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Channel Estimation for RIS Assisted Wireless Communications—Part I:
Fundamentals, Solutions, and Future Opportunities

Xiuhong Wei , Decai Shen , and Linglong Dai

(Invited Paper)

Abstract— The reconfigurable intelligent surface (RIS) with
low hardware cost and energy consumption has been recognized
as a potential technique for future 6G communications to enhance
coverage and capacity. To achieve this goal, accurate channel
state information (CSI) in RIS assisted wireless communication
system is essential for the joint beamforming at the base station
(BS) and the RIS. However, channel estimation is challenging,
since a large number of passive RIS elements cannot transmit,
receive, or process signals. In the first part of this invited paper,
we provide an overview of the fundamentals, solutions, and future
opportunities of channel estimation in the RIS assisted wireless
communication system. It is noted that a new channel estimation
scheme with low pilot overhead will be provided in the second
part of this letter.

Index Terms— Reconfigurable intelligent surface (RIS),
wireless communication, channel estimation.

I. INTRODUCTION

RECENTLY, reconfigurable intelligent surface (RIS) has
been proposed to enhance the coverage and capacity

of the wireless communication system with low hardware
cost and energy consumption [1]. In general, RIS consist-
ing of massive passive low-cost elements can be deployed
to establish extra links between the base station (BS) and
users. By reconfiguring these RIS elements according to the
surrounding environment, RIS can provide high beamforming
gain [2]. The reliable beamforming requires accurate channel
state information (CSI). Hence, it is essential to develop
accurate channel estimation schemes for the RIS assisted
wireless communication system [3].

Although channel estimation has been widely studied in
the conventional wireless communication system, there are
two main obstacles for conventional schemes to be directly
applied in the RIS assisted system [4]. Firstly, all RIS elements
are passive, which cannot transmit, receive, or process any
pilot signals to realize channel estimation. Secondly, since an
RIS usually consists of hundreds of elements, the dimension
of channels to be estimated is much larger than that in
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Fig. 1. An example of RIS assisted wireless communication system.

conventional systems, which will result in a sharp increase of
the pilot overhead for channel estimation. Therefore, channel
estimation is a key challenge in the RIS assisted system, which
will be investigated in this invited paper composed of two
parts.

In the first part, we provide an overview of the funda-
mentals, solutions, and future opportunities of channel esti-
mation in the RIS assisted wireless communication system.
Firstly, the fundamentals of channel estimation are explained
in Section II. Then, in Section III, we discuss and compare
three types of overhead-reduced channel estimation solutions
that exploit the two-timescale channel property, the multi-user
correlation, and the channel sparsity, respectively. After that,
we point out key challenges and the corresponding future
opportunities about channel estimation in the RIS assisted
system in Section IV. Finally, some conclusions are drawn
in Section V.

Notation: Lower-case and upper-case boldface letters a and
A denote a vector and a matrix, respectively; AT and AH

denote the transpose and conjugate transpose of matrix A,
respectively; �a� denotes the l2-norm of vector a; diag (x)
denotes the diagonal matrix with the vector x on its diagonal.

II. FUNDAMENTALS OF CHANNEL ESTIMATION

IN THE RIS ASSISTED SYSTEM

In this section, we will first illustrate the system model
of an RIS assisted wireless communication system. Then,
the channel estimation problem in this system will be pre-
sented. Finally, we will introduce the basic channel estimation
schemes.

A. System Model

For the uplink RIS assisted wireless communication system
as shown in Fig. 1, we consider one M -antenna BS and one
N -element RIS to serve K single-antenna users. Let hd,k ∈
CM×1 denote the direct channel between the kth user and
the BS, G ∈ C

M×N be the channel between the RIS and
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the BS, and hr,k ∈ CN×1 be the channel between the kth user
and the RIS. The received signal y ∈ CM×1 at the BS can be
expressed by

y =
K∑

k=1

(hd,k + Gdiag (θ)hr,k) sk + w, (1)

where sk is the symbol sent by the kth user, θ =
[θ1, θ2, · · · , θN ]T is the reflecting vector at the RIS with θn

representing the reflecting coefficient for the nth RIS element,
and w ∈ CM×1 is the received noise at the BS. Note that
θn can be further set as θn = βnejφn , with βn ∈ [0, 1] and
φn ∈ [0, 2π] representing the amplitude and the phase for the
nth RIS element, respectively.

For the RIS assisted system, reliable beamforming requires
the accurate CSI consisting of the direct link and the RIS
related reflecting link. We consider a time division duplex
(TDD) RIS assisted system, where the downlink channel can
be obtained based on the estimated uplink channel because of
the TDD channel reciprocity.

B. Channel Estimation Problem

The channel estimation problem for the direct channel hd,k

can be solved by the conventional schemes in the conventional
wireless communication system. Unfortunately, it is difficult
to estimate the RIS related channels G and hr,k due to passive
RIS elements without signal processing capability.

Let Hk � Gdiag (hr,k) ∈ CM×N represent the cascaded
channel between the kth user and the BS via the RIS, and the
received signal y in (1) can be also rewritten as

y =
K∑

k=1

(hd,k + Hkθ) sk + w. (2)

Note that many beamforming algorithms (i.e., how to
design the optimal RIS reflecting vector θ in (2)) aim
to optimize the power of the effective reflecting link,
i.e., � Gdiag (θ)hr,k �2 = � Gdiag (hr,k)θ �2 = � Hkθ �2.
Therefore, most of existing channel estimation schemes
directly estimate the cascaded channel Hk instead of the
individual channels G and hr,k.

By adopting the orthogonal pilot transmission strategy
among users, the uplink channel estimation associated with
different users can be independent. Without loss of generality,
the subscript k in hd,k, hr,k, and Hk can be omitted to
represent the corresponding channels related to any users.

C. Basic Channel Estimation Schemes

If all RIS elements are turned off, i.e., the incident electro-
magnetic wave will be perfectly absorbed by the RIS instead
of reflected to the receiver,1 the RIS assisted communication
system can be simplified as the conventional communication
system without the RIS. Hence, the direct channel hd can be

1Note that “turn off” is a widely used expression in the literature but
inaccurate, since an RIS with all elements turned off is also a scatterer to
reflect the incident electromagnetic wave. An implementation method with a
special setting of RIS elements proposed in [5] can realize the perfect “turn
off” for the incident electromagnetic wave.

estimated by some classical solutions such as the least square
(LS) algorithm.

As mentioned above, the channel estimation for the RIS
related channels G and hr is challenging. A straightforward
solution is to estimate the cascaded channel H in (2) based
on the ON/OFF protocol proposed in [4]. The key idea is
to divide the entire cascaded channel estimation process into
N stages, where each stage only estimates one column vector
of H ∈ C

M×N associated with one RIS element. Specifically,
the cascaded channel H ∈ CM×N can be represented by
N columns as

H = [h1, · · · ,hn, · · · ,hN ] , (3)

where hn ∈ CM×1 is the cascaded channel corresponding
to the nth RIS element. In the nth stage, only the nth RIS
element is turned on, while the remained N −1 RIS elements
are turned off. Since the direct channel hd has been estimated
in advance, its impact can be removed from the received pilot
signal at the BS. Then, hn can be estimated based on the LS
algorithm. By following this similar procedure, h1, · · · , hN

can be estimated in turn by sequentially turning on the 1st, · · · ,
N th RIS element one by one, while the remained N − 1 RIS
elements are turned off. After N stages, the cascaded channel
H ∈ CM×N composed of N columns can be completely
estimated. However, since only one RIS element can reflect
the pilot signal to the BS based on the ON/OFF protocol,
the channel estimation accuracy may be degraded.

In order to improve the channel estimation accuracy, [6]
further proposed the discrete Fourier transform (DFT) protocol
based channel estimation scheme, where all RIS elements are
always turned on. In this scheme, the entire cascaded channel
estimation process is still divided into N stages. However,
in each stage, the reflecting vector θ at the RIS is specially
designed as one column vector of the DFT matrix. After N
stages, based on the LS algorithm, the cascaded channel H
can be directly estimated based on all received pilot signals in
N stages at the BS. It is noted that the overall reflecting matrix
for N stages forms a DFT matrix of size N × N , which has
been proved to be the optimal choice to ensure the channel
estimation accuracy [6].

However, the required pilot overhead in [4], [6] is huge.
This is mainly caused by the fact that the number of unknown
channel coefficients (e.g., 64×256 with 64 antennas at the BS,
256 elements at the RIS and single antenna at the user) in the
RIS assisted communication system is much larger than that
of unknown channel coefficients (e.g., 64×1 with 64 antennas
at the BS and a single antenna at the user) in the con-
ventional communication system without the RIS. The huge
pilot overhead will significantly decrease the effective capacity
improvement. Thus, it is essential to develop overhead-reduced
channel estimation schemes for the RIS assisted system. In the
next Section III, we will introduce three typical types of
overhead-reduced channel estimation solutions.

III. OVERHEAD-REDUCED CHANNEL

ESTIMATION SOLUTIONS

In this section, we will introduce three typical types of
channel estimation solutions to reduce the pilot overhead,
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Fig. 2. The two-timescale channel estimation framework [7].

which exploit the two-timescale channel property, the multi-
user correlation, and the channel sparsity, respectively.

A. Two-Timescale Based Channel Estimation

The first typical solution to reduce the pilot overhead for
channel estimation is to exploit the two-timescale channel
property in the RIS assisted communication system [7]–[9].

Specifically, the two-timescale channel property can be
explained as follows. On the one hand, since the BS and
the RIS are usually placed in fixed positions, the channel G
between the RIS and the BS usually remains unchanged for a
long period of time, which shows the large timescale property.
On the other hand, due to the mobility of the user, the channel
hr between the user and the RIS and the direct channel hd

between the user and the BS vary in a much smaller timescale
than that of the quasi-static channel G, which show the small
timescale property.

As shown in Fig. 2, based on this two-timescale chan-
nel property, [7] proposed a two-timescale channel estima-
tion framework, where the two different pilot transmission
strategies are respectively designed for estimating the large
timescale channel G and the small timescale channels hd

and hr. Firstly, the high-dimensional channel G is estimated
once in a large timescale by using the dual-link pilot trans-
mission strategy proposed in [7]. Although the pilot overhead
required for estimating G is large due to its high dimension,
such overhead is negligible from a long-time perspective.
Then, based on the widely used uplink pilot transmission strat-
egy, the low-dimensional channels hd and hr can be estimated
before data transmission in a small timescale. Although these
channels have to be estimated more frequently, the required
pilot overhead is small due to their low dimensions. As a
result, the average pilot overhead can be significantly reduced
by exploiting the two-timescale channel property.

The main difficulty of this scheme is how to estimate G,
since all RIS elements are passive without signal processing
capability. To achieve this goal, [7] proposed a dual-link pilot
transmission strategy as mentioned before. The key idea is
that, the BS firstly transmits pilot signals to the RIS via the
downlink channel GT , and then the RIS reflects pilot signals
back to the BS via the uplink channel G. There are (N + 1)
sub-frames for the dual-link pilot transmission, where each
sub-frame consists of M time slots. In the m1th time slot
(m1 = 1, 2, · · · , M ) of the tth sub-frame (t = 1, 2, · · · , N +
1), the m1th antenna of the BS transmits the pilot signal sm1,t

to the RIS and other (M − 1) antennas of the BS receive the

pilot signal reflected by the RIS. The received pilot signal
ym1,m2,t at the m2th antennas of the BS can be represented
as (m2 = 1, 2, · · · , M, m1 �= m2)

ym1,m2,t =
[
gT

m2
diag(θt)gm1 + zm1,m2

]
sm1,t + wm1,m2,t

=
[
gT

m2
diag(gm1)θt + zm1,m2

]
sm1,t + wm1,m2,t,

(4)

where gT
m2

∈ C1×N is the m2th row vector of the uplink
channel G, gm1 ∈ CN×1 is the m1th row vector of the
downlink channel GT , θt is the reflecting vector at the RIS
in the tth sub-frame, zm1,m2 is the self-interference after
mitigation from the m1th antenna to the m2th antenna of the
BS, and wm1,m2,t is the received noise at the m2th antenna
of the BS. After N + 1 sub-frames, all received pilot signals
{ym1,m2,t|1 ≤ m1, m2 ≤ N, m1 �= m2, 1 ≤ t ≤ N + 1}
can be obtained, which consist of MN unknown variables,
i.e., MN elements of G. Then, based on all received pilots,
each element of G can be alternately estimated in an iterative
manner by utilizing the coordinate descent algorithm [7].

Some alternative schemes for estimating the channel G
between the RIS and the BS were proposed [8], [9]. In [8],
two users (U1 and U2) are deployed near the RIS to assist
its channel estimation. The uplink cascaded channels H1 for
user U1, H2 for user U2, and the U1-RIS-U2 cascaded channel
between the user U1 and the user U2 via the RIS are estimated
based on the pilot symbols transmitted by the two users,
respectively. After that, the entries for BS-RIS channel G
can be calculated based on three estimated cascaded channels
mentioned above. By utilizing the long-term channel averaging
prior information [9], the large timescale channel G can also
be estimated based on the channel matrix calibration.

After acquiring G, the low-dimensional channels hd and
hr can be estimated based on the conventional uplink pilot
transmission strategy. The user transmits the pilot signals to the
BS via both the direct channel hd and the effective reflecting
channel GΦhr. Based on the received uplink pilot signals
with the known G and Φ, hd and hr can be directly estimated
at the BS by the conventional channel estimation algorithms
such as the LS algorithm.

Based on the two-timescale channel property, the large
timescale channel G and the small timescale channels hd and
hr can be respectively estimated in different timescales, which
can indeed significantly reduce the average pilot overhead.
However, the channel estimation for G is still challenging.
In [7], the BS should work in the full-duplex mode, where
different antennas are required to transmit and receive pilots
simultaneously to estimate G. In [8], the complexity for user
scheduling and the overhead for the U1-RIS-U2 cascaded
channel feedback are not negligible.

B. Multi-User Correlation Based Channel Estimation

Another solution to reduce the pilot overhead is to directly
estimate the corresponding cascaded channels by utilizing
the multi-user correlation. Since all users communicate with
the BS via the same RIS, the cascaded channels {Hk}K

k=1

associated with different users have some correlations. Thus,
this multi-user correlation can be exploited to reduce the pilot
overhead required by the cascaded channel estimation [10].
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Specifically, the multi-user correlation can be explained as
follows. For convenience, we take the nth column hk,n ∈
CM×1 of the cascaded channel Hk = [hk,1,hk,2 · · · ,hk,N ] ∈
CM×N as an example, which can expressed as

hk,n = tk,ngn, (5)

where tk,n denotes the channel between the kth user and the
nth RIS element, which is also the nth element of hr, gn ∈
CM×1 denotes the user-independent channel between the nth
RIS element and the BS, which is also the nth column vector
of G. Since different users enjoy the same channel G from
the RIS to the BS, hk,n in (5) can be rewritten as

hk,n = λk,nh1,n, (6)

where

λk,n =
tk,n

t1,n
. (7)

The key idea of the multi-user correlation based cas-
caded channel estimation scheme can be expressed as fol-
lows. Firstly, the cascaded channel H1 = [h1,1, · · · ,
h1,n, · · · ,h1,N ] for the first user (which is also called as the
typical user) can estimated by utilizing the DFT protocol based
channel estimation scheme discussed in Subsection II-C. Then,
for the kth user with k ≥ 2, the column vector hk,n (n =
1, 2, · · · , N ) of Hk can be obtained by only estimating the
unknown scalar λk,n in (7) with only one unknown coefficient
instead of hk,n with M unknown coefficients. Hence, there
are only N scalars to be estimated in total for obtaining the
cascaded channel Hk of size M × N .

By exploiting the multi-user correlation, the pilot overhead
can be significantly decreased, since the number of channel
coefficients to be estimated becomes much smaller. However,
this scheme proposed in [10] has assumed that there is no
receiving noise at the BS. In the typical scenario of low
SNR for channel estimation, the estimation accuracy will be
degraded.

C. Sparsity Based Channel Estimation

The overhead-reduced channel estimation solutions in
the previous two subsections are mainly realized in the
spatial domain. By contrast, in this subsection, we will
introduce some overhead-reduced based channel estimation
solutions by exploiting the sparsity of channels in the angular
domain [11], [12].

In the conventional wireless communication system, since
there are limited propagation paths, the channel hd is sparse
in the angular domain. Thus, the channel estimation problem
for hd can be formulated as a sparse signal recovery problem,
which can be solved by compressive sensing (CS) algorithms
with reduced pilot overhead. Similarly, the cascaded channel
H ∈ CM×N in RIS assisted systems also shows the sparsity
when transformed into the angular domain. Specially, by using
the virtual angular-domain representation, the cascaded
channel H can be decomposed as

H = UMH̃UT
N , (8)

Fig. 3. The sparsity of the angular cascaded channel [11].

where H̃ denotes the M × N angular cascaded channel,
UM and UN are the M × M and N × N dictionary unitary
matrices at the BS and the RIS, respectively. The number of
non-zero elements in H̃ is determined by the product of the
number of paths between the RIS and the BS and that between
the user and the RIS. Since there are the limited number
of scatters around the BS and the RIS, especially in high-
frequency communications, H̃ is usually sparse in nature [11],
as shown in Fig. 3.

Based on the sparsity of the angular cascaded channel,
the cascaded channel estimation problem can be also for-
mulated as a sparse signal recovery problem [11]. Then,
some classical CS algorithms, such as orthogonal matching
pursuit (OMP), can be directly used to estimate the angular
cascaded channel with reduced pilot overhead. However, these
conventional CS algorithms cannot achieve the satisfying
estimation accuracy, especially in low SNR ranges. In order to
improve the estimation accuracy, a joint sparse matrix recovery
based channel estimation scheme was proposed in [12]. In this
scheme, all angular channels associated with different users
can be projected to the same subspace by considering the
fact that different users enjoy the same channel G from the
RIS to the BS. However, for these sparsity based channel
estimation schemes [11], [12], the required pilot overhead is
still high, since the sparsity of the angular cascaded channel
becomes less significant compared with the angular channel
in conventional communications.

Moreover, [13] proposed to divide the entire RIS into several
sub-surfaces, where all RIS elements on the same sub-surface
are considered to have the same channel coefficients. There-
fore, the number of the channel coefficients to be estimated can
be significantly decreased. By combining the typical overhead-
reduced channel estimation schemes mentioned above with
this idea of dividing sub-surface, the pilot overhead can be
further reduced.

For the sake of simplicity, the above discussions on channel
estimation schemes take the narrow band as an example. The
similar idea can be extended to the wideband orthogonal
frequency division multiplexing (OFDM) channel estimation.
Specifically, the channel on each sub-carrier can be estimated
separately as in a narrow band system, such as [13]. It is
noted that the reflecting vector θ at the RIS are the same for
all sub-carriers. Besides, by considering the common sparsity
of angular domain channels among different sub-carriers, [14]
proposed a joint overhead-reduced channel estimation scheme
for all sub-carriers, where a denoising convolution neural
network (DnCNN) is used to improve the estimation accuracy.

IV. CHALLENGES AND FUTURE OPPORTUNITIES

FOR CHANNEL ESTIMATION

In this section, we will point out key challenges for channel
estimation in the RIS assisted wireless communication system,
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based on which the corresponding future research opportuni-
ties will be discussed.

A. Ultra-Wideband Channel Estimation

In order to achieve ultra-high-speed wireless transmission,
the RIS assisted ultra-wideband wireless communication will
be an important trend. However, the beam squint effect caused
by the ultra-wideband communication brings a serious chal-
lenge for the channel estimation, since the single physical
angle will be transformed to multiple spatial angles. [15] pro-
posed a beam squint pattern matching based wideband channel
estimation in the conventional wireless communication system.
The similar idea may be applied in the wideband channel esti-
mation for the RIS assisted wireless communication system.

B. Spatial Non-Stationarity

To further exploit the potential beamforming gains and
spatial resolutions of the RIS, the number of RIS elements
may be hundreds of times larger than that of most scenarios
discussed so far, which will result in a large size for the
RIS array. With the significant increase of the array size, the
RIS related channels will present a new characteristic called
as the spatial non-stationarity [16]. This channel characteristic
means that the incident direction and power for the electro-
magnetic wave at the RIS vary with different RIS elements.
Under this condition, all existing channel estimation schemes
based on the spatial stationarity may not work. The estimation
scheme based on the concept of visibility regions [16] may be
used to address this challenge.

C. RIS Assisted Cell-Free Network

The cell-free network has been recently proposed to address
the inter-cell interference of the conventional cellular network.
In order to further improve the network capacity with low
power consumption, the energy-efficient RISs can be investi-
gated in the cell-free network. However, with the increase of
the number of RIS, the number of channels to be estimated
increases accordingly in the RIS assisted cell-free network.
One possible solution is to exploit the multi-user correlation
mentioned in [10] to reduce the number of channels to be
estimated.

D. High Pilot Overhead

Since the RIS consists of a large number of elements,
the RIS related channels have many coefficients to be esti-
mated. Although some overhead-reduced channel estimation
solutions have been recently proposed, the required pilot
overhead is still high due to the passivity of RIS elements.
By exploiting more channel characteristics in the RIS, the pilot
overhead can be further reduced, which will be discussed in
the second part of this invited paper composed of two parts.

V. CONCLUSION

In the first part of this invited paper, we have investigated the
channel estimation in the RIS assisted wireless communication
system. Due to a large number of passive RIS elements

without signal processing capability, the channel estimation
in the RIS assisted system is more challenging than that in
the conventional system. We first explained the fundamentals
of channel estimation. Then, three typical types of overhead-
reduced channel estimation solutions were introduced. Finally,
we pointed out several challenges and the corresponding future
research opportunities for channel estimation. Note that a
feasible solution to one of these key challenges, i.e., the high
pilot overhead, will be proposed in the second part of this
invited paper.
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