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Abstract—Reconfigurable intelligent surfaces (RISs) are two
dimensional (2D) metasurfaces which can intelligently manipu-
late electromagnetic waves by low-cost near passive reflecting
elements. RIS is viewed as a potential key technology for the
sixth generation (6G) wireless communication systems mainly
due to its advantages in tuning wireless signals, thus smartly
controlling propagation environments. In this paper, we aim at
addressing channel characterization and modeling issues of RIS-
assisted wireless communication systems. At first, the concept,
principle, and potential applications of RIS are given. An
overview of RIS based channel measurements and experiments
is presented by classifying frequency bands, scenarios, system
configurations, RIS constructions, experiment purposes, and
channel observations. Then, RIS based channel characteristics
are studied, including reflection and transmission, Doppler effect
and multipath fading mitigation, channel reciprocity, channel
hardening, rank improvement, far field and near field, etc. RIS
based channel modeling works are investigated, including large-
scale path loss models and small-scale multipath fading models.
At last, future research directions related to RIS-assisted channels
are also discussed.

Index Terms—6G wireless communications, reconfigurable in-
telligent surface (RIS), channel measurements, channel charac-
teristics, channel modeling.

I. INTRODUCTION

Although the fifth generation (5G) wireless communication
systems are being deployed worldwide, the performance met-
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rics of 5G are not fully satisfied and the three application
scenarios, i.e., enhanced mobile broadband (eMBB), massive
machine type communications (mMTC), and ultra-reliable and
low latency communication (URLLC) are not well supported.
Hence, 5G will not meet all requirements of the future in
2030 and beyond [1]. Researches on the sixth generation (6G)
wireless communication key technologies have been launched,
with global coverage, all spectra, full applications, and strong
network security as the vision and paradigm shifts [1], [2].

In the previous wireless communication systems, re-
searchers are mainly focused on designing the transmitter
(Tx), receiver (Rx), and corresponding algorithms to adapt
to different propagation environments or wireless channels.
Recently, reconfigurable intelligent surface (RIS), also known
as intelligent reflecting surface (IRS), has been proposed and
viewed as a potential key technology for the 6G wireless
communication systems [3]–[21], since it can intelligently
manipulate electromagnetic waves in a desired manner and
smartly control propagation environments by low-cost and
low-power near passive reflecting elements, thus improving
the cost efficiency, energy efficiency, and spectral efficiency.

In principle, RIS is a two dimensional (2D) metasur-
face consisting of massive elements (unit cells) with sub-
wavelength distance, which is beyond the concept of massive
multiple-input multiple-output (MIMO). Each element can
be made by positive-intrinsic-negative (PIN) diodes, varactor
diodes, liquid-crystals, or graphene by implementing different
fabrication methods. For example, the popular PIN/varactor
diodes based RIS is composed of three layers. The out-
side layer has massive tunable metallic patches printed on
a dielectric substrate to directly manipulate incident signals.
The middle layer uses a copper panel to avoid the signal
energy leakage. The inside layer is a control circuit board
employed to tune the reflection coefficients of RIS elements
in real time, which can be enabled via field programmable
gate array (FPGA) [9], [13], [22]. Other approaches include
nano-network based method, where the RIS elements are
connected to a communication nano-network and switched
between different states to maximize the power sensed by the
nano-network [23].

While metasurface has been the frontier of physics in the
last two decades, its applications in wireless communications
is just on the beginning [17]. Nevertheless, its advantages
have attracted researchers in wireless communications to fully
explore its potentials to meet the requirements of 6G. The
basic communication scenario is that the line-of-sight (LOS)
component between the Tx and the Rx is heavily blocked by
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Fig. 1. An illustration of the basic RIS-assisted communication
scenario.

objects such as buildings. In this case, an RIS can be employed
to provide strong LOS links from Tx to RIS and from RIS to
Rx, respectively, as shown in Fig. 1. A RIS can be easily
deployed on internal walls of indoor environments, external
facades of buildings, glasses of windows, etc. As the distance
of the link via RIS is longer than the direct Tx-Rx link, a large
number of RIS elements is essential to combat the higher path
loss.

Starting from the basic RIS-assisted communication sce-
nario, many new applications are promising and under de-
velopments, as illustrated in Fig. 2. The potential application
scenarios include:

1) High frequency band communications: All the spectra
will be fully explored in the 6G era, especially the high
frequency bands. As the frequency band increases, the wireless
channel shows higher path loss, which limits the communica-
tion distance. On one hand, the molecular absorption in high
frequency bands aggravates the path loss. On the other hand,
the high frequency signal will easily form an inaccessible
shadow behind the obstacles due to the weak diffraction ability
and serious penetration loss. RIS can be well combined with
high frequency band communications by creating alternative
reflecting path and employing massive elements to enable high
gains and reconstruct propagation path towards the target user
to avoid blockage. Initial works on RIS-assisted millimeter
wave (mmWave), terahertz (THz) [24]–[28], and optical [29]
wireless communications are promising. Since the optical
wireless communication is mainly limited to LOS propagation
and easily impaired by obstacles and geometric misalignment
losses, RIS can help to confront non-LOS (NLOS) propagation
by creating new links to improve the coverage range and
reduce the outage probability. It showed that placing RIS
closer to Rx can reduce outage probability when the jitter of
Rx is more violent, while the middle of Tx and Rx is a better
choice for other cases [30]. In addition, multi-branch RIS can

further reduce outage probability compared with single-branch
RIS [31].

2) Space-air-ground-sea integrated networks: While 5G is
mainly for terrestrial communications, 6G will be space-
air-ground-sea integrated networks to enable the vision of
global coverage. Satellite, unmanned aerial vehicle (UAV), and
maritime communications will be integrated with terrestrial
communications. The merits of RIS can be well exploited
in the space-air-ground-sea integrated networks to achieve
a wide range of signal coverage. As an example, for UAV
communications, the trajectory mobility of UAV can create
favorable propagation conditions, while the RIS can further
improve the system performance by being deployed on the
ground to reflect signals from ground base stations to UAV
[32].

3) Non-orthogonal multiple access (NOMA): RIS-assisted
NOMA communication systems can improve the spectral
efficiency and user connectivity by opportunistically exploring
the users’ different channel conditions [16]. Compared to
conventional MIMO-NOMA systems, RIS-NOMA systems
can overcome the challenges of the random fluctuation of
wireless channels, blockage, and user mobility in an energy-
efficient way [16].

4) Simultaneous wireless information and power transfer
(SWIPT): Since RIS is a passive device, it can act as a relay-
like function to reflect signals mixed with information and
energy. The drawback of low energy efficiency at the energy
receivers can be solved with the aid of RIS. The wireless power
transfer range can be enlarged and the number of required
energy beams can be reduced, as shown in [16].

5) Mobile edge computing (MEC): MEC is essential to
offload the data traffic of wireless networks by employing the
storage at edge servers to tackle the computation latency and
guarantee the privacy and security of big data analysis [12].
Because RIS can control the environment by adjusting the
reflection coefficients, a beamforming gain can be achieved.
Using this feature, in the edge network, RIS can increase the
success rate of offloading of edge devices, thereby improving
the performance of the entire network and reducing the end-
to-end signal transmission delay. In addition, the adjustment
efficiency of the RIS will further be improved with the utility
of computing power of the edge server when RIS is deployed
near it, thereby enhancing system coverage and transmission
rate, as well as reducing edge network transmission and
processing delays.

6) Physical layer security (PLS): As RIS can realize real-
time reconfigurable electromagnetic environment and dynamic
programmable wireless channel, it will further enhance the
signal quality of intended users and decrease the interference
signals from other users and then minimize the uncertainty
of the environment to the utmost extent. Therefore, it is a
potential key technology for PLS application [12].

7) Sensing and localization: Radio localization includes
three parts, i.e., measurements, a reference system, and in-
ference algorithms [33]. RIS can be utilized to create a strong
and consistent multipath in the propagation environment and
thus can improve the accuracy of localization. For example,
RIS can support localization in harsh factory by circumventing
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Fig. 2. Potential RIS-assisted application scenarios.

LOS blockage.
8) Smart radio environment (SRE): Due to its ability

to intelligently control the propagation environments, RIS
can be deployed to benefit our daily life, including smart
city/home/transportation/factory [9]. In general, these appli-
cations are essential parts of SREs.

We remark in each application scenario mentioned above,
the specific RIS-assisted channel characteristics need to be
considered in channel modeling. For example, in high fre-
quency band communications, large bandwidth will bring
frequency non-stationarity. In space-air-ground-sea integrated
networks, temporal non-stationarity needs to be considered
due to the movement of satellite and UAV, which will cause
Doppler effect and multipath fast fading. When the size of
RIS is large enough, the near field and spatial non-stationarity
effects should also be considered. Current researches mainly
concentrate on the theoretical analysis of performance im-
provements provided by RIS. However, the underlying wire-
less channel, which is crucial to the performance analysis,
is not fully investigated. Many simplified assumptions in the
theoretical analysis need to be validated by real RIS based
channel measurements and experiments. Meanwhile, only a
few of them take the RIS electromagnetic properties and

their effects on the channel characteristics into account, such
as the hardware impairments and mutual coupling between
different elements. Moreover, most of the current works con-
sider only the large-scale path loss, while the small-scale
multipath fading is ignored or simplified to independent and
identically distributed (i.i.d.) Rayleigh fading, which may lead
to an overestimated performance gain. To fill these gaps,
we focus on the detailed investigation of RIS based channel
measurements and experiments, channel characteristics, and
channel models, which are of importance to the design, opti-
mization, and performance evaluation of RIS-assisted wireless
communication systems. The novelty and main contributions
of this paper are as follows.

1) The available RIS based channel measurements and ex-
periments are comprehensively surveyed, unveiling the
new applications and performance gains of RIS-assisted
wireless communications. Many new RIS based channel
observations have been thoroughly analyzed.

2) The various large-scale path loss models are investigated
and compared, pointing out their applicabilities and lim-
itations.

3) The available small-scale multipath fading models are
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reviewed. The features of each modeling approach are
discussed in details.

The remainder of this paper is organized as follows. Sec-
tion II investigates the available RIS based channel measure-
ments and experiments. In Section III, the important channel
characteristics brought by RIS are comprehensively surveyed.
In Section IV, the state-of-the-art channel modeling methods
for RIS based channel are presented, including large-scale
path loss models and small-scale multipath fading models. In
Section V, future research directions on RIS based channel
measurements and modeling are discussed. Conclusions are
drawn in Section VI.

II. RIS CHANNEL MEASUREMENTS AND EXPERIMENTS

Recently, many types of RISs have been designed and
fabricated for different purposes related to 6G research. Up
to now, most of the RIS-assisted channel measurements and
experiments in the literatures are conducted in relatively sim-
ple indoor environments at sub-6 GHz and mmWave bands.
Although the prototypes and demonstrations are not enough,
they are essential for the validation, theoretical analysis, and
potential insights.

A key question is how to realize the RIS-assisted wireless
communication systems. In [34], a RIS-assisted wireless com-
munication system prototype was presented. By changing the
biasing voltage, the capacitance value of the varactor diode
was adjusted and thus the reflection coefficient of each element
was controlled, while the phase response was limited to 255◦.
The system was based on national instruments (NI) universal
software radio peripheral (USRP) platform. At the Tx side, the
USRP generated a single tone incident electromagnetic wave
to programmable RIS as the carrier signal. At the Rx side, the
USRP down-mixed the received modulated radio frequency
(RF) signal and sent the baseband signal to the host computer
for synchronization and demodulation processing. Real-time
video streaming experiment was conducted at 4 GHz in a
typical indoor environment with RIS-Rx distance of 4 m,
achieving 2.048 Mbps transmission rate. Experiment results
showed that the QPSK constellation diagram after equalization
was clear and stable, and the video stream can be transmitted
smoothly and clearly even in the absence of channel coding.
Then, the authors improved the design of RIS with a full 360◦

phase response [35]. Real-time video streaming experiment
was conducted at 4.25 GHz in an indoor environment with
RIS-Rx distance of 3 m, achieving 6.144 Mbps transmission
rate by using 8PSK modulation. Furthermore, the real-time
RIS-assisted 2×2 MIMO-16QAM wireless communication
experiment was conducted at 4.25 GHz in an indoor environ-
ment with RIS-Rx distance of 1.5 m [36]–[39]. The 16QAM
constellation diagrams of the two bitstreams recovered by the
Rx were clear and dense, achieving 20 Mbps transmission
rate. Since the reflection amplitude and phase responses of
an element were coupled, a non-linear modulation technique
was introduced to enable RIS-based QAM modulation under
constant envelope constraint. In addition, the discrete phase
shift was shown to be negligible when the quantization step
was larger than 8.

As a comparison, two RISs working at 2.3 GHz and
28.5 GHz bands with 16×16 elements were utilized for
transmission demonstration on NI USRP platform in [40].
Measured in a compact anechoic chamber, a 21.7 dBi antenna
gain was obtained by the RIS at 2.3 GHz, while a 19.1 dBi an-
tenna gain was achieved at 28.5 GHz. A 20 m communication
link was formed in an indoor environment, and a variety of
modulation modes, including QPSK, 16QAM, 64QAM, etc,
were employed, achieving 28.34 Mbps data transmission rate
at 2.3 GHz.

In [41], a RIS-assisted wireless communication prototype
was presented at 3.6 GHz. The RIS was capable of reflection
and transmission. Each element was composed of two mirror
symmetric layers. The NI USRP and directional double-ridged
horn antennas were employed to transmit and receive signals
at both sides. One Rx antenna was deployed at the same side,
while the other Rx antenna was deployed on the opposite
side in an indoor environment, where the walls were covered
with wave absorbing materials to avoid the signals scattered
from the environment. The results proved that the proposed
beamforming scheme can generate directional beam towards
the intended users on both sides of the RIS.

In [42], path loss channel measurements were conducted in
an anechoic chamber to validate the proposed path loss chan-
nel model. The Keysight E8267D signal generator, N9010A
signal analyzer, two horn antennas, and three different RISs
were utilized. The distances from Tx to RIS and from Rx
to RIS were tuned to compare the measurement results with
the proposed path loss model for the near field broadcasting
and far field beamforming cases. In addition, new refined
path loss models were proposed in [43] and corresponding
mmWave channel measurements were conducted in an ane-
choic chamber. Specifically, two RISs were employed. The
first one worked at 27 GHz, where the second one worked at
33 GHz. Two measurement systems were built. The first one
was in an anechoic chamber to measure the impact of angle of
reception on the power distribution of the signal reflected from
the RIS. The second one was in a large empty room to measure
the impacts of the distances of Tx-RIS and RIS-Rx. The new
path loss models were validated. The authors also compared
the received power of the 27 GHz RIS and a metal plate with
the same shape and size in the anechoic chamber. The results
showed that the RIS with a uniform coding state and a high
reflection efficiency had the same reflection characteristics as
a metal plate of the same shape and size.

In [44], the aforementioned RISs at 4.25 GHz and 27 GHz
were employed to study the channel reciprocity. The RIS
at 4.25 GHz was made with varactor diodes and its phase
can be continuously manipulated when the voltage of the
RIS controller varied from 0 V to 21 V, whereas the RIS
at 27 GHz was made with PIN diodes and its phase was
only binary programmable. The uplink and downlink received
complex signals were recorded in an indoor environment under
different distances and angles from the Tx and Rx to the
RIS, respectively. The RIS was also configured with identical,
gradient, and stripe patterns. Good agreement between the
uplink and downlink wireless channels was obtained, which
validated the channel reciprocity of RIS-assisted time division
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duplex (TDD) wireless communication systems.
In [45], [46], a RIS at 5.8 GHz was employed for indoor

and outdoor trials based on NI USRP platform. A simple
channel reciprocity test was conducted by connecting two horn
antennas to the two port R&S vector network analyzer (VNA).
Two horn antennas were placed close in front of the RIS to
minimize the effects of multipath components (MPCs) other
than the one reflected by the RIS. The measured S12 and
S21 parameters represented the uplink and downlink channels,
respectively. Similar to [44], the amplitudes and phases of the
two channels showed consistent, which validated the channel
reciprocity. In addition, initial indoor and outdoor over the air
(OTA) tests were carried out. In the indoor test, about 26 dBi
gain was achieved by using RIS. In outdoor tests, about 27 dBi
and 14 dBi gains were obtained for 50 m and 500 m links,
respectively. The larger distance had performance degradation
as the wireless channel became more complicated.

In [47], RIS-assisted mmWave channel measurements were
conducted in indoor laboratory and office environments. Dif-
ferent from the conventional case where the RIS is between
the Tx and Rx, the RIS was utilized as Tx. It was based on
linearly polarized binary-phase unit cells with 180◦ phase-
shifting capability. The phase shift provided by each unit
cell through a proper bias of the PIN diodes was computed
using an optimization tool. The channel sounder consists of
a four-ports VNA, the RIS, one monopole antenna, and an
antenna positioner. Channel measurements were conducted
at 28 GHz with 4 GHz bandwidth. The results showed that
antenna beamforming can largely reduce the path loss and
delay spread in the main beam directions, which led to an
improvement of the link budget.

In [48], [49], experiments were conducted to assess the RIS-
assisted ambient backscatter communications. The source, the
tag, and the reader were all equipped with dipole antennas.
The USRP was used at both sides. The transmitted signal was
at 5.4 GHz with 500 MHz bandwidth. The reader received
the combined signals of the source, the RIS, and the tag. As
the RIS controlled the reflected signal, a hot spot or coherent
spots on the tag and the reader can be created to assist the
communication between the tag and the reader.

In [50], the concept of active RIS was proposed to break
the double fading effect of passive RIS. Different from the
existing passive RIS that reflects signals passively without
amplification, active RIS can actively amplify the reflected
signals. Experiments were conducted by using an active RIS
at 2.36 GHz. The incident signal and the pump input were
coupled in a varactor-diode-based reflection-type amplifier to
generate the reflected signal with amplification.

In [51], a RIS was fabricated at 28 GHz based on a binary-
phase tunable metasurface. Experiments were conducted in
near field and far field cases. In near field case, the RIS was
designed to be a typical reflectarray antenna and proved to be
able to beamform mmWave signals very efficiently, achieving
directivity around 30 dBi and reaching angles as high as 60◦

as predicted by the analytical model. In far field case, two horn
antennas were connected to a VNA without LOS propagation.
The RIS was proved to be able to create a LOS propagation,
which provided a 25 dBi gain over the received power.

Based on the design described in [51], a RIS was fabricated
at 28 GHz in [52]. Four RISs with unit cells of 20×20 were
assembled to achieve 40×40 unit cells. Indoor measurements
were conducted to demonstrate the functions of RIS. The RIS
was placed on a wall and two horn antennas were used at
the Tx and Rx sides to emulate the base station and user
equipment, respectively. The Tx-RIS and RIS-Rx distances
were 5.5 m and 2 m, respectively. To create a RIS-assisted
LOS path, the positions of Tx and Rx were estimated in the
beamforming algorithm. A 30 dBi gain was achieved in a wide
frequency range of 3 GHz. In addition, NI USRP platform
was utilized for QPSK signal transmission, where the four
modulated symbols were well distinguished.

In [53], a prototype of the binary-phase metasurface was
designed and tested. The simulation showed that the reflection
amplitudes had little changes but the reflection phases were
opposite at 28 GHz when the PIN diode switches. The
functions of steerable sum and difference beams were realized.
In addition, the beemsteering performance was analyzed in
[54]–[57], which can achieve precise tracking with an angle
mismatch of 0.5◦-2.5◦ and minimizes the beam training over-
head through flexible beam refinement.

In [58], experiments were conducted for RIS-assisted wire-
less communications in rich scattering environments. Two
cases were studied. First, an RIS was deployed to shape the
channel impulse response (CIR) to enable higher achievable
communication rates. Second, the RIS-tunable propagation
environment was leveraged as an analog multiplexer to localize
non-cooperative objects using wave fingerprints, even when
they were outside the LOS propagation region.

In [59], measurements were conducted to show that RIS
can enable attackers to perform complex signal manipulation
attacks on the physical layer in real time with low-cost. A
laptop was connected to the network to measure the end-to-end
connection quality. The proposed environment reconfiguration
attack scheme was able to largely reduce the throughput.

In [60], a RIS at 28 GHz was designed to perform as
reflectarray and transmitarray on each side. Five functions
were achieved, including reflection magnitude, transmission
magnitude, reflection phase difference, transmission phase
difference, and polarization conversion ratio. The channel
reciprocity was also validated by connecting two horn antennas
to a VNA and put the RIS between them.

A summary of the above-mentioned RIS channel mea-
surements and experiments is given in Table I, classifying
the frequency bands, scenarios, system configurations, RIS
constructions, experiment results, and channel observations.
As can be seen, initial channel measurements and experi-
ments have unveiled various characteristics of RIS-assisted
wireless communication systems, such as the transmission
rate, received signal power, path loss, and channel reciprocity.
Meanwhile, many new applications are proved to be possible,
including RIS-assisted ambient backscatter communications,
active RIS, RIS as a transmitarray/reflectarray, RIS for physi-
cal layer attack, RIS-assisted rich scattering environment, etc.
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TABLE I
A summary of RIS experiments, channel measurements, and channel observations at sub-6 GHz and mmWave bands.

Ref.
Frequency

band
(GHz)

Scenario System configura-
tion RIS information Experiment results Channel obser-

vation

[34] 4 Indoor NI USRP platform Elements: 16×8;
Size: 252.8×176 mm2

QPSK transmission rate of 2.048
Mbps with RIS-Rx distance of 4 m Transmission rate

[35] 4.25 Indoor NI USRP platform Elements: 32×8;
Size: 5.44λ×1.36λ

(λ: wavelength)

8PSK transmission rate of 6.144
Mbps with RIS-Rx distance of 3 m Transmission rate

[36]–
[39]

4.25 Indoor NI USRP platform Elements: 32×8;
Size: 5.44λ×1.36λ

2×2 MIMO-16QAM transmission
rate of 20 Mbps with RIS-Rx distance
of 1.5 m

Transmission rate

[40] 2.3, 28.5 Indoor NI USRP platform Elements: 16×16;
Size: 6.13λ×6.13λ (2.3 GHz)

QPSK, 16QAM, and 64QAM trans-
mission, achieving 28.34 Mbps data
transmission rate at 2.3 GHz

Transmission rate

[41] 3.6 Indoor NI USRP platform Elements: 640;
Size: 2.87×1.42×0.71 cm3

for each element

Demonstrate the ability to beamform
towards the intended users on both
sides of the RIS

-

[42] 4.25, 10.5 Anechoic
chamber

Keysight signal
generator and
signal analyzer

Elements (4.25/10.5/
10.5 GHz): 32×8/ 100×102/
50×34 ; Size (4.25/10.5/10.5
GHz): 5.44λ×1.36λ/
35λ×35.7λ/ 17.5λ×11.9λ

1) Develop analytical free-space path
loss models for RIS-assisted wire-
less communications; 2) Conduct path
loss channel measurements and re-
sults match well with modeling

Received signal
power

[43] 27, 33
Anechoic
chamber
and indoor

Keysight signal
generator and
signal analyzer

Elements (27/33 GHz):
56×20/ 40×40; Size (27/33
GHz): 78.4×56.0 mm2/
152×152 mm2

Refine path loss model and validate
its accuracy in the sub-6 GHz and
mmWave frequency bands through
path loss channel measurements

Received signal
power

[44] 4.25, 27 Indoor
Keysight signal
generator and
signal analyzer

Elements (4.25/27
GHz): 32×8/ 56×20;
Size (4.25/27 GHz):
5.44λ×1.36λ/ 7.06λ×5.04λ

Validate the channel reciprocity of
RIS assisted TDD wireless commu-
nication systems

Channel
reciprocity

[45],
[46]

5.8 Indoor and
outdoor

R&S VNA, NI
USRP platform

Elements: 55×20;
Size: 15.48λ×6.05λ

Validate channel reciprocity
and demonstrate RIS-assisted
transmission

Channel
reciprocity

[47] 28
Indoor lab-
oratory and
office

R&S VNA Elements: 20×20;
Size: 9.52λ×9.52λ

Demonstrate Tx employing RIS to
improve the link budget

Path loss and de-
lay spread

[48],
[49]

5.4 Indoor NI USRP platform Elements: 14×14;
Size: 14×14 mm2

for each element

Assess the RIS-assisted ambient
backscatter communications

Bit error rate
(BER)

[50] 2.36 Indoor VNA and spectrum
analyzer Active RIS

Demonstrate the active RIS to break
the fundamental limit of the double
fading effect

Channel capacity

[51] 28 Indoor VNA Elements: 20×20;
Size: 10×10 cm2

Use RIS to beamform mmWave sig-
nals as a reflectarray antenna in near
field and to create a LOS propagation
for signal improvement in far field

Received signal
power

[52] 28 Indoor VNA, NI USRP
platform

Elements: 40×40;
Size: 20×20 cm2

Prove RIS’s ability to create a LOS
propagation for signal improvement
and transmit QPSK modulated signals

Received signal
power

[53]–
[57]

28 Indoor NI USRP platform Elements: 20×20

1) Prove the RIS’s functions to steer-
able sum and difference beams; 2)
Prove the RIS’s function of beem-
steering

-

[58] 2.5 Indoor - Elements: 47
Prove the RIS’s functions to shape
the CIR and localize non-cooperative
objects using wave fingerprints

Transmission rate

[59] 5.35 Indoor WLAN router Elements: 16×8;
Size: 40×16 cm2

Demonstrate that RIS can enable at-
tackers to perform complex signal
manipulation attacks on the physical
layer in real time with low-cost

-

[60] 28 Indoor VNA Elements: 15×15;
Size: 60×60 mm2

1) Prove the functions of reflection
magnitude, transmission magnitude,
reflection phase difference, transmis-
sion phase difference, and polariza-
tion conversion ratio; 2) Validate the
channel reciprocity

Channel
reciprocity



PROCEEDINGS OF THE IEEE, VOL. XX, NO. XX, MONTH 2021 7

III. RIS CHANNEL CHARACTERISTICS

As RIS has the ability to tune the amplitude and/or the
phase of incident signals, many new channel characteristics
will appear, which are substantially different from conven-
tional wireless channels. Some of the specific channel charac-
teristics have been validated by channel measurements and
experiments, while others are theoretically analyzed. Here,
we mainly introduce channel characteristics of reflection and
transmission, Doppler effect and multipath fading mitigation,
channel reciprocity, channel hardening, rank improvement,
near field and far field, and half-power beamwidth (HPBW)
and aperture efficiency. Other new channel characteristics
include: multipath labeling [61], which intended to inject a
label on propagation paths through the RISs; OTA equalization
[62], which adjusted the phases of RIS elements according
to the incoming signals to maximize the magnitude of the
first tap and made the inter-symbol interference negligible;
electromagnetic interference [63], which had a non-negligible
impact on communication performance, especially when the
size of the RIS grew large; etc.

A. Reflection and transmission

In traditional wireless communication systems, transmission
signals will have a large penetration loss caused by objects,
which can be up to several tens of dB, especially for mmWave
and THz bands. Thus, the wireless signals are mainly received
by the Rx antenna via reflection, scattering, and diffraction.

For RIS-assisted communications, the RIS can be config-
ured in the reflecting mode, the transmitting mode, or simul-
taneously transmitting and reflecting (STAR) mode [15], [64]–
[66]. In the reflecting mode, the users at the transmitter’s same
half-space are served, while the users at the other half-space
are served in the transmission mode. In the simultaneously
reflection and transmission mode, the users in the full space are
able to be served. Preliminary simulation results showed that
STAR-RISs can significantly reduce the base station power
consumption compared to conventional reflecting/transmitting-
only RISs [65], [66]. Up to now, most of the works on RIS-
assisted communications mainly focus on the reflecting mode,
while the other two modes need further investigation.

B. Doppler effect and multipath fading mitigation

When the user equipment is moving, it will cause Doppler
effect and fast multipath fading. As the RIS can tune the
phase of incident signals, it can align the phases of MPCs
arriving from different directions, i.e., the rapid fluctuations
in the received signal strength due to the Doppler effect can
be effectively reduced by using the real-time tunable RIS [67].
The simulation results proved that the multipath fading effect
can be totally eliminated when all reflectors in a propagation
environment are coated with RIS, while even a few RIS
can significantly reduce the Doppler spread as well as the
deep fading in the received signal for general propagation
environments with several interacting objects [67]. In [68],
the authors showed that the received power can be maximized
without adding Doppler spread to the system.

In [69], a RIS-assisted high-mobility vehicular commu-
nication system was considered. The RIS is fixed between
the roadside BS and high-mobility vehicle. The predictable
information of vehicle, such as speed, trajectory, and timetable
was utilized to design a sub-optimal phase shift set of RIS,
which made the RIS capable of maximizing instantaneous
signal-to-noise ratio (SNR), minimizing Doppler spread, and
keeping low delay spread simultaneously.

Different from [69], a RIS-assisted high-mobility vehicular
communication system was studied in [70], [71], where the
RIS was mounted on the top of high-mobility vehicle. An effi-
cient two-stage transmission protocol was proposed to achieve
RIS channel estimation and refraction optimization for data
transmission by exploiting the quasi-static channel between
the high-mobility RIS and user as well as the LoS dominant
channel between the BS and RIS. Simulation results showed
that the proposed protocol can achieve the full RIS passive
beamforming gain and convert the overall BS-user channel
from fast to slow fading to enable reliable transmission.

C. Channel reciprocity

Channel reciprocity means that the wireless channel from
the Tx side to the Rx side is the same with the wireless
channel from the Rx side to the Tx side [72]. This phenomenon
comes from the symmetry of Maxwell’s equations with respect
to time [44]. In general, when the control signals applied
to the unit cells remain unchanged, commonly designed and
fabricated RISs inherently obey the reciprocity theorem. This
is because the materials that constitute RISs, such as metal
patches, dielectric layers, and electronic components, often
conform to the Rayleigh-Carson reciprocity theorem [42],
[44]. The experiments at 4.25 GHz and 27 GHz bands demon-
strate channel reciprocity, which show consistent between
uplink and downlink channels. In addition, by using active
nonreciprocal circuits, performing time-varying controls, and
employing nonlinearities and structural asymmetries, the RIS
channel reciprocity can be broken. An example of reciprocity
breaking by RIS was shown in [17]. The channel reciprocity
was also validated in [45] and [60].

An angle-dependent phase shifter model for varactor-based
RISs was proposed based on the equivalent circuit in [73].
The simulation results indicated that the angle-reciprocity of
varactor-based RIS only held under small incident angles of
both forward and reverse incident electromagnetic waves, thus
limited the channel reciprocity in RIS-assisted TDD systems.

In [74], a RIS-assisted pilot decontamination scheme was
proposed for TDD massive MIMO system by breaking the
channel reciprocity. Specifically, the phases of RIS elements
were configured differently during the uplink transmission and
downlink transmission. In this case, the inter-cell interference
due to the RIS-assisted link can be mitigated while the non-
RIS link interference still existed. If there was only the
RIS-assisted link between the Tx and Rx, by increasing the
RIS elements and randomly configuring the phases, the pilot
contamination can be mitigated asymptotically. The system
performance was then proved to be significantly improved.
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D. Channel hardening

MIMO channels can provide spatial diversity to reduce
SNR variations. In particular, i.i.d. Rayleigh fading channels
give rise to channel hardening, where the SNR variations
average out as the number of antennas increase. In [75],
the authors provided a new definition of channel hardening
in RIS-assisted communications, which stated that the ratio
between the system SNR and the square of the number of
RIS elements tends to be a constant value when the number of
RIS elements tends to infinity. The simulation results revealed
that the random SNR variations in the case of random phases
remain large since there is no hardening. When the direct path
is present, the SNR increases very slowly with the number of
RIS elements. Hence, an RIS should be properly configured
to benefit from the channel hardening and SNR gain.

In [76], the channel hardening effect was investigated for
RIS-assisted massive MIMO system. Once the channel hard-
ening effect is achieved, the effective channel gain can be
replaced by its mean value. The base station can replace
the instantaneous channel gain by its mean value for signal
detection in the uplink. In the downlink, each user can treat
the mean value of the effective channel gain as the true one
to detect the desired signal and no downlink pilot overhead is
required for channel estimation.

In [77], the channel hardening effect was theoretically
analyzed and the performance bound was asymptotically de-
rived for the RIS-assisted system. The derived ergodic rates
showed that hardware impairments, noise, and interference
from estimation errors and the NLOS path became negligible
as the number of antennas increases.

E. Rank improvement

In point-to-point MIMO communications, large spatial mul-
tiplexing gains can be achieved at the high SNR region,
while high SNR mainly appears in LOS scenarios where the
channel matrix has low rank and therefore does not support
spatial multiplexing [78]. In this case, RIS can enrich the
propagation environment by adding MPCs with distinctively
different spatial angles, thus a multiplexing gain is achieved
even when the direct path has low rank. The simulation results
in [78] revealed that the performance greatly depends on the
path loss and deployment angles.

The rank deficiency can be analyzed in the form of the
eigenvalues of the covariance matrix [76]. The RIS was proved
to be able to compensate for the rank deficiency appearing in
massive MIMO communications.

To solve the problem of rank deficiency due to the un-
obstructed LOS in UAV communications, RIS was utilized
to enrich the channel in [79]. An RIS placement approach
was proposed to improve the spatial multiplexing gains and
maximize the average channel capacity in a predefined drone
corridor. The RIS-assisted channel was shown to have similar
performance at sub-6 GHz and mmWave bands.

F. Near field and far field

In the far field, the total channel gain grows linearly with the
number of antenna elements N , while it grows as N2 for RIS

[19], [80], [81]. However, the growth rate eventually tapers off
when entering the near field. In general, the Rayleigh distance
criterion is applied to distinguish the near field and far field
cases. In near field, the spherical wavefront effect needs to
be modeled, while the plane wavefront can be assumed in
far field. Meanwhile, the distances and geometry relationship
for each pair of Tx/Rx and RIS elements will influence the
electromagnetic response of RIS-assisted channel directly. An
exact near field channel model is needed to evaluate the system
performance whenever the distance between the Tx/Rx and
RIS is comparable with the dimension of RIS [82].

G. HPBW and aperture efficiency

The HPBW of RIS was investigated in uniform linear array
(ULA) and uniform rectangular array (URA) configurations
under the far field condition without considering path loss and
fading [83]. It showed that RIS’s HPBW is equal to antenna
array’s HPBW at the same reflect/transmit angle with maximal
ratio combining applied, while it is greater than or equal to
antenna array’s HPBW when all weights are equal. Another
feature is that RIS’s HPBW will change with the incident
angles. In addition, the aperture efficiency of RIS was studied
in [84].

IV. RIS CHANNEL MODELING

A. Large-scale path loss models

As the RIS-assisted channel is the cascade of three sub-
channels, the large-scale path loss models are affected by the
electromagnetic properties of RIS and show great differences
with traditional channels. Several path loss models have been
proposed for different scenarios and taken different parameters
into account. A comprehensive survey of the path loss models
are given below.

In [3], the authors illustrated the mechanism of RIS by
revisiting the two-ray path loss model, which consisted of
a LOS ray and a ground-reflected ray. The RIS with Q
elements was assumed to be laid on the ground to assist the
communications. The received power was approximated as

Pr ≈ (Q+ 1)2Pt(
λ

4πdtr
)2 (1)

where Pt is the transmitted power, and dtr is the Tx-Rx
distance. The received power is proportional to Q2 and decay
with the inverse of (dtr)

2. By increasing the RIS elements,
the path loss is able to be combated.

In [85], the authors proposed a far field path loss model for
RIS communications based on physical optics technique. It
also explained why the surface consists of many elements that
individually act as diffuse scatterers but can jointly beamform
the signal in a desired direction with a certain beamwidth.
Specifically, the far field path loss was expressed as

PL =
(4πd1d2)2

GtGr(ab)2cos2θisinc(πbλ (sinθs − sinθr))
(2)

where sinc(x) = sin(x)/x is the sampling function, a and b
are the sizes of the rectangular RIS. Gt and Gr are the Tx
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and Rx antenna gains, respectively. d1 and d2 are the distances
from the Tx and Rx to the RIS, respectively. θi, θr, and θs
are the incident angle, desired reflection angle, and observed
reflection angle, respectively. When we observe at the desired
reflection angle, i.e., θs = θr, the path loss model simplifies
to

PL =
(4πd1d2)2

GtGr(ab)2cos2θi
. (3)

The received power is proportional to the square of the RIS
area and 1/(d1d2)2, which was different from the conjecture
in [3] that the received power would be proportional to 1/(d1+
d2)2. That conjecture might hold for an infinitely large RIS or
in the near field, if the RIS is configured to act as a mirror,
but provably not in the far field setup.

In [81], the authors compared conventional massive MIMO
with RIS-assisted communications and proved that the RIS-
assisted communications can never provide higher information
rate or SNR. Numerical results showed that thousands of
reflecting elements are needed as the RIS can not amplify
the transmitted signal.

A general RIS-assisted path loss model was proposed in
[42], which was expressed as

PL =
64π3

GtGrGdxdyλ2
×∣∣∣∣∣∣

M∑
m=1

N∑
n=1

√
F combinen,m Γn,m

rtn,mr
r
n,m

e
−j2π(rtn,m+rrn,m)

λ

∣∣∣∣∣∣
−2 (4)

where dx and dy are the size of each element along x
axis and y axis, respectively. M and N are the number of
elements along x axis and y axis, respectively. G is the gain
of one element, F combinen,m denotes the effect of the normalized
power radiation pattern of each element on the received signal
power, Γn,m is the reflection coefficient of each element with
amplitude of A and phase of φ, and rtn,m and rrn,m denote
the distances from the Tx and Rx to each element. As we can
see, the received power is related to the Tx/Rx antenna gains,
the gain, size, number, and specific electromagnetic properties
of elements, and the travel distances. In addition, the general
path loss model was simplified to three cases, i.e., far field
beamforming (both Tx and Rx are in the far field), near field
beamforming (at least one in the near field), and near field
broadcasting (at least one in the near field).

In far field beamforming case, the path loss was expressed
as

PL =
64π3(d1d2)2

GtGrGM2N2dxdyλ2F (θt, φt)F (θr, φr)A2
(5)

where F (θt, φt) and F (θr, φr) are the normalized radiation
patterns of each element at the incident direction (θt,φt) and
the reflection direction (θr,φr).

In near field beamforming case, the distances of Tx and Rx
to each element is different and the corresponding path loss
was expressed as

PL =
64π3

GtGrGdxdyλ2A2

∣∣∣∣ M∑
m=1

N∑
n=1

√
F combinen,m

rtn,mr
r
n,m

∣∣∣∣2
. (6)

In the near field broadcasting case, the path loss was
approximated as

PL ≈ 16π2(d1 + d2)2

GtGrλ2A2
. (7)

Note that for each case, the phase shift of each element was
differently designed. The proposed path loss models were also
validated by channel measurements at 4.25 GHz and 10.5 GHz
in an anechoic chamber.

In [43], the authors further refined their proposed path
loss models in [42] to make it easier to use. The impact of
the radiation patterns of the antennas and RIS elements was
considered as an angle-dependent loss factor. In the far field
beamforming case, the path loss model was refined as

PL =
16π2(d1d2)2

GtGrG(MNdxdy)2F (θt, φt)F (θr, φr)A2
. (8)

The near field beamforming path loss was refined as

PL =
16π2

GtGr(dxdy)2
∣∣∣∣ M∑
m=1

N∑
n=1

√
F combinen,m

rtn,mr
r
n,m

∣∣∣∣2
. (9)

In addition, the path loss model for one element was
proposed as

PL =
16π2(rtn,mr

r
n,m)2

GtGr(dxdy)2F combinen,m |Γn,m|2
. (10)

The refined path loss models were then validated by channel
measurements at 27 GHz and 33 GHz bands in both anechoic
chamber and indoor environments.

In [86], a path loss model for RIS communications was
proposed by considering the number of elements, the physical
dimensions of the RIS, and the radiation pattern and spacing
of constituent elements. It was expressed as

PL =
256π4

ηGtGr

∣∣∣∣∣
Q∑
q=1

An

√
G(θt, φt)G(θr, φr)

d1nd2n
ejφn

∣∣∣∣∣
−2

(11)

where η is the power efficiency of RIS, which is less than 1
for passive RIS. An and φn are the amplitude and phase of
the nth element, respectively. d1n and d2n are the distances
from the Tx and Rx to the nth element, respectively. The path
loss expression for far field scenario was also derived. The
proposed path loss model was then applied to a reflectarray-
type RIS, yielding insights into performance as a function of
the size of the RIS, proximity of the RIS to the Tx and Rx,
and the criteria used to control the elements.

In [87], the authors unified the opposite behavior of RIS
as a scatterer and as a mirror based on the free-space Green
function. The derived path loss model is similar to [86]. The
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results showed that depending on its size and distance, the
RIS can be observed as a zero, one, or two dimensional object
whose radiated power exposes a dependence with the fourth,
third, or second power of the distance, respectively.

In [88], a simple path loss model was proposed for RIS com-
munications based on the general scalar theory of diffraction
and the Huygens-Fresnel principle. The RIS was modeled as a
sheet of electromagnetic material of negligible thickness. The
proposed approach can identify the conditions under which an
RIS of finite size can be approximated as an anomalous mirror
or as a scatterer.

In [89], a physics-consistent analytical free-space path loss
model for RIS was proposed based on the vector generalization
of Green’s theorem. The path loss model can be applied to
2D homogenized metasurfaces. The path loss is formulated in
terms of a computable integral that depends on the transmis-
sion distances, the polarization of the radio waves, the size of
the surface, and the desired surface transformation. Closed-
form expressions were obtained in far field and near field
deployments.

In [90], a path loss model was proposed for RIS-assisted
THz communication systems, taking into account the THz
band and RIS characteristics. Specifically, the proposed path
loss model revealed the relationships between the RIS spec-
ifications, such as size, number of RIS elements, element’s
size, reflection coefficient, radiation pattern, phase shift, and
the transmission parameters, such as frequency band, Tx-Rx
distance, THz specific parameters, and so on.

In [46], a radar cross section (RCS) based path loss model
for RIS communications was proposed. The received power
was related to the distances from the Tx/Rx to the RIS,
the angles in the Tx-RIS-Rx triangle, and the effective area
and the reflection coefficient of each element. In addition,
channel measurements were conducted in different scenarios
to validate the proposed model in both near field and far field
conditions.

In [91], [92], the RIS was partitioned into tiles, where each
tile consisted of several unit cells. The far field tile response
function g is obtained based on the concept of RCS. Then, the
free-space path loss for RIS based link is given as

PLRIS =
4π |g|2

λ2
PLtPLr (12)

where PLt = ( λ
4πd1

)2 and PLr = ( λ
4πd2

)2 are the free-
space path losses for Tx-RIS and RIS-Rx links, respectively.
In addition, the continuous and discrete tile response functions
were derived for a given transmission mode.

In [97], a similar path loss model was proposed consistent
with the path loss model in [42] by using the concept of RCS,
which is more common for scattering problems. The maximum
RCS of the unit cell can be approximated as the gain of the
unit cell multiplied by its area.

To illustrate the far field path loss, Fig. 3 shows an RIS-
assisted communication setup. The Tx and Rx are on the
focal of an ellipse with 2D coordinates of (-c, 0) and (c, 0),
respectively. The Tx-Rx distance is d = 2c = 200 m. The long
semi-axis of the ellipse is a = 200 m. Thus, b = 173 m and
d1 + d2 = 400 m. The Rayleigh distance for a 1 m×1.02 m

RIS at 10.5 GHz in [42] is about 140 m. We simulate the path
loss when the RIS moves from d1 = 140 m to d1 = 200 m.
The path loss is shown in Fig. 4. As can be seen, the path
loss decreases from 73 dB to 69 dB. In case of free space
path loss with a distance of d1 + d2 = 400 m, the path loss at
10.5 GHz is 105 dB. If the 21 dB antenna gains at both sides
are excluded, the multiplied path losses of d1 and d2 would
be larger than the free space path loss. When the size of the
RIS reduces from 102×100 to 51×50, the path loss increases
about 10 dB, which indicates that a very large size up to ten
thousands of RIS elements are needed to combat the path loss.

In Fig. 5, we compare the condition of RIS with and without
phase control capability. The general physical model in [92]
and the path loss model in [43] are consistent. Note that the
received power is relative to a transmitted power of 0 dBm.
The simulated frequency band is 5.4 GHz, M = N = 60,
dx = dy = 0.33λ, d1 = 20 m. The incident angle is 60◦ and
the reflection angle is 45◦. For the programmable RIS, each
element is set to a different phase as the way in [43]. It is
clear that the received power is largely improved after the
phase control of RIS.

B. Small-scale multipath fading models

In the literatures, some simple end-to-end fading channel
models were used to assess the RIS-assisted wireless com-
munication system performance. The Rician fading model
was used for RIS-assisted base station to UAV channel and
UAV to ground channel in [93] and for RIS-assisted downlink
NOMA cellular system in [94]. In [95], the performance
of RIS-assisted communication system was analyzed under
Nakagami-m fading model. In [96], a generalized fading
model was applied to RIS-assisted communication system
performance analysis in the presence of phase noise, where
the Fox’s H model was utilized as a general fading distribution
with Rayleigh and Rician as special cases.

Fig. 3. A RIS-assisted communication setup with RIS moving on
an ellipse.
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Fig. 4. Calculated path loss with d1 increasing from 140 m to
200 m.

0 5 10 15 20 25 30 35 40 45 50
Distance between RIS and Rx, d

2
 (m)

-125

-120

-115

-110

-105

-100

-95

-90

-85

-80

-75

R
ec

ei
ve

d 
po

w
er

 (
dB

)

General physical based model
Path loss model in [43]
Path loss without phase control

Fig. 5. Comparison of RIS-assisted path loss with and without
phase control.

A few RIS-assisted small-scale channel models have been
proposed recently, including phase-shift model, transmission-
mode model, physics based channel model, beamspace chan-
nel model, and geometry based stochastic model (GBSM),
which are summarized in Table II and thereby overviewed
below.

1) Phase-shift model & transmission-mode model: The
phase-shift model is widely used in the literature which means
the cascaded three sub-channels, i.e., the direct Tx-Rx channel,
Tx-RIS channel, and the RIS-Rx channel. However, the phase-
shift model has two drawbacks [91], [92]. The first one is that

the ranks of Tx-RIS matrix and RIS-Rx matrix are limited
by the number of scatterers, which is small compared to the
number of RIS elements. The second one is that the physical
properties of RIS, the incident and reflected angles, and polar-
ization are not considered. Thus, a transmission-mode model
was proposed in [92] by three key ideas. Firstly, it partitioned
the large RIS into tiles and calculated tile response function.
Then, the low rank channel matrices were decomposed. At
last, different transmission modes were selected for each tile,
where each transmission mode effectively corresponded to a
given configuration of the phase shifts that the unit cells of
the tile apply to an impinging electromagnetic wave.

2) Physics based channel model: In [98], [99], a physics
based channel model was proposed for RIS communications. It
considers the RIS and the scattering environment as a whole by
studying the signal’s multipath propagation. The joint channel
contains a specular component by the RIS LOS link and a
scatter component by the NLOS direct link. Channel statistics
were analyzed by considering M RIS MPCs and N MPCs
for the scattering environment. The model suggests that the
RIS-aided wireless channel can be approximated by a Rician
distribution.

In [100], the Tx-RIS channel was modeled by the sum-
mation of impinging plane waves. Then, the joint spatial-
temporal correlation functions for RIS under both isotropic
and non-isotropic scattering were derived. A closed-form four
dimensional (4D) sinc function is derived to describe the
joint spatial-temporal correlation in the isotropic scattering
environment. For the more practical non-isotropic scattering,
a realistic 3D angular distribution extracted from mmWave
channel measurements in the urban micro scenario was uti-
lized.

In [101]–[103], a spatially-stationary channel model was
proposed for holographic MIMO small-scale fading in the
far filed case. It modeled the array with a massive number
of antennas in a compact space, which is the case of RIS.
The small-scale fading was modeled as a zero-mean, spatially-
stationary, and correlated Gaussian scalar random field satis-
fying the Helmholtz equation in the frequency domain, which
was equivalent to the scalar wave equation in the time domain.

In [104], an analytical channel model was proposed for
RIS-assisted free space optical (FSO) systems based on the
Huygens-Fresnel principle. Several effects, such as the non-
uniform power distribution of Gaussian beams, the impact
of RIS size, the positions of the laser source, the lens, and
the phase-shift configuration of the RIS were considered.
The simulation results validated the accuracy of the proposed
analytical model.

3) Beamspace channel model: In [105], a beamspace chan-
nel model was proposed for RIS communications, as shown
in Fig. 6. Different from the phase-shift model, the proposed
model viewed RIS as a controlled scattering cluster reflecting
its own MPCs. The model is based on the extended Saleh
Valenzuela (SV) channel model. An antenna segmentation
method was proposed to fit RIS in the developed far field
model and showed the characteristics of its MPCs and how
they can be controlled.
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TABLE II
A summary of RIS small-scale channel models.

Ref. Channel model Main ideas Features
[91],
[92] Phase-shift model Separate the cascaded channel as three

sub-channels
1) Widely use in the literature; 2) RIS properties are

not considered.

[91],
[92]

Transmission-mode
model

1) Partition the large RIS into tiles and
calculate tile response function; 2) Low
rank channel matrix decomposition; 3)

Transmission mode selection

Scalable with RIS elements

[98],
[99]

Physics based
channel model

Consider the RIS and the scattering
environment as a whole

The RIS-aided wireless channel can be approximated
by a Rician distribution

[100] Physics based
channel model

Model by the summation of impinging
plane waves

Can derive the joint spatial-temporal correlation
functions under both isotropic and non-isotropic

scattering

[101]–
[103]

Physical channel
model

Model the small-scale fading as a
zero-mean, spatially-stationary, and

correlated Gaussian scalar random field
Satisfy the Helmholtz equation in the frequency domain

[104] Analytical channel
model Based on the Huygens-Fresnel principle

1) Apply to RIS-assisted FSO systems; 2) Consider the
non-uniform power distribution of Gaussian beams, the
impact of RIS size, the positions of the laser source, the

lens, and the phase-shift configuration of the RIS

[105] Beamspace channel
model View RIS as a controlled scattering cluster Based on the extended SV channel model

[112]–
[115] GBSM Follow 3GPP channel modeling approach Can be applied to various indoor/outdoor scenarios and

frequency bands

[117] GBSM Model the three sub-channels by ellipses 2D, consider the spatial CCFs of sub-channels
associated with different RIS elements

[118] GBSM Model the three sub-channels by ellipsoids 3D, Tx and Rx are equipped with multiple antennas
[119],
[120] GBSM Model the three sub-channels by GBSMs Wideband non-stationary properties and practical phase

shifts of RIS are studied

[121] GBSM Consider the spherical wavefront and THz
band path loss Tx and Rx are equipped with a single antennas

[130] Keyhole channel
model

Consider the RIS as a dyad with one
degree of freedom

The direct Tx-Rx channel is ignored. The joint
Tx-RIS-Rx channel is modeled as the sum of the

contributions from each RIS element.

[132] ML-based channel
model

Approximate the fading distributions using
EM algorithm

Consider beamforming, spatial channel correlation,
phase-shift errors, arbitrary fading conditions, and

coexistence of direct and RIS channels

4) GBSM: The GBSM approach has been widely used in
5G and 6G channel modeling, such as the proposed chan-
nel models in [106]–[111]. In [112]–[115], an open-source
SimRIS channel simulator was presented for RIS-assisted
communications, as shown in Fig. 7. The proposed channel
model was applicable to various indoor and outdoor scenarios
and various frequency bands, including mmWave band. The
model is similar to 3GPP cluster channel model. It incorpo-
rated the LOS probabilities between terminals, array responses
of RISs and Tx/Rx units, RIS element gains, realistic path
loss and shadowing models, and environmental characteristics
in different scenarios and frequency bands. However, it is
only applied to far field case. In [116], the SimRIS channel
simulator was adopted to provide performance insights for
design of RIS-assisted smart radio environments. The impact
of positioning/placement of RISs, the number of reflecting
elements and the tilt/rotation of RISs in both single and multi-
RIS environments were investigated. Results revealed that
these aspects are crucial to achieving capacity and reliability
enhancements in smart radio environments.

In [117], a GBSM was proposed for RIS communications,
as shown in Fig. 8, where the three ellipses were used to model
Tx-RIS, RIS-Rx, and Tx-Rx channels, respectively. The Tx
and Rx were assumed to be equipped with a single antenna,
whereas the RIS was a rectangular array. As the proposed
model assumed that the Tx, RIS, and Rx were placed in the

x–y plane of a Cartesian coordinate system, it is a 2D GBSM.
The spatial cross-correlation functions (CCFs) of sub-channels
associated with different RIS elements were considered.

In [118], the 2D GBSM proposed in [117] was extended
to 3D wideband case by adopting three ellipsoids, as shown
in Fig. 9. The Tx and Rx were equipped with multiple anten-
nas. The non-stationary property was considered. Statistical
properties, such as temporal autocorrelation function (ACF),
spatial CCF, and frequency correlation function (FCF) were
analyzed.

In [119], we proposed a 3D non-stationary RIS-assisted
MIMO GBSM. The twin cluster concept was applied. The
channel model supports movements of Tx, Rx, and clusters.
The RIS-assisted channel is divided into three sub-channels,
i.e., Tx-RIS channel, RIS-Rx, and Tx-Rx channel. The path
loss model in [44] was incorporated in the channel coefficients.
The temporal ACF and spatial CCF were analyzed.

We further take the practical discrete RIS phase shifts
into account in [120]. The cluster evolution in the space
domain and practical discrete phase shifts are considered. The
statistical properties, including temporal ACF, spatial CCF,
local Doppler spread, and RMS delay spread are investigated.
We find that RIS plays a role in separating the whole channel.
We take the temporal ACF as an example to compare channel
statistical properties with and without RIS, as shown in Fig.
10. It can be seen that the absolute value of temporal ACF
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employing RIS is much larger than the situation without RIS.
In fact, temporal ACF reflects the correlation among different
time instances. A larger value indicates that channel is more
stable with RIS. The phenomenon proves that RIS can improve
the stability of channel. This is because RIS can eliminate the
phase differences among LOS components and the strength of
the received signal is always strong at different time instances.

In [121], a RIS-assisted channel model was proposed for
THz band. The Tx and Rx were assumed to be equipped
with a single antenna. The spherical wavefront, i.e., the phase
difference between adjacent RIS elements was considered. The
path loss model for THz bands was employed, which relied
on the plate scattering paradigm and molecular absorption.
The simulation results showed that a RIS can significantly
improve the energy efficiency of MIMO system in near field
and beamfocusing.

Other channel models have also been proposed for different
scenarios based on GBSM approach, e.g., outdoor [122], fixed-
to-mobile [123], double-RIS [124], high altitude platform
[125], UAV [126]–[128], and general MIMO [129] scenarios.

5) Keyhole channel model: In the concept of keyhole
MIMO channel, the channel was considered as a dyad with
one degree of freedom, where each RIS element was a perfect
example of keyhole. In [130], the RIS-MIMO channel was
modeled as a keyhole MIMO channel. The direct Tx-Rx chan-
nel was ignored. The joint Tx-RIS-Rx channel was modeled
as the sum of the contributions from each RIS element. Based
on that, a channel estimation framework was proposed using
single value decomposition (SVD) to separate the cascaded
channel links and estimate each link separately. Compared
to the phase shift model of RIS, this method considers the
amplitude response of RIS element, making the channel model
more accurate. With the number of RIS elements increasing,
the dimension of Tx-RIS channel coefficient matrix and RIS-
Rx channel coefficient matrix will increase linearly, and the

Fig. 6. A beamspace channel model for RIS-assisted
communication scenario [105].

complexity of this channel model also increases.
6) ML-based channel model: ML-based approach has been

a new method in channel modeling [131]. Compared to the
traditional channel modeling methods, the most important
two advantages are that it can predict channel characteris-
tics by training channel measurement data and can explore
the complex nonlinear relationships between channel charac-
teristics, frequency band, scenario, and RIS-assisted system
configurations. In [132], the unsupervised machine learning
(ML) algorithm, i.e., expectation-maximization (EM) algo-
rithm was applied to RIS-assisted channel modeling. Sev-
eral aspects were considered, including beamforming, spatial
channel correlation, phase-shift errors, arbitrary fading con-
ditions, and coexistence of direct and RIS channels. With
approximation of a mixture of two Nakagami-m distributions,
the EM algorithm was used to estimate the mixture weight,
mean powers, and fading parameters, which can characterize
the RIS’s composite channels as correlated/independent over
conventional/generalized fading paths in the presence of phase
errors.

V. FUTURE RESEARCH DIRECTIONS

A. RIS channel measurements and parameters estimation

Current experiments are mainly conducted to demonstrate
RIS-assisted wireless communication systems and transceiver
designs. Most of the experiments are conducted in simple
environments with a short distance, which is far away from
reality. Only path loss channel measurements were conducted
in an anechoic chamber, while the multipath fading channel
measurements are missing. The physical properties of RIS will
have great effects on the incident signals. However, RIS can
only tune part of the wireless channel, i.e., the MPCs which
interact with RIS. Other MPCs, such as the LOS component
and reflected MPCs by other scatterers in the environments
will have no change. Although channel characteristics have
been theoretically analyzed, to further validate the theoretical
analysis, RIS experiments and channel measurements are
indispensable.

In RIS-assisted communication scenario, the MPCs which
interact with RIS will be affected by the physical properties
of RIS. Other MPCs reflected by other scatterers will be
independent with RIS. We designed an algorithm to identify
whether a MPC interacts with RIS is carried out by inves-
tigating this MPC’s responses under the regulation of differ-
ent RIS transmission modes. Similar to the space-alternating
generalized expectation-maximization (SAGE) algorithm, the
maximum likelihood estimation and grouped coordinate ascent
method are used to estimate MPCs’ general parameters, i.e.,
the amplitude, delay, angle of arrival (AoA), angle of departure
(AoD), and Doppler frequency. For MPCs that interact with
RIS, an extra and novel maximum likelihood estimation for
the incident angle and reflect angle at the RIS is considered in
each iteration of the algorithm. This extra estimation is realized
based on these MPCs’ amplitudes under the regulations of
different RIS transmission modes [134].

The root mean square estimation error (RMSEE) for differ-
ent SNRs and for different number of RIS transmission modes
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Fig. 7. A GBSM for RIS-assisted communication scenario [115].

Fig. 8. A GBSM for RIS-assisted communication scenario [117].

is shown in Fig. 11. It can be seen that RMSEE reduces with
an increase in the number of RIS transmission modes, meaning
that more RIS transmission modes lead to higher algorithm’s
accuracy.

B. A pervasive RIS-assisted channel model

None of the mentioned RIS-assisted channel models are
general enough to take all channel characteristics into account
and can be applied to various frequency bands and scenar-
ios. Different channel models will lead to underestimates or
overestimates of RIS-assisted communication system perfor-
mance evaluation. This situation makes it difficult to acquire
a standardized RIS-assisted channel model which is pervasive
and can be an add-on component. A pervasive RIS-assisted
channel model can apply unified channel modeling framework

Fig. 9. A 3D ellipsoid GBSM for RIS-assisted communication
scenario [118].

such as the GBSM method, use the unified expression of CIR,
and integrate different channel characteristics brought by RIS.
By adjusting channel model parameters, the pervasive RIS-
assisted channel model is able to adapt to various frequency
bands, scenarios, and RIS configurations. It is also vital for
further performance analysis. The new proposed circuit-based
channel model considering antenna size and mutual coupling
can be a promising method for RIS-assisted channel modeling
[133].

C. AI enabled RIS channel modeling

Artificial intelligence (AI) has now been widely applied
to wireless communications and channel modeling, including
MPC clustering, scenario classification, and channel statisti-
cal properties prediction [2]. However, AI enabled wireless
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Fig. 10. Comparison of temporal ACFs with and without RIS.

Fig. 11. RMSEE for different SNRs with different numbers of
transmission modes K = 4, 5, and 6.

channel modeling is still not fully explored, especially AI
enabled RIS channel modeling. Recent works have shown
that generative adversarial network (GAN) is able to learn
the end-to-end wireless channels in some simple scenarios

[135]–[138]. Different from the traditional channel, RIS-
assisted channel is a cascade of three sub-channels, i.e., Tx-Rx,
Tx-RIS, and RIS-Rx channels. The inherent nonideal channel
characteristics depend on the specific analysis of the three
sub-channels. However, as RIS is passive, it is not able to
obtain the solely responses of Tx-RIS and RIS-Rx channels
from traditional channel measurements. Currently, there are

no open RIS-assisted channel datasets, which would limit the
application of AI enabled RIS channel modeling.

D. RIS and electromagnetic information theory

In principle, the current channel models are for propagation
channel, while the radio channel model is lacking. The radio
channel takes into account the effects of Tx and Rx antennas.
A novel circuit-based radio channel model was proposed in
[133], which can be applied to RIS-assisted radio channel
modeling. Due to its unique characteristics, RIS can be a
bridge between electromagnetic theory and information theory,
building the foundation of electromagnetic information theory.
Here, some challenges are pointed out.

Firstly, the essence of RIS amplitude and phase control
is actually realized by the circuit behind it, so the RF link
may need more consideration. The certain circuit parameters
may be included when obtaining channel characteristics or
calculating the system capacity. Secondly, there is mutual
coupling between a large number of RIS sub-wavelength units.
Therefore, the entire antenna array can be regarded as contin-
uous when compactly arranged (such as holographic MIMO).
This requires starting from Maxwell’ s electromagnetic theory
to determine the assumptions and applications of the unit
from discrete to continuous. An accurate and easy-to-handle
model that can describe the function of the electromagnetic
characteristics of the RIS is needed. Thirdly, analysis and
optimization of point-to-point RIS wireless networks is an
open task, especially for optimizing the phase of the surface
and system capacity under different configurations.

E. Applications of RIS channel research to RIS-assisted com-
munications

The RIS channel research will be essential for RIS-assisted
communications, since the performance of RIS-assisted com-
munication systems are largely affected by the underlying
channel characteristics, which is summarized in Table III.

Take the channel capacity as an example. The channel
capacity is a strict upper limit of the rate at which information
can be reliably transmitted on the communication channel. RIS
can improve the channel capacity by enhancing the received
signal power. The ergodic capacity of RIS-assisted single-input
and single-output (SISO) system was analyzed in [139]. In
[140] and [141], the channel capacity of RIS-assisted MIMO
system in the unicast scenario and multicast scenario were
studied, respectively. The alternating optimization algorithm
was used to jointly optimize the phase shift matrix of RIS
and covariance matrix of the transmitted signal vector. The
numerical results illustrated that the channel capacity increased
logarithmically with the number of antennas and the square
of the number of reflecting elements and it tended to be a
constant when both of them went to infinity at a fixed ratio.
However, it is inversely proportion to the user number. Degree
of freedom (DoF) offered by RIS will be limited by the
number of elements of RIS, since it is impractical to create
a RIS containing infinite reflecting elements. To solve this
gap, authors in [142] proposed irregular RIS, which added a
selection matrix in the channel transform function.
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TABLE III
Applications of RIS channel research to RIS-assisted

communications.

Applications Related channel characteristics
Network optimization
and planning Path loss, shadowing, penetration loss

Channel estimation
Delay/angular/Doppler spreads,
spatial/temporal/frequency correlation
functions

Signal modulation Spatial/temporal/frequency correlation
functions

Channel capacity
Path loss, shadowing, spa-
tial/temporal/frequency correlation
functions

Localization/positioning,
integrated sensing
and communication,
communication security

MPC parameters (power/delay/angle), de-
lay/angular/Doppler spread, Ricean K-
factor

Current analysis of RIS-assisted communications is mainly
based on the simplification of RIS and the wireless channel,
thus enabling closed-form expressions. More accurate RIS
based channel characteristics and channel models can help to
improve the design and performance analysis of RIS-assisted
wireless communication systems.

F. Advanced hardware of RISs
In most RISs reported above, their main functions are

focused on reconfiguring the beam directions and coverages.
Recently, some advanced metasurfaces have been developed,
such as digital coding and programmable metasurfaces [22],
[143]–[149], which can not only manipulate the beam direc-
tions and coverages, but also control the number of beams
[22], [143], [144], polarization states [145], and waveforms
(e.g. cone beams [146] and orbital-angular-momentum vortex
beams [147]–[149]) in real time and programmable way.
The introduction of time-domain coding increases an addi-
tional degree of freedom to control the frequency spectra of
electromagnetic waves [150], [151]. Hence space-time-coding
digital metasurfaces can manipulate both spatial waves and
their spectra simultaneously and independently [152], [153].
More importantly, the digital coding metasurfaces make a
bridge between the digital world and physical world, and
hence they can be used to process the digital information
directly, resulting in information metasurfaces [154]–[156].
The information metasurfaces have been applied to build
new-architecture wireless communication transmitter systems
[157]–[163]. Based on the information metasurfaces, new
electromagnetic information theory have also been presented
by considering both electromagnetic waves and bit-stream
information simultaneously [164], [165]. The digital coding
and programmable metasurfaces, space-time-coding digital
metasurfaces, and information metasurfaces can be regarded
as the advanced RISs. In the future, investigating the channel
characteristics and channel models of such advanced RISs may
produce revolutionary developments of the wireless commu-
nications.

VI. CONCLUSIONS

In this paper, we have provided a comprehensive survey on
state-of-the-art RIS experiments and channel measurements,

channel characteristics, and large-scale path loss models and
small-scale multipath fading channel models. Although var-
ious RIS prototypes have been made, the experiments and
especially channel measurements are still in the infancy.
RIS based communications bring several merits to wireless
channel characteristics, including simultaneous reflection and
transmission, Doppler effect and multipath fading mitigation,
channel reciprocity, channel hardening, rank improvement, etc.
The large-scale path loss models and small-scale multipath
fading models have been compared. In addition, we have
pointed out future directions which need further investigation,
i.e., RIS prototypes, experiments, and channel measurements,
pervasive RIS channel models, AI enabled RIS channel model-
ing, RIS and electromagnetic information theory, applications
of RIS channel research to RIS-assisted communications, and
advanced hardware of RISs.
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