of the complex envelope can be kept constant.
Please note that by carefully positioning the RIS and adjusting its
size, the magnitude of the complex envelope can be maximized
by overcoming the multiplicative path loss in (7). In other words,
the maximization of the received complex envelope, as well as
the effectiveness of the RIS, is not only dependent on time-
varying RIS phases, but also its position relative to the transmitter
and/or MS due to the multiplicative path loss in (7). Due to the
broad scope of the current paper, detailed investigation of RISs
with many scattering elements is left as a future study, while the
presented results can be generalized in a systematic way.

2.3. Increasing Fading and Doppler Effects
With an RIS
So far, we focused our attention on the maximization of the
received signal strength for the scenario of Figure 1, by carefully
adjusting the RIS reflection phase in real time. On the contrary,
it might be possible to intentionally degrade the received signal
strength as well as increase the Doppler spread for an unintended
mobile receiver or for an eavesdropper. Based on the received
signal model of (4), when the received two signals are in-phase,
we obtain the maximum magnitude for the received signal as
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FIGURE 4 | (A) Maximized magnitude of the received signal in the presence of an RIS, (B) Doppler spectrum of the received signal for all scenarios.

in (6). On the other hand, adjusting the RIS reflection phase as
θ(t) = −4π fDt + π (mod 2π), we obtain completely out-of-
phase two arriving signals, and the resulting minimum complex
envelope magnitude becomes

∣

∣r(t)
∣

∣

min
=

λ

4π

(

1

dLOS
−

1

dLOS + 2d1

)

. (8)

As seen from (8), the degradation in the received signal strength
would bemore noticeable for smaller d1. However, themagnitude
of the complex envelope becomes constant as in (6), i.e., no fade
patterns are observed. In Figure 5A, we depict the minimized
complex envelope magnitudes by intentionally out-phasing the
direct and reflected signals for varying dLOS and d1. Comparing
Figures 4A, 5A, we observe up to 9 dB degradation in magnitude
(for dLOS = 1, 750 m and d1 = 250 m), which corresponds to a
power variation of 18 dB. In other words, it is possible to enable
up to 18 dB variation in the received signal power by deliberately
co-phasing and out-phasing the multipath components in the
considered setup. It is worth noting that the normalized Doppler
spectrum in Figure 5B is the same as that of Figure 4B.

As another extreme application of an RIS, the Doppler spread
can be increased by intentionally increasing the Doppler shift

of the reflected signal by θ(t) = 2π(f̃D − fD)t (mod 2π),

where f̃D is the desired Doppler shift for the reflected signal.
Here, a maximum desired Doppler shift of 0.5fs Hz can be
observed in simulation, where fs is the sampling frequency for the
continuous-wave signal. In Figure 6, we present the magnitude

of the complex envelope as well as the Doppler spectrum for the
case of dLOS = 1, 500 m and d1 = 500 m by carefully adjusting
the reflection phase to increase the Doppler spread (reduce the

coherence time) by f̃D = 200 and 400 Hz. As seen from Figure 6,
an RIS can create new components in the Doppler spectrum,
which results in a faster fade pattern for the complex envelope.

Going one step further, we consider the concept of random
phase shifts by the RIS, in which the reflection phase is selected at
random between 0 and 2π in each time interval. We illustrate the
magnitude of the complex envelope and the Doppler spectrum
in Figure 7 for the case random reflection phases, where the
reflection phase is selected at random in each sampling time for
dLOS = 1, 500 m and d1 = 500 m. As seen from Figures 7A,B,
although the effect in Doppler spectrum is not very significant,
it would be possible to obtain a very fast fade pattern in time.
Specifically, around 5 dB magnitude variations are observed
within a sampling distance of λ/32 m. It would be possible to
obtain an ultra-fast fade pattern by alternating the reflection
phase between θ(t) = −4π fDt + π (mod 2π) and θ(t) =

−4π fDt (mod 2π) in each time interval and this is left for
interested readers.

3. ELIMINATING DOPPLER EFFECTS
THROUGH INTELLIGENT REFLECTION

In this section, we focus on a simple scenario in which the direct
link is blocked by an obstacle while the communication between
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FIGURE 5 | (A) Minimized magnitude of the received signal in the presence of an RIS, (B) Doppler spectrum of the received signal for all scenarios.

FIGURE 6 | Time varying magnitude and the Doppler spectrum of the received signal with increased Doppler effect for (Top) f̃D = 200 Hz and (Bottom) f̃D = 400 Hz.
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FIGURE 7 | (A) Magnitude of the received signal in the presence of an RIS with random phases, (B) Doppler spectrum of the received signal.

FIGURE 8 | Communications through an IO with a blocked LOS path.

the BS and the MS is established through a reflection from an
IO as shown in Figure 8. We consider the same assumptions of
section II and investigate the Doppler effect on the received signal
in the following two cases.

3.1. NLOS Transmission Without an RIS
Under the assumption of specular reflections from the IO with
a reflection coefficient of R = −1, the received signal can be
expressed as

r(t) = −
λ

4π

e−j
2πdR(t)

λ

dR(t)
(9)

where dR(t) = dLOS + 2d1 − Vt is the time-varying radio path
distance for a MS moving with a speed of V m/s. Ignoring the
constant phase terms and assuming a very short travel distance,
the received signal can be expressed as

r(t) = −
λej2π fDt

4π(dLOS + 2d1)
. (10)

As seen from (10), since only a single reflection occurs
without a LOS signal and other multipath components,
the received signal magnitude does not exhibit a fade
pattern, that is, fixed with respect to time and given
by

∣

∣r(t)
∣

∣ = λ/(4π(dLOS + d1)). However, the received
signal is still subject to a Doppler frequency shift of fD
Hz, which is evident from (10), due to the movement of
the MS.

3.2. NLOS Transmission With an RIS
Here, we focus on the scenario of Figure 8 while assuming
that the IO is equipped with an RIS that is able to
provide adjustable phase shifts, i.e., R(t) = ejθ(t), as
in section II. In this case, the received signal can be
expressed as

r(t) =
λej2π fDt+jθ(t)

4π(dLOS + 2d1)
. (11)

As seen from (11), the magnitude of the received signal is
independent from the reflection phase and the same as the
previous case (without an RIS). However, it might be possible
to completely eliminate the Doppler effect by adjusting the RIS
reflection phase as θ(t) = −2π fDt (mod 2π). We give the
following remark.

Remark 4: When there is no direct transmission between the
BS and the MS over which the RIS has no control, intelligent
reflection allows one to completely eliminate the Doppler effect,
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FIGURE 9 | Doppler spectrum of the received signal for the scenario of Figure 8: (A) without an RIS, (B) with an RIS.

TABLE 1 | Comparison of different RIS application scenarios.

Scenario Figure # Multipath

mitigation

Doppler

mitigation

Constant

envelope

LOS + RIS 1 Yes No Yes

NLOS + RIS 8 n/a Yes Yes

LOS + RIS + IO S1 Yes No No

LOS + 2 RISs S1 Yes No Yes

NLOS + 2 RISs n/a Yes Yes Yes

LOS + N RISs + M IOs S6 Yes No Yes

(approx.)

NLOS + N RISs + M IOs n/a Yes Yes

(approx.)

Yes

(approx.)

by carefully compensating the Doppler phase shifts through
the RIS.

In Figure 9, we show the Doppler spectrum of the received
signal with and without an RIS for dLOS = d1 = 1, 000 m. As
seen from Figure 9, the Doppler effect is eliminated (0 Hz) by
adjusting the RIS reflections accordingly.

As discussed earlier, it is not possible the modify the
magnitude of the complex envelope with an RIS for the scenario
of Figure 8, however, as done in section II, the Doppler

spread can be enhanced by θ(t) = 2π(f̃D − fD)t (mod 2π),

where f̃D is the desired Doppler frequency. The observation
of the resulting spectrum is straightforward and left for the
interested readers.

4. CONCLUSIONS AND FUTURE WORK

In this paper, we have revisited the multipath fading
phenomenon of mobile communications and provided
unique solutions by utilizing the emerging concept of
RISs in the presence of Doppler effects. By following a
bottom-up approach, first, we have investigated simple
propagation scenarios with a single RIS and/or a plain IO.
Then we have developed several novel methods for the
case of multiple RISs and plain IOs depending on the their
total numbers as well as the presence of the LOS path.
Finally, we have considered a number of practical issues,
including erroneous estimation of Doppler shifts, practical
reflection phases, and discrete-time reflection phases, for
the target setups and evaluated the overall performance
under these imperfections. In Table 1, we summarize
the main insights derived in this work for different RIS
application scenarios.

One of the most important conclusions of this paper is
that the multipath fading effect caused by the movement
of the mobile receiver/transmitter can be effectively
eliminated and/or mitigated by real-time tunable RISs. A
number of interesting trade-offs have been demonstrated
between fade pattern elimination and complex envelope
magnitude maximization. While this work sheds light on the
development of RIS-assisted mobile networks, exploration
of amplitude/phase modulations and more practical path
loss/propagation models appear as interesting future
research directions.
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