
NON‑COHERENTMODULATIONWITH RANDOM PHASE CONFIGURATIONS IN
RIS‑EMPOWERED CELLULARMIMO SYSTEMS

Kun Chen‑Hu1, G. C. Alexandropoulos2, Ana Garcia Armada1
1Department of Signal Theory and Communications of Universidad Carlos III of Madrid, 28911, Leganés, Spain. E‑mails:

{kchen, agarcia}@tsc.uc3m.es, 2Department of Informatics and Telecommunications, National and Kapodistrian
University of Athens, 15784 Athens, Greece. E‑mail: alexandg@di.uoa.gr.

NOTE: Corresponding author: Kun Chen‑Hu, kchen@tsc.uc3m.es

Abstract – The Reconϔigurable Intelligent Surface (RIS) constitutes one of the prominent technologies for the 6th Gener‑
ation (6G) of wireless communications. It is envisioned to enhance signal coverage in cases where obstacles block direct
communication from Base Stations (BSs), and when high carrier frequencies are used that are sensitive to attenuation losses.
In the literature, the exploitation of RISs based on traditional coherent demodulation, relies on the availability of accurate
Channel State Information (CSI). Given that CSI estimation, amulti‑antenna BS or a dedicated orchestration controller jointly
computes the pre‑coder/combiner and the RIS conϔiguration. The latter tasks require a signiϔicant amount of time and re‑
sources, which may not be affordable when the channel is time‑varying or the CSI is not accurate enough. In this paper, we
consider the uplink between a single‑antenna user and a multi‑antenna BS, and present a novel RIS‑empowered Orthogonal
Frequency Division Multiplexing (OFDM) communication system, which is based on differential phase shift keying combined
with random phase conϔigurations at the RIS, thus, avoiding the channel estimation and any complex optimization processes.
This feature renders our RIS‑enabled system operation proposal suitable for high noise and/or mobility scenarios. Consid‑
ering both an idealistic and a realistic channel model, analytical expressions for the Signal‑to‑Interference and Noise Ratio
(SINR) and the Symbol Error Probability (SEP) of the proposed non‑coherent RIS‑empowered communication system are pre‑
sented. Our extensive computer simulation results verify the accuracy of the presented analysis and showcase the proposed
system’s performance superiority over coherent demodulation in different mobility and spatial correlation scenarios.

Keywords – Channel estimation, differential modulation, mobility, non‑coherent system, random phase conϐiguration,
reconϐigurable intelligent surface

1. INTRODUCTION
The evolving technology of Reconϐigurable Intelligent
Surfaces (RISs) [1, 2, 3, 4] is expected to play a signiϐi‑
cant role in the evolution of mobile communication sys‑
tems, from the current 5th Generation (5G) [5] towards
the 6th Generation (6G) [6]. The high frequency bands
are already being extensively exploited for mobile com‑
munications [7], such as 3.5 GHz andmillimeter waves, in
order to take advantage of the huge available bandwidth
and provide a fully enhanced Mobile Broadband (eMBB)
experience. The Terahertz (THz) frequency band from
300 GHz to 3 THz, as deϐined by IEEE and ITU, is a strong
candidate for ultra‑high‑rate 6Gwireless applications [8].
However, the coverage in these bands will suffer from at‑
tenuation loss, and any obstaclemay easily block the com‑
munication link. RIS‑empowered links provide an appeal‑
ing solution to both improve and extend the signal trans‑
mitted by either the Base Station (BS) or User Equipment
(UE),without excessively increasing the overall cost of the
wireless network.
RISs are lightweight and hardware‑efϐicient artiϐicial pla‑
nar structures of almost passive reϐlective elements [4]
that enable desired dynamic transformations of the sig‑
nal propagation environment in wireless communica‑
tions [2]. They can support a wide variety of electromag‑

netic functionalities [9], ranging from perfect and con‑
trollable absorption, beam and wavefront shaping to po‑
larization control, broadband pulse delay, radio‑coverage
extension, and harmonic generation. The RIS technol‑
ogy is envisioned to coat objects in the wireless environ‑
ment [2] (e.g., building facades and room walls), and can
operate either as a reconϐigurable reϐlector beyond Snell’s
law [1], or as an analog receiver [10] or lens [11] when
equipped with a single Radio‑Frequency (RF) chain, or as
a transceiver with multiple relevant RF chains [12]; see
the recent survey [13] with the up‑to‑date available RIS
hardware architectures.
The exploitation of RISs is mainly based on the classical
Coherent Demodulation Scheme (CDS) [14, 17, 18, 19, 20,
21, 22, 23, 24, 15, 16], where the knowledge of Channel
State Information (CSI) is essential for the optimized con‑
ϐiguration of the RIS tunable elements and the demodu‑
lation of the signal at the receiving node. An approach
for estimating the cascaded channel matrix [18, 19, 16],
which encompasses the joint effect of signal propagation
over the BS‑RIS and RIS‑UE links, was proposed in [17].
Note that this channel cannot be easily decoupledwith al‑
most passive RISs that do not possess receive RF chains.
However, the estimation of the cascaded channel depends
on the RIS conϐiguration, which implies that the mini‑
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mumrequired training periods equals the total number of
conϐigurations for each UE. Consequently, this estimation
overhead becomes prohibitive as the numbers of UEs and
RIS elements togetherwith their conϐigurationoptions in‑
crease [25]. Late interests in reducing the channel esti‑
mation overhead focus on efϐicient decompositions of the
received signal [23] and on designing RIS conϐigurations
tailored for channel estimation [15]. In the vast majority
of the CDSworks, Time Duplex Division (TDD) is typically
adopted and the CSI is assumed to be estimated in the up‑
link, and then, reused in the downlink. To this end, the
coherence time is always considered to be long enough
to cope with the channel training and uplink/downlink
data transmission stages. Given the CSI availability, the
BS computes the best pair of pre‑coder/combiner as well
as the set of RIS elements’ conϐiguration, which is com‑
municated to the RIS via a side control link. This process‑
ing task is not straightforward due to the fact that a non‑
convex design optimization needs to be solved, increasing
the operational complexity of the RIS‑empowered com‑
munication system. When Orthogonal Frequency Divi‑
sion Multiplexing (OFDM) [26, 27] is taken into account,
the complexity of the channel estimation and optimiza‑
tion scales with the number of subcarriers and UEs [22,
24, 16]. Several late studies have focused on accelerat‑
ing this optimization using alternative methods at the ex‑
pense of sacriϐicing the performance, such as suboptimal
optimizations [1, 3, 28], or conϐiguring sets of contiguous
passive reϐlective elements with the same phase value to
decrease thenumber of variables to beoptimized [20, 21].
In addition, approaches based on RIS phase proϐile man‑
agement are lately being investigated [29, 30, 31], which
however still require certain estimations of channel pa‑
rameters and sweeping over the available phase conϐigu‑
rations.
Alternatively, random phase conϐigurations at the RIS
have been recently proposed [32, 33] in order to avoid
the channel estimation of each passive element of the
RIS and the complex optimization process. According to
this scheme, the RIS elements are randomly conϐigured
at each symbol period, and hence, the multiple links pro‑
duced provide a spatial diversity gain, and hence, the per‑
formance of the overall end‑to‑end link is improved. In
previous work [32, 33], only theoretical bounds of the
system in terms of outage probability and achievable rate
were provided for the downlink case, assuming that any
modulation and coding scheme can be applied. However,
if CDS is chosen to be deployed, reference signals will be
again needed to estimate the equivalent BS‑UE channel
and compute the pre‑coder/combiner at the BS, similar
to the case of massive MIMO.
The Non‑CDS (NCDS) is an alternative demodulation
scheme that does not require CSI, hence, it reduces the
undesirable signaling overhead and increases the effec‑
tive data rate of the communication system [34, 35, 36].
This scheme is realized with reduced complexity trans‑
mission and reception, which implies cheaper transceiver
hardware devices and lower latency for processing. Re‑

cently, NCDS has been combined with massive Multiple‑
Input Multiple‑Output (MIMO) systems [37, 38, 39, 40,
41, 42, 43], where it was shown to provide a signiϐicant
performance gain compared to CDS for some 5G challeng‑
ing scenarios, such as vehicular and low‑latency commu‑
nications. It was highlighted in [37, 38] that NCDS is
more robust than CDS for low Signal‑to‑Noise Ratio (SNR)
scenarios, where the latter scheme additionally suffers
from noisy channel estimates. In [39, 40, 41, 42, 43],
the use of differential Phase Shift Keying (PSK) [44] was
proposed. Those works showcased that this modulation
scheme is robust in very fast time‑varying channels, be‑
cause it only requires that the channel response is quasi‑
static over two contiguous symbols. Additionally, [40, 41,
42, 43] proved the superiority of NCDS over CDS in terms
of throughput, due to the fact that reference signals de‑
signed for channel tracking can be fully avoided.
To the best of our knowledge, anRIS‑empoweredwireless
communication scheme based on the combination of ran‑
dom phase rotations with NCDS have not been proposed
yet. On the one hand, the exploitation of the spatial diver‑
sity offered by the random phase conϐigurations circum‑
vents the requirement for the estimation of large channel
matrices involving the gains at the RIS elements aswell as
the complex RIS optimization process. On the other hand,
the NCDS can fully avoid the estimation of the resulting
channel between BS‑UE, and hence, reduce the complex‑
ity produced by computing the precoder/combiner at the
BS. Motivated by these facts, in this paper we propose
the novel combination of the latter technologies target‑
ing new broadband applications of 5G‑Advanced and 6G
systems, such as long‑range communications (low SNR
cases), vehicular communications (mobility scenarios),
and low‑latency communications. The main contribu‑
tions of this paper are summarized as follows:

• We present a RIS‑empowered Single‑Input Multiple‑
Output (SIMO) OFDM systemwith random phase ro‑
tations at the RIS and differential PSK modulation.
This combination requires neither channel estima‑
tion nor solving a non‑convex optimization problem.
Consequently, the channel training stage is no longer
required and the side link to control the RIS is re‑
moved, since its passive elements are randomly con‑
ϐigured. Hence, the proposed solution is not only able
to improve the efϐiciency of the system by exploiting
the spatial diversity producedby theRIS, but it is also
capable of reducing the processing complexity, espe‑
cially for broadbandmulti‑carrierwaveforms, hence,
enabling the massive deployment of RISs.

• The Signal‑to‑Interference‑plus‑Noise Ratio
(SINR), determining the useful signal over the
self‑interference and thermal noise terms, of the
proposed RIS‑empowered NCDS system is analyti‑
cally characterized over both an Independent and
Identically Distributed (IID) Rayleigh channel model
and a realistic geometric wideband channel model
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[45, 46, 47], including UE mobility, spatial correla‑
tions among closely located antenna elements and
temporal correlations channel samples.

• Capitalizing on the approach of [43], we derive ap‑
proximate analytical expressions for the Symbol Er‑
ror Probability (SEP) of the proposed system, when
operating under any of the two considered channel
models.

• Our simulation results verify the accuracy of the pre‑
sented analysis and highlight the superiority of the
proposed NCDS system over a relevant CDS one. The
inefϐiciency of the cascaded channel estimation for
the CDS system is numerically assessed using the 5G
numerology, which is an additional ϐigure of merit
to show its weakness as compared to the proposed
NCDS approach. Interestingly, the performance of
the proposed NCDS does not suffer from any perfor‑
mance penalization when low resolution quantiza‑
tion (even at 1 bit) is considered for the RIS phase
conϐigurations, unlike CDS.

The remainder of the paper is organized as follows. Sec‑
tion 2 introduces the system model and the two consid‑
ered channel models. Section 3 details the implementa‑
tion of the proposeddifferential PSK schemeandpresents
the analytical expressions for the SINR. Section 4 includes
the approximate SEP analysis and Section 5 discusses the
performance assessment results as compared to the CDS.
Finally, Section 6 concludes the paper.
Notation: Matrices, vectors, and scalar quantities are
denoted by boldface uppercase, boldface lowercase, and
normal letters, respectively. [A]𝑚𝑛 denotes the element
in the 𝑚‑th row and 𝑛‑th column of A, [A]∶,𝑛 is A’s 𝑛‑th
column, vmax(A) isA’s principal eigenvector, and [a]𝑛 rep‑
resents the 𝑛‑th element of a. diag (a) denotes a diag‑
onal matrix whose diagonal elements are formed by a’s
elements. ℜ(·) and ℑ(·) represent the real and imagi‑
nary part of a complex number, respectively, and 𝚥 is the
imaginary unit, while ∗ denotes the convolution opera‑
tion. ||·||2𝐹 denotes the squared Frobenius norm. |·| is the
absolute value. 𝔼 {·} represents the expected value of a
randomvariable and𝒞𝒩(0, 𝜎2) represents the circularly‑
symmetric and zero‑mean complex normal distribution
with variance 𝜎2.

2. SYSTEM AND CHANNEL MODELS
This section describes the considered mobile communi‑
cation link empowered by an RIS. In addition, the idealis‑
tic and realistic propagation channel models are detailed.

2.1 Considered mobile communication sce‑
nario

The considered mobile communication scenario com‑
prises a BS, an RIS, and a single‑antenna UE (see Fig. 1).
The BS is equipped with a Uniform Rectangular Array

BS

UE

��

�
�

�
�

��

� = ����

RIS

� =�
�
�
�

Link BS-RIS 

Link RIS-UE

Fig. 1 – The RIS‑empowered wireless communication link comprising
a multi‑antenna BS, a multi‑element passive RIS, and a single‑antenna
mobile UE.

(URA) consisting of𝐵 = 𝐵𝐻𝐵𝑉 antenna elements, where
𝐵𝐻 and 𝐵𝑉 denote the number of elements in the hor‑
izontal and vertical axes, respectively, and the distance
between any two contiguous elements in their respec‑
tive axes is given by 𝑑BS

𝐻 and 𝑑BS
𝑉 . Analogously to the BS,

the RIS is built by 𝑀 = 𝑀𝐻𝑀𝑉 fully passive reϐlecting
unit elements, whose respective distances between ele‑
ments are given by 𝑑RIS

𝐻 and 𝑑RIS
𝑉 . The UE is constrained

to have a single antenna element. Throughout the paper,
different numbers 𝐵 of antennas at the BS will be con‑
sidered; a small value for 𝐵 corresponds to a small and
low‑complexity BS, while a large 𝐵 indicates that the BS
is equipped with a massive MIMO array. On the other
hand, the number 𝑀 of passive elements at the RIS may
be extremely large due its low fabrication and operational
costs.
Regarding the signal propagation, it is assumed that a di‑
rect communication link between the BS and UE (BS‑UE)
is absent, due to the presence of blockages similar to [48,
49, 50]. Therefore, the communication between the BS
and UE must be established through the RIS, via the BS‑
RIS and RIS‑UE communication links. This work focuses
on the uplink case, where the UE transmits both refer‑
ence (if needed, e.g., in CDS) and data symbols to the BS
through the RIS. It is understood that other UEs may be
multiplexed in different orthogonal (time or frequency)
resources; this extension is left for future work. It is as‑
sumed that, at each communication frame, the UE trans‑
mits a frame of𝑁 contiguousOFDMsymbols of𝐾 subcar‑
riers each. In order to avoid the Inter‑Symbol and Inter‑
Carrier Interferences (ISI and ICI) due to the multipath,
the length 𝐿𝐶𝑃 of the cyclic preϐix must be long enough
to absorb the effective multipath produced by the cas‑
caded channel, namely the sum of the lengths of each of
the channel responses of both BS‑RIS and RIS‑UE chan‑
nels. The baseband representation of the received sig‑
nal y𝑘,𝑛 ∈ ℂ𝐵×1 at the BS in the 𝑘‑th subcarrier, with
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1 ≤ 𝑘 ≤ 𝐾 , and 𝑛‑th OFDM symbol, with 1 ≤ 𝑛 ≤ 𝑁 ,
is given by

y𝑘,𝑛 = q𝑘,𝑛𝑥𝑘,𝑛 + v𝑘,𝑛, (1)

where 𝑥𝑘,𝑛 ∈ ℂ denotes the symbol transmitted from the
UE at the 𝑘‑th subcarrier and 𝑛‑th OFDM symbol, whose
transmit power is 𝔼 {|𝑥|2} = 𝑃𝑥, v𝑘,𝑛 ∈ ℂ𝐵×1 represents
the Additive White Gaussian Noise (AWGN) vector which
is distributed as [v𝑘,𝑛]𝑏 ∼ 𝒞𝒩 (0, 𝜎2

𝑣), andq𝑘,𝑛 ∈ ℂ𝐵×1 is
the effective RIS‑empowered cascaded channel frequency
response, which can be decomposed for 1 ≤ 𝑘 ≤ 𝐾 and
1 ≤ 𝑛 ≤ 𝑁 as

q𝑘,𝑛 ≜ H𝑘,𝑛Ψ𝑛g𝑘,𝑛 =
𝑀

∑
𝑚=1

[𝝍𝑛]𝑚 [H𝑘,𝑛]∶,𝑚 [g𝑘,𝑛]𝑚 ,
(2)

where H𝑘,𝑛 ∈ ℂ𝐵×𝑀 is the channel frequency response
matrix between BS and RIS, g𝑘,𝑛 ∈ ℂ𝑀×1 accounts for the
channel frequency response vector between RIS and the
single UE of interest, and Ψ𝑛 ≜ diag (𝝍𝑛) ∈ ℂ𝑀×𝑀 is a
diagonal matrix accounting for the effective phase conϐig‑
urations applied by the passive reϐlecting elements of the
RIS at the 𝑛‑th OFDM symbol, where 𝝍𝑛 ∈ ℂ𝑀 is deϐined
as follows:

𝝍𝑛 ≜ [exp (𝚥𝜓𝑛,1) ⋯ exp (𝚥𝜓𝑛,𝑀)] , (3)

with 𝜓𝑛,𝑚 for 1 ≤ 𝑚 ≤ 𝑀 representing the phase shift of
the 𝑚‑th passive element of the RIS panel.

2.2 Independent and Identically Distributed
(IID) channel model

As a benchmark, we consider the case where the ele‑
ments of the channel frequency response for both links
(BS‑RIS and RIS‑UE) are IID. This channel model will be
used for the purpose of upper‑bounding the performance
of the proposed NCDS, and comparing it with a more re‑
alistic geometric wideband channel model. In this case,
the propagation channels (BS‑RIS and RIS‑UE) at the 𝑘‑th
subcarrier and 𝑛‑th OFDM symbol are modeled as

H𝑘,𝑛 ≜ √𝐿𝛼A𝑘,𝑛, [A𝑘,𝑛]𝑏𝑚 ∼ 𝒞𝒩 (0, 𝜎2
𝛼) , (4)

g𝑘,𝑛 ≜ √𝐿𝛽b𝑘,𝑛, [b𝑘,𝑛]𝑚 ∼ 𝒞𝒩 (0, 𝜎2
𝛽) , (5)

1 ≤ 𝑏 ≤ 𝐵, 1 ≤ 𝑚 ≤ 𝑀,

where 𝐿𝛼 and 𝐿𝛽 denote the large‑scale gains of the BS‑
RIS and RIS‑UE links, respectively, and A𝑘,𝑛 ∈ ℂ𝐵×𝑀 and
b𝑘,𝑛 ∈ ℂ𝑀×1 model the small‑scale fading for their re‑
spective channels, according to a Rayleigh distribution.
Hence, the average gain of each link is 𝜎2

ℎ = 𝐿𝛼𝜎2
𝛼 and

𝜎2
𝑔 = 𝐿𝛽𝜎2

𝛽, respectively.
Moreover, it is assumed that the channel between the BS
and RIS remains quasi‑static, while the channel between
the RIS and UE may suffer from time variability. The

temporal correlation is characterized by the Jake’s model
[rappa], and can be expressed as follows:

𝔼 {([g𝑘,𝑛]𝑚)∗ [g𝑘,𝑛′]𝑚} = ∣𝐽0 (2𝜋𝑓𝑑
Δ𝑛
Δ𝑓 (1 + 𝐿𝐶𝑃

𝐾 ))∣ ,
(6)

Δ𝑛 = 𝑛′−𝑛, 1 ≤ 𝑘 ≤ 𝐾, 1 ≤ 𝑛 ≤ 𝑁, 1 ≤ 𝑚 ≤ 𝑀,
where 𝐽0 (⋅) denotes the zero‑th order Bessel function of
the ϐirst kind [51], and 𝑓𝑑 and Δ𝑓 represent the Doppler
frequency shift experienced by the signal transmitted
from the UE and the distance between two contiguous
subcarriers, respectively, both measured in Hz.

2.3 Geometric wideband channel model
For amore realistic performance evaluation, the two links
(BS‑RIS and RIS‑UE) are characterized with a geometric
wideband model [45, 46, 47], made up of the superposi‑
tion of several separate clusters, where each of them has
a different value of delay and gain. Moreover, each clus‑
ter is comprised of a certain number of rayswith different
angles of arrival and departure. The delays and geomet‑
rical positions of each cluster/ray are typically character‑
ized by the Delay Spread and Angular Spread (DS and AS),
respectively. Each propagation model has its own deϐini‑
tion for the value of these parameters, the number of clus‑
ters/rays and how the delays and rays are distributed for
a given propagation environment. Then, given the infor‑
mation of these clusters/rays, the array steering vectors
of both transmitter and receiver are included tomodel the
spatial correlation due to the array responses. Therefore,
note that this channelmodel is able to account for the spa‑
tial correlation considering both the given antenna array
response of the BS and RIS, as well as the geometrical po‑
sitions of all clusters/rays.
In order to provide a realistic evaluation of the system,
the propagation channel model recommended for 5G [7]
is chosen, where it is assumed that all clusters have the
same number of rays and all the rays of a particular clus‑
ter have the samedelay and gain. The power‑delay proϐile
follows an exponential distribution whose standard devi‑
ation is the DS; the azimuth angles of arrival/departure
are modeled by a wrapped Gaussian distribution which
is characterized by the Azimuth angular Spread of Arrival
andAzimuth angular Spread of Departure (ASA andASD);
and the zenith angles of arrival/departure aremodeled by
a Laplacian distribution, also characterized by the Zenith
angular Spread of Arrival and Zenith angular Spread De‑
parture (ZSA and ZSD).
The channel response between the BS and RIS at the 𝑘‑th
subcarrier and 𝑛‑th OFDM symbol can be described as

H𝑘,𝑛 ≜ √𝐿𝛼

𝐶𝛼

∑
𝑐=1

𝑅𝛼

∑
𝑟=1

𝛼𝑐𝑟
𝑛 aBS (𝜙𝑐𝑟

𝑛 , 𝜃𝑐𝑟
𝑛 ) a𝐻

RIS (𝜑̄𝑐𝑟
𝑛 , ̄𝜗𝑐𝑟

𝑛 ) ×

× exp(−𝑗2𝜋
𝐾 (𝑘 − 1) 𝜏𝛼

𝑐
𝑛) , 𝛼𝑐𝑟

𝑛 ∼ 𝒞𝒩 (0, 𝜎2
𝛼,𝑐

𝑅𝛼
) ,

(7)
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where 𝐶𝛼 is the number of clusters, 𝑅𝛼 represents the
number of rays for each cluster, 𝜏𝛼

𝑐
𝑛 accounts for the delay

of the 𝑐‑th clustermeasured in samples,𝛼𝑐𝑟
𝑛 is the channel

coefϐicient for the 𝑐‑th cluster and 𝑟‑th ray, 𝜎2
𝛼,𝑐 is the av‑

erage gain of the 𝑐‑th cluster, and aBS (𝜙𝑐𝑟
𝑛 , 𝜃𝑐𝑟

𝑛 ) accounts
for the array steering vector at the BS, and its arguments
are the azimuth and elevation angles of arrival, respec‑
tively, for the 𝑐‑th cluster and 𝑟‑th ray. The steering vector
for the BS is given by

[a𝐵𝑆 (𝜙, 𝜃)]𝐵𝐻(𝑏𝑉 −1)+𝑏𝐻
=

exp(𝚥2𝜋
𝜆 (𝑏𝐻 − 1)𝑑BS

𝐻 sin (𝜃) cos (𝜙)) ×

exp(𝚥2𝜋
𝜆 (𝑏𝑉 − 1)𝑑BS

𝑉 sin (𝜃) sin (𝜙)) ,

1 ≤ 𝑏𝐻 ≤ 𝐵𝐻 , 1 ≤ 𝑏𝑉 ≤ 𝐵𝑉 ,

(8)

where 𝜆 is the wavelength. Similar to the BS,
aRIS (𝜑̄𝑐𝑟

𝑛 , ̄𝜗𝑐𝑟
𝑛 ) denotes the steering vector for the

RIS, and its arguments are the azimuth and elevation
angles of departure, respectively, for the 𝑐‑th cluster and
𝑟‑th ray. The expression for the steering vector is the
same as described in ((8)), replacing respectively the set
(𝐵𝐻 , 𝐵𝑉 , 𝑑BS

𝐻 , 𝑑BS
𝑉 ) by the set (𝑀𝐻 , 𝑀𝑉 , 𝑑RIS

𝐻 , 𝑑RIS
𝑉 ).

The channel response between the RIS and UE at the 𝑘‑th
subcarrier and 𝑛‑th OFDM symbol is given by

g𝑘,𝑛 ≜ √𝐿𝛽

𝐶𝛽

∑
𝑐=1

𝑅𝛽

∑
𝑟=1

𝛽𝑐𝑟
𝑛 aRIS (𝜑𝑐𝑟

𝑛 , 𝜗𝑐𝑟
𝑛 ) ×

× exp(−𝑗2𝜋
𝐾 (𝑘 − 1) 𝜏𝛽

𝑐
𝑛) , 𝛽𝑐𝑟

𝑛 ∼ 𝒞𝒩 (0,
𝜎2

𝛽,𝑐
𝑅𝛽

) ,

(9)

where 𝐶𝛽 is the number of clusters, 𝑅𝛽 represents the
number of rays for each cluster, 𝜏𝛽

𝑐
𝑛 accounts for the delay

of the 𝑐‑th clustermeasured in samples,𝛼𝑐𝑟
𝑛 is the channel

coefϐicient for the 𝑐‑th cluster and 𝑟‑th ray, 𝜎2
𝛽,𝑐 is the av‑

erage gain of the 𝑐‑th cluster, aRIS (𝜑𝑐𝑟
𝑛 , 𝜗𝑐𝑟

𝑛 ) accounts for
the array steering vector at the RIS, and its arguments are
the azimuth and elevation angles of arrival, respectively,
for the 𝑐‑th cluster and 𝑟‑th ray. Hence, similar to the IID
channel model, the average gain of each link can be de‑
ϐined as

𝜎2
ℎ = 𝐿𝛼

𝐶𝛼

∑
𝑐=1

𝜎2
𝛼,𝑐, 𝜎2

𝑔 = 𝐿𝛽

𝐶𝛽

∑
𝑐=1

𝜎2
𝛽,𝑐. (10)

Similar to the IID channel model case, the link between
RIS and the UE of interest may suffer from a Doppler shift
due to the mobility also charaterized by ((6)), while the
link between BS and RIS is assumed to be quasi‑static.

3. PROPOSED RIS‑EMPOWERED SYSTEM
BASED ON NCDS WITH DIFFERENTIAL
MODULATION

Different work in the literature has proposed the classical
CDS to exploit the RIS‑empowered communication link.

However, aswementioned, it requires long channel train‑
ing and very complex optimization processes, while the
former is aiming to obtain the CSI for each passive ele‑
ment of the RIS per UE, and the latter is in charge of get‑
ting the best phase conϐiguration at the RIS and the pre‑
coder/combiner at the BS. In order avoid these inefϐicien‑
cies, this work proposes to replace the classical CDS by an
NCDS based on differential modulation, and it also makes
use of random phase rotations at the RIS in order to ex‑
ploit the spatial diversity [52]. This approach does not re‑
quire training‑based channel estimation in order to per‑
form the demodulation and decision, as shown in [39, 40,
41, 42, 43]. Besides, the complex optimization processes
are also skipped since the RIS are randomly conϐigured
[52].

3.1 Differential encoding and decoding
At the UE, the data symbols are differentially encoded in
the time domain before their transmission as:

𝑥𝑘,𝑛 = { 𝑠𝑘,𝑛, 𝑛 = 1
𝑥𝑘,𝑛−1𝑠𝑘,𝑛, 2 ≤ 𝑛 ≤ 𝑁 , 1 ≤ 𝑘 ≤ 𝐾. (11)

where 𝑠𝑘,𝑛 denotes the complex symbol to be transmit‑
ted at the 𝑘‑th subcarrier and 𝑛‑th OFDM symbol, that be‑
longs to a PSK constellation and its power is normalized
(i.e., ∣𝑠𝑘,𝑛∣2 = 1). Note that the differential modulation
only requires a single reference symbol 𝑠𝑘,1 at the begin‑
ning of the burst in order to allow the differential demod‑
ulation, which represents a negligible overhead. The dif‑
ferential modulation can be also implemented in the fre‑
quency domain with the same performance [40]. Before
data transmission, the power of differential symbols 𝑥𝑛

𝑘 is
scaled according to 𝑃𝑥.
Given ((1)), the BS performs the differential decoding as

𝑧𝑘,𝑛 = 1
𝑀𝐵 (y𝑘

𝑛−1)𝐻
y𝑘,𝑛 = 1

𝑀𝐵
4

∑
𝑖=1

𝐼𝑖, (12)

2 ≤ 𝑛 ≤ 𝑁, 1 ≤ 𝑘 ≤ 𝐾,
𝐼1 = (q𝑘

𝑛−1)𝐻
q𝑘,𝑛𝑠𝑘,𝑛, 𝐼2 = (q𝑘

𝑛−1𝑥𝑘
𝑛−1)𝐻

v𝑘,𝑛, (13)

𝐼3 = (v𝑘
𝑛−1)𝐻

q𝑘,𝑛𝑥𝑘,𝑛, 𝐼4 = (v𝑘
𝑛−1)𝐻

v𝑘,𝑛, (14)

where 𝐼1 includes the useful symbol 𝑠𝑘,𝑛 to be decided,
however, it is polluted by the effective RIS‑empowered
cascaded channel. In addition, 𝐼2 and 𝐼3 represent the
cross‑interference terms produced by the noise and the
received differential symbol in two time instants, while 𝐼4
is exclusively produced by the product of the noise in two
instants. The symbol decision is performed over the vari‑
able 𝑧𝑘,𝑛 in (12). Note that the proposed NCDS does not
require obtaining the CSI, and hence, the undesirable cas‑
caded channel sounding task can be avoided. To this end,
in this paper, we consider any random conϐiguration Ψ𝑛
such that 𝜓𝑛,𝑚 ∼ 𝒰 [0, 2𝜋] for the RIS passive elements,
avoiding the overhead to solve any complex optimization
problem and then feed back the optimized parameters to
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the RIS, as in the baseline CDS case. Note that Ψn can
be randomly set for each OFDM symbol without any re‑
striction (unlike in CDS), however, the continuous conϐig‑
uration of the RIS may unnecessarily increase the energy
and/or resource consumption. Hence, it is recommended
to update these phase conϐigurations at each data frame
(e.g. every 𝑁 OFDM symbols). It will be shown in the
performance evaluation results that the proposed NCDS‑
based approach provides substantial gains over the base‑
line CDS, both in terms of computational complexity and
achievable performance.

3.2 Analysis of the SINR for the IID channel
model

According to (12)‑(14), there are interference and noise
terms produced by the differential decoding. The re‑
ceived symbol 𝑧𝑘,𝑛 shouldbe compared to the transmitted
symbol 𝑠𝑘,𝑛 in order to characterize these undesirable ef‑
fects, which can be expressed as

𝔼 {∣𝜎2
ℎ𝜎2

𝑔𝑠𝑘,𝑛 − 𝑧𝑘,𝑛∣2} = 𝜎4
ℎ𝜎4

𝑔𝑃 2
𝑥 + 𝔼 {∣𝑧𝑘,𝑛∣2} −

− 2𝜎2
ℎ𝜎2

𝑔ℜ {𝔼 {(𝑠𝑘,𝑛)𝐻 𝑧𝑘,𝑛}} ,
(15)

where the expectation is performed over the subcarriers
and OFDM symbols. According to [42], the four terms
given in (13) and (14) are statistically independent due to
the fact that the channel frequency response, noise, and
symbols are independent randomvariables, and the noise
samples between two time instants are also independent.
Hence, the two terms in ((15)) can be simpliϐied as

𝔼 {∣𝑧𝑘,𝑛∣2} = 1
𝑀2𝐵2

4
∑
𝑖=1

𝔼 {|𝐼𝑖|
2} , (16)

𝔼 {(𝑠𝑘,𝑛)𝐻 𝑧𝑘,𝑛} = 1
𝑀𝐵 𝔼 {(𝑠𝑘,𝑛)𝐻 𝐼1} , (17)

and the SINR of the proposed NCDS approach, which is
denoted by 𝜌iid, can be deϐined as

1
𝜌iid

=1 + 1
𝑀2𝐵2𝜎4

ℎ𝜎4𝑔𝑃 2𝑥

4
∑
𝑖=1

𝔼 {|𝐼𝑖|
2} −

− 2
𝑀𝐵𝜎2

ℎ𝜎2𝑔𝑃 2𝑥
ℜ {𝔼 {(𝑠𝑘,𝑛)𝐻 𝐼1}} .

(18)

Assuming the IID Rayleigh channel model, each of the ex‑
pected values in (18) can be expressed as:

𝔼 {(𝑠𝑘,𝑛)𝐻 𝐼1} = 𝑃 2
𝑥 𝐵𝜎2

ℎ𝑀𝜎2
𝑔, 𝔼 {|𝐼4|2} = 𝐵𝜎4

𝑣,
(19)

𝔼 {|𝐼1|2} = 𝑃 2
𝑥 (1 + 𝐵)𝐵𝜎4

ℎ(1 + 𝑀)𝑀𝜎4
𝑔, (20)

𝔼 {|𝐼2|2} = 𝔼 {|𝐼3|2} = 𝜎2
𝑣𝑃𝑥𝐵𝜎2

ℎ𝑀𝜎2
𝑔. (21)

Substituting (19)‑(21) into (18), yields the following ex‑
pression for the SINR of the proposed NCDS approach:

𝜌iid = 𝑀𝐵
𝐵 + 𝑀 + 1 + 2𝜎2𝑣

𝜎2
ℎ𝜎2𝑔𝑃𝑥

+ 𝜎4𝑣
𝜎4

ℎ𝜎4𝑔𝑃 2𝑥 𝑀
, (22)

which indicates that not only the number 𝐵 of the BS an‑
tennas improves the system performance, but also the
number 𝑀 of the RIS passive elements helps to reduce
the interference and noise terms, by providing an addi‑
tional spatial diversity gain. Consequently, the RIS is able
to improve the overall performance of the system. Fur‑
thermore, as clearly indicated from the numerator of (22),
the performance of the system will be high, even though
thenumberof antennas (𝐵) and/or thenumberof passive
elements of theRIS (𝑀) arenot very large, since these val‑
ues are multiplied.

3.3 Analysis of the SINR for the geometric
wideband channel model

Similar to the previous subsection, each of the expected
values in (18) for the geometric wideband channel model
are as follows:

𝔼 {|𝐼1|2} = 𝑃 2
𝑥 𝑄4, 𝔼 {(𝑠𝑘,𝑛)𝐻 𝐼1} = 𝑃 2

𝑥 𝑄2, (23)

𝔼 {|𝐼2|2} = 𝔼 {|𝐼3|2} = 𝑃𝑥𝜎2
𝑣𝑄2 (24)

where the terms 𝑄4 and 𝑄2 are deϐined as

𝑄4 ≜ 4𝐿2
𝛼𝐿2

𝛽

×
𝐶𝛼

∑
𝑐𝛼=1

𝜎4
𝛼𝑐

𝑅2𝛼

𝑅𝛼

∑
𝑟𝛼=1

𝐶𝛽

∑
𝑐𝛽=1

𝜎4
𝛽𝑐

𝑅2
𝛽

𝑅𝛽

∑
𝑟𝛽=1

𝔼 {∣ã𝑛 (𝑐𝛽, 𝑟𝛽, 𝑐𝛼𝑟𝛼)∣4} ,

(25)

𝑄2 ≜ 𝐿𝛼𝐿𝛽

×
𝐶𝛼

∑
𝑐𝛼=1

𝜎2
𝛼𝑐

𝑅𝛼

𝑅𝛼

∑
𝑟𝛼=1

𝐶𝛽

∑
𝑐𝛽=1

𝜎2
𝛽𝑐

𝑅𝛽

𝑅𝛽

∑
𝑟𝛽=1

𝔼 {∣ã𝑛 (𝑐𝛽, 𝑟𝛽, 𝑐𝛼𝑟𝛼)∣2} ,

(26)

and ã𝑛 (𝑐𝛽, 𝑟𝛽, 𝑐𝛼𝑟𝛼) denotes the joint spatial correlation
of the BS and RIS.
When comparing (23)‑(26)with (19)‑(21) it turns out that
the spatial correlation is upper bounded by the IID case
as:

𝔼 {∣ã𝑛 (𝑐𝛽, 𝑟𝛽, 𝑐𝛼𝑟𝛼)∣2}
𝑀𝐵 ≤ 1, (27)

4𝔼 {∣ã𝑛 (𝑐𝛽, 𝑟𝛽, 𝑐𝛼𝑟𝛼)∣4}
𝑀2𝐵2 ≤ 1 + 𝐵 + 𝑀 + 1

𝑀𝐵 . (28)

Substituting (23)‑(26) in (18), the SINR is obtained as
1

𝜌geo
= 1 + 𝑄4

𝑀2𝐵2𝜎4
ℎ𝜎4𝑔

− 2𝑄2
𝑀𝐵𝜎2

ℎ𝜎2𝑔
+

+ 1
𝑀2𝐵2𝜎4

ℎ𝜎4𝑔
(2𝑄2𝜎2

𝑣
𝑃𝑥

+ 𝐵𝜎4
𝑣) ≥ 1

𝜌iid
.

(29)
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Obviously, the spatial correlation of the antennas at theBS
and the RIS passive elements is limiting the performance
of the system for this geometric wideband channel model
as compared to the IID case. Again, similar to (22), both
the number of antennas at the BS (𝐵) and the number
of passive elements (𝑀) are contributing to enhance the
SINR in (29).

4. ERROR PROBABILITY AND COMPLEXITY
ANALYSES

In this section, we ϐirst present analytical expressions
for the SEP performance of the proposed RIS‑empowered
communication system that is based on NCDS. Then, the
complexities of the proposed NCDS system and the base‑
line CDS, as detailed in Section 3, are discussed.

4.1 Symbol Error Probability (SEP) analysis
The analysis of an approximated SEP is given in this sec‑
tion to characterize the performance of the proposed
NCDS. Reference [43] has provided an asymptotic anal‑
ysis for this purpose assuming that the number of the an‑
tennas at the BS is very large and assuming only an IID
channel model. Therein, the Probability Density Function
(PDF) of the decision variable 𝑧𝑘,𝑛 is approximated as a
complex normal distribution. However, this approxima‑
tion is not very realistic when the number of BS antennas
is not large.
Taking into account the analytical expressions for 𝐼1, 𝐼2,
𝐼3, and 𝐼4 given in (13) and (14), it holds that the ϐirst
term depends only on the channel and it is a real random
variable, while the rest of the terms depend on the noise
and they are complex random variables. Hence, the PDF
of 𝑧𝑘,𝑛 can be approximated as

𝑓𝑧𝑘,𝑛
(𝑢, 𝑣) ≈ 𝑓𝐼1

(𝑢) ∗ 𝑓𝐼2,𝐼3,𝐼4
(𝑢, 𝑣), (30)

where 𝑓𝐼1
(𝑢) is the PDF of 𝐼1, 𝑓𝐼2,𝐼3,𝐼4

(𝑢, 𝑣) is the joint
PDF of 𝐼2, 𝐼3 and 𝐼4, and the variables 𝑢 and 𝑣 correspond
to the real and imaginary parts of 𝑧𝑘,𝑛, respectively. As
shown in [43], the latter joint PDF can be accurately ap‑
proximated by a zero‑mean complex normal distribution
with variance

𝜎2
𝑠 =

4
∑
𝑖=2

𝔼 {|𝐼𝑖|
2} = 𝐵𝜎2

𝑣 (𝜎2
𝑣 + 2𝑃𝑥𝜎2

ℎ𝑀𝜎2
𝑔) , (31)

while the PDF expression 𝑓𝐼1
(𝑢) depends on the chosen

propagation channel model.
For the IID channel model, the scalar product
(q𝑘

𝑛−1)𝐻
q𝑘,𝑛 is a sum of 𝐵 statistically independent

terms (due to the lack of spatial correlation), where each
term’s distribution can be accurately approximated by
𝒩 (0, 𝔼 {|𝐼1|2}) when 𝑀 is large enough; this holds
from the Central Limit Theorem (CLT) [clt]. Hence, the
PDF of the term 𝐼1 can be approximated by

𝑓𝐼1
(𝑢) ≈ Γ (𝐵, 𝔼 {|𝐼1|2})

= Γ (𝐵, 𝑃 2
𝑥 (1 + 𝐵)𝐵𝜎4

ℎ(1 + 𝑀)𝑀𝜎4
𝑔) .

(32)

Table 1 – Complexity comparison between the proposed NCDS and the
considered baseline CDS

System Opt.
Complexity

Total Num. of
Complex Products

CDS [53] 𝒪 (𝑅𝑡(𝐵3 + 𝑀)𝐾) 𝐵𝐾
NCDS − (𝐵 + 1)(𝐾 − 1)

On the other hand, for the case of the geometricwideband
channel model, there exists spatial correlation among the
BS antenna elements and the RIS passive elements. By as‑
suming that the number of clusters/rays is large enough,
thus the CLT holds, 𝑓𝐼1

(𝑢) can be approximated by a zero‑
meannormal distributionwith variance𝔼 {|𝐼1|2}. There‑
fore, (30) can be approximated by a zero‑mean normal
distribution with variance 𝜎2

𝑧 , which can be derived as

𝜎2
𝑧 =𝑃 2

𝑥 (1 + 𝐵)𝐵𝜎4
ℎ(1 + 𝑀)𝑀𝜎4

𝑔
+ 𝐵𝜎2

𝑣 (𝜎2
𝑣 + 2𝑃𝑥𝜎2

ℎ𝑀𝜎2
𝑔) . (33)

The SEP of the decision variable 𝑧𝑘,𝑛 for the 𝑘‑th subcar‑
rier of each 𝑛‑th OFDM symbol, assuming without loss of
generality that the transmitted symbol is 𝑠𝑘,𝑛 = 1, can be
computed from the following double‑integral

𝑃𝑒 = 1 − ∫
∞

0
∫

𝒟𝑢

𝑓𝑧𝑘,𝑛
(𝑢, 𝑣)d𝑣d𝑢,

𝒟𝑢 ∈ 𝑢 tan( 𝜋
𝑀𝑞

) [−1, 1],
(34)

where 𝒟𝑢 denotes the decision region for the particular
symbol of interest and 𝑀𝑞 is the number of the symbols
in the PSK constellation. Since (34) is hard, if not impos‑
sible, to be expressed in a closed form, it will be evaluated
numerically in the next performance assessment section.

4.2 Complexity analysis
The complexity evaluation for both CDS and NCDS before
detection are summarized in Table 1. The proposedNCDS
does not require solving any complex optimization prob‑
lem, since we consider a random phase conϐiguration for
the RIS. For the differential encoding, the transmitter (i.e.,
the UE) requires 𝐾 − 1 complex products at each OFDM
symbol, where the receiver (i.e., BS) needs the same num‑
ber of complex products for the differential decoding at
each RF chain before the symbol decision [41], resulting
in the total of 𝐵(𝐾 − 1) products.
On the contrary, the CDS not only requires complex prod‑
ucts for performing the post‑coding, but it also requires
solving the optimization problem for the BS combining
vector and theRIS phase conϐiguration. Different subopti‑
mal methods can be proposed to avoid the complexity is‑
sue, at the expense of decreasing the overall performance.
In order to constrain the complexity, the considered base‑
line CDS implements the iterative method of [53], whose
complexity linearly scaleswith the number of algorithmic
iterations required iterations, 𝑅𝑡, the number 𝑀 of RIS
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Table 2 – Simulation parameters

BS loc. (0,0,3) 𝐟𝐜 3.5 GHz ASD 7o, 30o
RIS loc. (3,0,3) 𝚫𝐟 30 KHz ASA 12o, 50o
UE loc. (6,1,1) 𝐊 1024 ZSD 25o, 130o

𝐋𝜶 ‑48 dB 𝝈𝟐
𝐯 ‑116 dBW ZSA 30o, 150o

𝐋𝜷 ‑59 dB 𝐍 140 symb. DS 0.15 ms

passive elements, and the number 𝐾 of OFDM subcarri‑
ers. It is noted that the CDS complexity increases severely
with thenumberofBS antennas (it dependson𝐵3), which
indicates that a massive MIMO BS is not recommended in
RIS‑empowered systems based on CDS.

5. PERFORMANCE EVALUATION RESULTS
In this section, several numerical results are provided in
order to show the performance of the proposed NCDS, as
compared to the considered baseline CDS, and the accu‑
racy of the analytical results. A summary of the simu‑
lation parameters is provided in Table 2, the location of
each network node is given by the Cartesian coordinates
(𝑥, 𝑦, 𝑧) measured in meters, and 𝑓𝑐 denotes the carrier
frequency. The channel propagation model adopted for
the simulation results corresponds to the 3GPP factory
scenario of size (60m,120m,3m), with the goal to evaluate
the 5G performance [7]. The DS and ASwere set the same
values for both BS‑RIS and RIS‑UE channel links. More‑
over, we have considered two values for each AS, where
the lower values are denoted as the lowAS scenario, while
the higher values refer to the high AS scenario. Regard‑
ing the phase conϐigurations for NCDS, these values are
randomly chosen and set to the RIS for each frame (𝑁
contiguous OFDM symbols), regardless of the coherence
time.

5.1 Baseline RIS‑empowered system based on
CDS

Wedetail the consideredbaselineRIS‑empowered system
that is based on conventional CDS. The performance of
this reference system will be compared with that based
on the proposed NCDS, which will be presented in the fol‑
lowing section. According to [20, 21, 18, 22], in order
to be able to fully exploit the beneϐits of the RIS, the sys‑
tem requires performing a channel training stage before
the data transmission stage. This channel training stage
mainly consists of three tasks: cascaded channel sound‑
ing, optimization for the desired RIS conϐiguration, and
parameter feedback. Moreover, in most of the previous
works [1, 4, 3, 25, 54, 53], it has been assumed for the
purpose of CDS for the RIS‑empowered link that the co‑
herence time (𝑇𝑐), is always long enough so that the du‑
ration of channel training does not penalize the duration
of the data transmission stage. However, even with low
mobility, the cascaded channel will suffer from a certain
time variability and its estimation must be periodically
updated. Consequently, the pre‑coder/combiner and RIS
phase conϐiguration need to be updated accordingly.

In order to take into account the inefϐiciency produced by
the channel training stage, it is assumed that the data rate
penalty due to channel sounding is lower‑boundedby tak‑
ing only into account the channel sounding time, since the
feedback time is typically assumed to be negligible, and
the optimization time is difϐicult to quantify due to the fact
that the time required for solving the design optimization
problem depends on the chosen numerical method and
the amount of resources assigned for this task. Following
[rappa], the coherence timemeasured in seconds is given
by𝑇𝑐 = 0.423/𝑓𝑑 and the coherence timemeasured in the
number of OFDM symbols, 𝑁𝑐, can be computed as

𝑁𝑐 = Δ𝑓
𝑓𝑑

0.423𝐾
𝐾 + 𝐿𝐶𝑃

. (35)

The effective transmitted power at the UE can be deϐined
as 𝑃 eff

𝑥 ≜ 𝑃𝑥
𝜂𝑐
, where 𝜂𝑐 represents the efϐiciency factor

that takes into account the coherence time and the num‑
ber of RIS passive elements to be sounded. This efϐiciency
factor is given by

𝜂𝑐 ≜ 1 − 𝑇𝑟
𝑇𝑐

≤ 1 − 𝑀
𝑁𝑐

, (36)

where𝑇𝑟 is the period of timedevoted for channel estima‑
tion. According to [25], the time and/or power resources
devoted for performing the cascaded channel sounding
are penalizing the overall performance of the system.

5.2 Veriϐication of the analysis for the pro‑
posed NCDS

Fig. 2 illustrates the SINRperformance as a function of the
UE transmit power𝑃𝑥 in dBWof the proposed NCDSwith
8‑DPSK for both the IID Rayleigh and the geometric wide‑
band channel models, considering 𝐵 = 2 × 2 antennas
at the BS and different values 𝑀 for the number of RIS
passive elements. As clearly shown, the performance for
the IID channel model corresponds to the best case for all
simulated 𝑀 values. On the other hand, for the particular
case of a geometric wideband channel, the performance
depends on the spatial correlation. When the angular po‑
sitions of the clusters/rays are separated (i.e., high AS),
the performance is better compared to the low AS case.
Evidently, the improvement becomes even better for high
numbers of 𝑀 . It is also shown in this ϐigure that the
SINR analysis given in (22) and (29), shown with black
solid lines, accurately characterizes the RIS‑empowered
system performance.
The SEP of 4‑DPSK modulation for the proposed NCDS is
demonstrated in Fig. 3 for both considered channel mod‑
els with 𝐵 = 4 × 4, high AS, and different values for 𝑀 .
Note that a symbol‑by‑symbol detection is performed af‑
ter the differential decoder. The conclusions regarding
this performance follow the trends of Fig. 2. A larger value
for 𝑀 (i.e., an RIS with more passive elements) results in
improved performance and the IID channel yields better
performance than the geometric one. The approximated
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Fig. 2 – SINR performance in dB of the proposed NCDS for the IID
Rayleigh and the geometric wideband channel models for various val‑
ues 𝑀 of the RIS passive elements, AS, and for 𝐵 = 2 × 2 BS antenna
elements.

SEP provided by Section 4.1 is also plotted in the ϐigure,
showcasing that the analysis is accurate enough. Further‑
more, for the particular case of the IID channel model, the
proposed approximation is better than the one given in
[43].

5.3 Evaluation of the efϐiciency factor for the
baseline CDS

The efϐiciency factor for the considered baseline CDS, as
deϐined in ((36)), is evaluated considering the parameters
given in Table 2, which are taken from the 5G numerol‑
ogy [7]. The CSI of the cascaded channel is obtained hy‑
pothetically assuming that the ϐirst𝑀 OFDM symbols out
of 𝑁𝑐 (coherence time) are exclusively devoted for refer‑
ence signal transmission. This is a larger overhead than
supported in the 5G standard, but, as explained in Sec‑
tion 5.1, it is the minimum that allows a CDS‑based RIS.
In Table 3, the efϐiciency factor is numerically evaluated
for various values 𝑀 of the number of the RIS passive el‑
ements and UE speeds according to (36). As indicated, an
RIS equippedwith large numbers of elements can be only
applied in scenarios without or with very low mobility,
while an RIS with small numbers of elements can be ex‑
ploited in scenarios with some mobility. It is noted that
the exploitation of an RIS with large 𝑀 values using CDS
will also have a negative impact on the system complexity.

5.4 Performance comparisons between NCDS
and CDS

The SEP performance comparison between the proposed
NCDS and the considered baseline CDS for 4‑DPSK and
QPSK modulations, respectively, and using a geometric
wideband channel with low AS is illustrated in Fig. 4. To
perform a fair comparison between the two schemes, we
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Fig. 3 – SEP performance of the proposed NCDSwith 4‑DPSK for the IID
Rayleigh and the geometric wideband channel models. Various values
𝑀 for the RIS passive elements, 𝐵 = 4 × 4 BS antennas, as well as high
AS (ASD=30o , ASA=50o , ZSD=130o , and ZSA=150o) have been consid‑
ered.

have deϐined the efϐiciency factor as follows

𝜂 = { 1, NCDS
𝜂𝑐, CDS . (37)

This highlights that the proposed NCDS does not suffer
any penalization (unlike CDS). Also, it can be deployed at
any mobility scenario, exploiting the fact that the differ‑
ential modulation can be implemented in the frequency
dimension, as shown in [40, 41, 43]. As also concluded
from Table 3, the proposed NCDS signiϐicantly outper‑
forms CDS for large 𝑀 values for the number of RIS pas‑
sive elements. Moreover, even for the small 𝑀 values, the
NCDS outperforms CDS, due to the fact that the latter is
not able to obtain accurate channel estimates due to the
presence of noise (MSE=𝜎2

𝑣). This happens because the
UE’s transmit power is in general limited, as also are the
amount of resources that can be devoted for CSI estima‑
tion while maintaining a reasonable efϐiciency.

5.5 Enabling practical large RIS with NCDS
The SEP of the proposed NCDS with 2‑DPSK signaling is
depicted in Fig. 5 for different values 𝑀 for the number
of RIS elements and 𝐵 for the the BS antennas, and using
a geometric wideband channel model with high AS. It is
shown that if any of 𝐵 and 𝑀 increases, the NCDS perfor‑
mance improves. It is also evident from the two sets of
results with the same 𝑀𝐵 product each that, it is prefer‑
able to have a larger 𝑀 value rather than increasing 𝐵.
Recall that in the proposed NDCS, the RIS phase conϐigu‑
rations are randomly chosen, and a higher number 𝑀 of
RIS elements will increase the probability to adequately
reϐlect the signal from the UE to BS.
In practical RIS implementations [4, 28], the phase con‑
ϐigurations are constrained to ϐinite sets, since the phase
resolution of each RIS element is of the order of a few
bits. In Fig. 5, we also consider one‑bit quantization of
the random phase conϐiguration per data frame, i.e., the
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Table 3 – Efϐiciency factor for the baseline CDS

3 km/h 10 km/h 20 km/h 30 km/h 40 km/h
𝐌 = 𝟏𝟔 0.9738 0.9126 0.8242 0.7377 0.6522
𝐌 = 𝟑𝟐 0.9475 0.8251 0.6484 0.4754 0.3043
𝐌 = 𝟔𝟒 0.8951 0.6503 0.2967 0 0

𝐌 = 𝟏𝟐𝟖 0.7902 0.3005 0 0 0
𝐌 = 𝟐𝟓𝟔 0.5803 0 0 0 0
𝐌 = 𝟓𝟏𝟐 0.1607 0 0 0 0

𝐌 = 𝟏𝟎𝟐𝟒 0 0 0 0 0
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Fig. 4 – SEP performance comparison between the proposed NCDS and
the baseline CDS for 4‑DPSK and QPSK, respectively, various numbers
𝑀 for the RIS elements, 𝐵 = 2 × 2 BS antennas, and using a geometric
wideband channelmodel with lowAS (ASD=7o , ASA=12o , ZSD=25o , and
ZSA=30o).

phase conϐigurations are randomly obtained from the set
of predeϐined phases (𝜓𝑛1,𝑚 = 𝜓𝑛2,𝑚 ∈ 𝒜 = {0, 𝜋},
1 ≤ 𝑛1, 𝑛2 ≤ 𝑁). It can be seen, that this quantiza‑
tion does not affect the NCDS performance, due to the fact
that the proposed scheme combines non‑coherently all
received signals from theRIS, andneither channel estima‑
tion nor phase conϐiguration optimization are required.

6. CONCLUSIONS

This paper presented an NCDS based on differential
decoding combined with random RIS phase conϐigura‑
tions, as an appealing communication scheme for RIS‑
empowered OFDM wireless systems. The proposed
scheme is able to transmit data symbols avoiding any
channel training stage, where neither reference signals
nor the requirement for solving complex design opti‑
mization problems for both the BS and RIS parameters
are needed. The proposed NCDS with the random RIS
phase rotations enables the advantages offered by RISs
with massive numbers of elements, as well as supporting
medium/high mobility and/or low‑SNR scenarios.
The proposed method was shown to be simple, yet ef‑
fective, as compared to classical RIS‑empowered systems
based on CDS. In contrast to that conventional modula‑
tion scheme, the presented analysis of the SINR and SEP

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0
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10-4

10-3

10-2

S
E

P

B = 5  5, M = 20  20
B = 10  10, M = 10  10
B = 4  4, M = 16  16
B = 8  8, M = 8  8
One bit quantization

Fig. 5 – SEP performance of the proposed NCDS with 4‑DPSK for differ‑
ent values 𝑀 for the RIS elements and 𝐵 for the the BS antennas, using
a geometric wideband channel model with high AS (ASD=30o , ASA=50o ,
ZSD=130o , and ZSA=150o). Both random RIS phase conϐigurations and
their one‑bit quantizations have been simulated.

for both IID Rayleigh and a geometric wideband channel
model revealed that, the NCDS‑based performance is not
only improved with increasing the number of BS anten‑
nas, but it can be strongly boosted when the number of
the RIS unit elements is large. This trend was shown to
be present irrespective of the possible low‑phase resolu‑
tion of RIS elements, which actually represent the major‑
ity of the available RIS hardware implementations. For fu‑
ture work, we intend to devise NCDS for RIS‑empowered
multiuser MISO OFDM communications and study opti‑
mized RIS phase conϐigurations, in place of the random
ones, with the goal to improve further the achievable per‑
formance, while avoiding time‑consuming complex opti‑
mizations and communication of training symbols.
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