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Abstract—This letter considers the channel estimation problem
when a reconfigurable intelligent surface (RIS) is used to aid
wireless communications between a base station (BS) and an
user equipment (UE). Unlike prior works, we assume that the
directional or isotropic interference from other UEs is present at
the location where the RIS is located. To address the problem,
we make use of a two-stage training phase that, for any RIS
configuration, operates as follows. In the first phase, the UE is not
transmitting and the BS estimates the interference contribution
that reaches it. This is then subtracted in the second phase during
which the cascaded channel from the UE to the BS through each
RIS element is estimated. In doing so, no a priori knowledge of
the spatial correlation matrices of the interference and cascaded
channels is assumed. The mean-square-error of channel estimates
is computed and used to optimize the phase-shift configurations
of RIS elements. Numerical results prove the effectiveness of
the proposed approach in directional or isotropic channel and
interference scenarios.

Index Terms—Reconfigurable intelligent surface (RIS), mean
square error (MSE), channel estimation.

I. INTRODUCTION

THE DEPLOYMENT of reconfigurable intelligent surfaces
(RIS) in next-generation wireless communications holds

great promise [1], [2]. RIS technology allows for partial con-
trol of the radio environment, utilizing planar arrays composed
of numerous low-cost passive reflecting elements. By adjust-
ing the impedance of these elements, the RIS can intelligently
induce controllable phase-shifts in incoming signals, redirect-
ing them towards the desired receiver [3]. It’s important to note
that RIS does not amplify signals, but rather relies on intel-
ligent reflection. To ensure a satisfactory signal-to-noise ratio
(SNR) at the receiver, a significant surface area is required.
Consequently, as the size of the RIS grows larger, it becomes
more susceptible to interference [4].
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In order to enhance the channel gain of a system assisted by
RIS in the presence of interference, it is crucial to appropri-
ately configure the phase shifts of the RIS elements to shape
the reflected wavefront [5]. This necessitates accurate estima-
tion of the cascaded channel, which comprises the path from
the user equipment (UE) to the base station (BS) reflected by
the RIS elements. While the channel estimation of RIS-aided
wireless communication has been extensively investigated [6],
[7], [8], [9], existing research has not taken into account
the impact of existing interference on the channel estimation
process for RIS-aided systems.

In this letter, we present a channel estimation scheme for a
wireless communication system aided by RIS in the presence
of directional or isotropic interference. The proposed scheme
divides the estimation process into two stages. The first stage
focuses on estimating the interference, while the second stage
estimates the cascaded channel. To ensure a low system com-
plexity and minimize the required number of pilot symbols,
we draw inspiration from recent work [9] and employ the
conservative reduced-subspace least squares (RS-LS) estima-
tor in both stages. This choice allows us to achieve precise
estimation of the directional/isotropic cascaded channel with-
out relying on any interference- or channel-related a priori
knowledge. Additionally, we optimize the pilot length and
phase-shift configurations of the RIS elements to minimize
the mean-square error (MSE) of the cascaded channel estima-
tion. In typical directional/isotropic channel and interference
scenarios, our proposed conservative RS-LS-based estimation
scheme outperforms conventional schemes that do not estimate
the interference. Moreover, it can be implemented with lower
pilot overhead requirements.

II. SYSTEM MODEL

Consider a system in which a single-antenna UE commu-
nicates to a BS with the aid of a RIS. The BS antennas
are deployed as a uniform planar array (UPA) with MH and
MV number of elements per row and per column, and we
have M = MHMV antennas in total. The RIS is composed
of N passive reconfigurable elements that form a UPA with
NH rows and NV columns, where N = NHNV . Each RIS
element introduces a controllable phase-shift φn ∈ [0, 2π)
for directional reflection of incoming signals. We assume a
time-varying narrowband channel and employ the conventional
block fading model, in which the time/frequency resources are
divided into independent coherence blocks.

We call h ∈ C
N the channel vector between the RIS and

UE and model it as h ∼ NC(0N ,Rh ), where Rh is the spatial
correlation matrix. The latter can be computed as [10], [11]

Rh = βh

∫ ∫ π/2

−π/2
fh (ϕ, θ)a(ϕ, θ)a

H(ϕ, θ)dθdϕ, (1)
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where βh is the channel gain, ϕ and θ are the azimuth and ele-
vation angles, fh (ϕ, θ) and a(ϕ, θ) are the normalized spatial
scattering function and the array response vector, respectively.

In an isotropic scattering environment, Rh reduces to
Rh = βhRiso with [10]

[Riso]n,k = sinc

(
2

√
(d

n,k
H )2 + (d

n,k
V )2/λ

)
, (2)

where sinc(·) is the sinc function, dn,kH and dn,kV are the
horizontal and vertical distances between elements n and k,
respectively.

We denote gm,n ∈ C the channel from RIS element n to BS
element m. Then, we define gm = [gm,1, gm,2, . . . , gm,N ]T ∈
C
N from the RIS to BS element m. Similarly, g′n =

[g1,n , g2,n , . . . , gM ,n ]
T ∈ C

M is the channel vector from
RIS element n to BS array. They are distributed as gm ∼
NC(0N , [Rg ′ ]m,mRg ) and g′n ∼ NC(0M , [Rg ]n,nRg ′),
where Rg and Rg ′ are spatial correlation matrices of gm and
g′n . We assume that gm (and thus g′n ) and h are independent.

We model the interference as the vector n ∼ NC(0N ,Rn )
and assume that it stays approximately constant for the entire
pilot duration. This depicts several possible interference sce-
narios, such as the presence of slow-varying electromagnetic
interference (EMI) [4] or the presence of other UEs transmit-
ting simultaneously a pilot preamble. The spatial correlation
matrix Rn of the interference has the same form of (1), i.e.,

Rn = σ2n

∫ ∫ π/2

−π/2
fn (ϕ, θ)a(ϕ, θ)a

H(ϕ, θ)dθdϕ, (3)

but with a different spatial scattering function fn (ϕ, θ). If the
interference is isotropic, then (3) reduces to Rn = σ2nRiso.

III. PILOT TRANSMISSION AND CHANNEL ESTIMATION

To optimize the RIS phase-shifts and signal precoding dur-
ing the data transmission phase, the BS needs to perform
channel estimation. We assume that τ samples are reserved
for the training phase. The direct link between the BS and UE
is neglected to focus on the cascaded channel estimation.

Due to the presence of interference, we propose a two-stage
training phase to address interference in the system. The first
stage involves τ1 ≤ τ samples, where the UE is inactive
and the BS estimates the interference. In the second stage,
utilizing τ2 = τ −τ1 samples, we estimate the cascaded chan-
nel through the RIS elements after removing the interference.
This approach allows for accurate channel estimation while
mitigating the impact of interference.

A. First Stage: Interference Estimation

During the first stage, the UE is not transmitting, and the
BS only receives the interference reflected by the RIS. Hence,
the signal vector y(1)m ∈ C

τ1 received by antenna m at the BS
can be expressed as:

y
(1)
m = Φ(1)(gm � n) + z

(1)
m , (4)

where y
(1)
m = [y

(1)
m,1, y

(1)
m,2, . . . , y

(1)
m,τ1 ]

T, Φ(1) ∈ C
τ1×N with

[Φ(1)]i ,n = e−jφi
n is the RIS phase-shift matrix during the

first stage, � is the Hadamard product, z(1)m ∼ NC(0τ1 , σ
2Iτ1)

is the additive white Gaussian noise. Collecting all the vectors
{y(1)m ;m = 1, . . . ,M } into an M τ1-dimensional vector yields

y(1) = Φ
(1)
M e+ z(1), (5)

where Φ
(1)
M = IM ⊗ Φ(1) and e is the NM-dimensional vec-

tor obtained by concatenating the vectors {gm � n;m =
1, . . . ,M }. We denote Re = Rg ′ ⊗ (Rg � Rn) and call
re = rank{Re}. The eigenvalue decomposition (EVD) of
Re is

Re = Us
eΛe(U

s
e)

H, (6)

where Us
e ∈ C

MN×re is the matrix collecting the eigenvectors
that span the signal subspace containing the vector e, which
can thus be represented as e = Us

ea [9], [11], with a ∈ C
re .

The RS-LS estimate of e is obtained as

êRS−LS = Us
e F

(
Us
e ,Φ

(1)
M

)−1
Us
e
HΦ

(1)
M

H
y(1), (7)

where we have defined

F
(
Us
e ,Φ

(1)
M

)
= Us

e
HΦ

(1)
M

H
Φ
(1)
M Us

e . (8)

B. Second Stage: Cascaded Channel Estimation

In the second stage, the UE transmits a predefined training
sequence. For simplicity, we assume that it transmits

√
ρ dur-

ing all the τ2 samples of the second stage. The BS receives
the pilot signal together with the interference reflected by
the RIS, which is now employing the RIS phase-shift matrix
Φ(2) ∈ C

τ2×N . The vector y(2)m ∈ C
τ2 received by antenna m

at the BS is thus given by:

y
(2)
m = Φ(2)(

√
ρgm � h+ gm � n) + z

(2)
m , (9)

where z
(2)
m ∼ NC(0τ2 , σ

2Iτ2) is additive Gaussian noise.

Collecting all the vectors {y(2)m ;m = 1, . . . ,M } into an
M τ2-dimensional vector yields

y(2) =
√
ρΦ

(2)
M x+ Φ

(2)
M e+ z(2), (10)

where Φ
(2)
M = IM ⊗ Φ(2) and the NM-dimensional vector

x is obtained by concatenating the vectors {gm � h;m =
1, . . . ,M }. The covariance matrix of x is Rx = Rg ′ ⊗ (Rg �
Rh) and its EVD is given by

Rx = Us
xΛx (U

s
x )

H. (11)

The estimate êRS−LS in (7) is used to remove the interference
from y(2) to obtain

ȳ(2) = y(2) − Φ
(2)
M êRS−LS. (12)

The RS-LS estimate of x is thus computed as

x̂RS−LS =
1√
ρ
Us
x F

(
Us
x ,Φ

(2)
M

)−1
Us
x
HΦ

(2)
M

H
ȳ(2), (13)

where Us
x is the signal subspace of the correlation matrix Rx .

The MSE E{||x̂RS−LS − x||2} takes the form:

MSEx = MSE
(1)
x +MSE

(2)
x , (14)
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where MSE
(1)
x is given in (15), shown at the bottom of the

page, and it is due to the interference estimation error, while
the second term

MSE
(2)
x =

σ2

ρ
tr

{
F
(
Us
x ,Φ

(2)
M

)−1
}

(16)

comes from the cascaded channel estimation error. We notice
that (7) and (13) requires a priori information of the statistics
of both interference and cascaded channels. In practice, this
information may be difficult to obtain at the BS.

C. No a Priori Knowledge of Statistics

To dispense from knowledge of Re and Rx (or Us
e and

Us
x ), a possible solution is to utilize the subspace spanned by

a known spatial correlation matrix R, which represents the
union of the span of all plausible correlation matrices [9]. For
this purpose, we use the following lemma proved in [11].

Lemma 1: Denote the two spatial correlation matrices
obtained by the same array geometry as R and R, and the cor-
responding spatial scattering functions as f̄ (ϕ, θ) and f (ϕ, θ).
Assume that f̄ (ϕ, θ) and f (ϕ, θ) are either continuous at each
point on its domain or contain Dirac delta functions.

If the domain of f̄ (ϕ, θ) for which f̄ (ϕ, θ) > 0 contains
the domain of f (ϕ, θ) for which f (ϕ, θ) > 0, and then the
subspace spanned by the columns of R would contain the
subspace spanned by the columns of R.

Since the spatial scattering functions for the isotropic case
are non-zero for all the (ϕ, θ), the subspace spanned by the
columns of correlation matrix Riso = U

s
isoΛisoU

s
iso

H in (2)
contains both the subspaces spanned by the columns of Re and
Rx . Accordingly, assuming that r̄ = rank{Riso}, an alterna-
tive representation of e and x is e = U

s
isoaiso and x = U

s
isobiso

with the reduced-dimension vectors {aiso, biso} ∈ C
r̄ , respec-

tively. This yields the so-called conservative RS-LS estimate
given by

êconRS−LS = U
s
isoF

(
U
s
iso,Φ

(1)
M

)−1
U
s
iso

H
Φ
(1)
M

H
y(1) (17)

and

x̂conRS−LS =
1√
ρ
U
s
isoF

(
U
s
iso,Φ

(2)
M

)−1
U
s
iso

H
Φ
(2)
M

H
ȳ(2). (18)

In this case, the MSE expression simplifies to

MSEiso,x = MSE
(1)
iso,x +MSE

(2)
iso,x (19)

with

MSE
(i)
iso,x =

σ2

ρ
tr

{
F
(
U
s
iso,Φ

(i)
M

)−1
}
. (20)

IV. OPTIMAL RIS CONFIGURATION FOR ESTIMATION

To minimize MSEiso,x , we formulate the following
optimization problem:

min
τ1,τ2,Φ(1),Φ(2)

MSEiso,x ,

s.t. τ1 + τ2 = τ, |[Φ(i)]j ,n | = 1, i ∈ {1, 2}, (21)

which is subject to the unit-modulus constraints of RIS
elements. To obtain a closed-form solution, (21) is first
relaxed as

min
τ1,τ2,Φ(1),Φ(2)

MSEiso,x ,

s.t. τ1 + τ2 = τ, tr{Φ(i)HΦ(i)} ≤ N τi , i ∈ {1, 2}, (22)

where the non-convex unit-modulus constraints are replaced
by the Frobenius norm constraints on Φ(i). Then, considering
the fact that U

s
iso = U

iso
BS,s ⊗ U

iso
RIS,s and Φ

(i)
M = IM ⊗ Φ(i),

the problem (22) can be further simplified as

min
τ1,τ2,Φ(1),Φ(2)

σ2

ρ
rBS

∑
i=1,2

tr

{
F
(
U
iso
RIS,s,Φ

(i)
)−1

}
,

s.t. τ1 + τ2 = τ, tr{Φ(i)HΦ(i)} ≤ N τi , i ∈ {1, 2}, (23)

where rBS = rank{Riso
BS}, rRIS = rank{(Riso

RIS � R
iso
RIS)},

and U
iso
BS,s ∈ C

M×rBS and U
iso
RIS,s ∈ C

N×rRIS are the signal

subspaces of R
iso
BS and (R

iso
RIS �R

iso
RIS), respectively.

Let Ai � Φ(i)U
iso
RIS,s ∈ C

τi×rRIS , i ∈ {1, 2}. To accu-
rately estimate the cascaded channel, it is necessary that Ai
has full column rank, i.e., τi ≥ rRIS (i = 1, 2), setting to
τ = 2rRIS the minimum number of pilot time slots required
in the training phase. Then, the optimization problem (23) can
be reformulated as

min
τ1,τ2,Φ(1),Φ(2)

σ2

ρ
rBS

∑
i=1,2

rRIS∑
p=1

1

λ2Ai ,p

,

s.t. τi ≥ rRIS, tr{Φ(i)HΦ(i)} ≤ N τi , i ∈ {1, 2},
τ1 + τ2 = τ, (24)

where {λAi ,p} is the set of non-zero singular values of Ai .
Considering that

∑
p 1/λ

2
p is monotonically decreasing func-

tion of
∑

p λ
2
p , the minimization (24) can be recast as the

maximization problem

max
τ1,τ2,Φ(1),Φ(2)

σ2

ρ
rBS

∑
i=1,2

tr
{
F
(
U
iso
RIS,s,Φ

(i)
)}

,

s.t. τi ≥ rRIS, tr{Φ(i)HΦ(i)} ≤ N τi , i ∈ {1, 2},
τ1 + τ2 = τ, (25)

where

tr
{
F
(
U
iso
RIS,s,Φ

(i)
)}

= tr
{
Φ(i)HΦ(i)

}
− tr

{
F
(
U
iso
RIS,n,Φ

(i)
)}

≤ N τi ,

i ∈ {1, 2} and U
iso
RIS,n ∈ C

N×(N−rRIS) is the noise subspace

of R
iso
RIS � R

iso
RIS. To solve (25), the right singular vectors of

Φ(i) corresponding to the non-zero singular values should be
orthogonal to U

iso
RIS,n, i.e., Φ(i)U

iso
RIS,n = 0. Meanwhile, λAi ,p

MSE
(1)
x =

σ2

ρ
tr

{
F
(
Us
x ,Φ

(2)
M

)−2
Us
x
HΦ

(2)
M

H
Φ
(2)
M Us

e F
(
Us
e ,Φ

(1)
M

)−1
Us
e
HΦ

(2)
M

H
Φ
(2)
M Us

x

}
(15)
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TABLE I
SIMULATION PARAMETERS

=
√

N τi/rRIS for p = 1, 2, . . . , rRIS, i ∈ {0, 1}. We thus
design Φ(i) as follows:

Φ̂(i) =

√
N τi
rRIS

ViU
isoH

RIS,s, i ∈ {1, 2}, (26)

where Vi ∈ C
τi×rRIS is an arbitrary matrix with orthogonal

columns. Plugging (26) into (23) and enforcing the constraint
on the total number of pilot samples τ , the minimum MSE of
the conservative RS-LS estimator is

MSEmin
iso,x =

σ2

ρ

rBS

N
· r2RISmin

τ1

(
1

τ1
+

1

τ − τ1

)

=
σ2

ρ

rBS

N
· 4r

2
RIS

τ
, (27)

which is obtained when τ1 = τ2 = τ/2 and is inversely pro-
portional to the numbers of RIS elements N and the total
number of pilot samples. Furthermore, considering the unit-
modulus constraints in (21), the optimal Φ(i) is ultimately
constructed as

Φ
(i)
opt = ej∠Φ̂(i)

, i ∈ {1, 2}. (28)

V. NUMERICAL RESULTS

Numerical results are now given to assess the performance
of the proposed channel estimation scheme. We assume the
BS is equipped with M = 16 elements with MH = MV = 4,
and the vertical and horizontal inter-antenna distances are set
to λ/4, where λ is the wavelength. The RIS is equipped with
N = 256 elements with NH = NV = 16, and the vertical and
horizontal inter-element distances are set to λ/8. The ratio of
the powers of signal and interference is set to ρ/σ2n = 12.5
dB. The proposed scheme is tested studying the four different
scenarios illustrated in Table I, where in case of directional
channel or interference the angular spread is Δ = 20◦.

The conservative RS-LS estimator is computed as in (28)
and its results are indicated with the acronym ‘con-RS-LS’.
For the RS-LS scheme, whose MSE is calculated as in (14),
the optimal RIS phase-shift matrix is practically impossible
to obtain. Accordingly, we employ (26) and (28) to com-
pute the phase-shift matrix Φ(i). As shown next, this heuristic
choice of Φ(i) leads to good results, much better than those
obtained with other more conventional choices such as, for
example, employing the DFT matrix of size N. It is essen-
tial to emphasize that the results obtained using the RS-LS
method represent the ideal scenario where the actual correla-
tion matrices, Re and Rx , are known. Even in cases where

Fig. 1. The MSEs vs. τ1 with different estimators in different channel and
interference scenarios at SNR =15dB.

these matrices are unknown, the RS-LS results provide an esti-
mate of the approximate performance degradation caused by
using an isotropic correlation matrix.

Fig. 1 reports the MSE as a function of the pilot length τ1,
when τ = τ1 + τ2 = 2N = 512 and SNR = ρ/σ2 = 15
dB. In case 1, where everything is isotropic, the performance
of the two schemes are identical and the optimal pilot allo-
cation is τ1 = τ2. The RS-LS estimator, leveraging improved
knowledge of channel statistics, consistently outperforms the
conventional RS-LS estimator in all other scenarios. The
optimal value of τ1 varies depending on the specific case.
Furthermore, while the performance of the conventional RS-
LS scheme remains unaffected by the statistical characteristics
of the channel, the RS-LS estimator exhibits lower MSE in the
presence of a directional channel (cases 2 and 4) compared
to an isotropic channel. As a point of reference, the figure
also displays the results obtained for the conventional RS-LS
scheme when the RIS phase-shift matrix is the DFT matrix of
size N. The remaining simulations will investigate the algo-
rithm’s performance specifically for the challenging channel
configuration of Case 4.

Fig. 2 plots the MSE as a function of the SNR in dB when
τ1 = τ2 = N : the suffix ‘-DFT’ indicates the case when
the RIS phase-shifts matrix is the DFT matrix, the suffix
‘-bound’ is the bound obtained employing the RIS phase-
shifts matrix in (26). Table II reports the MSEs of various
estimators at an SNR of 10 dB, enabling a straightforward
performance comparison. The impact of interference cancella-
tion is first evaluated. When interference is not canceled, both
estimation schemes quickly reach a floor of irreducible MSE,
highlighting the need to address the interference problem.
Among the schemes performing interference cancellation, the
best results are obtained by the RS-LS estimator, with a MSE
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TABLE II
THE MSE (DB) UNDER SNR=10DB

Fig. 2. The MSEs vs. SNR for different estimators and RIS phase-shift
configurations with τ1 = τ2 = N .

Fig. 3. MSEs vs. SNR for different estimators with different RIS phase-shift
configurations and τ1 = τ2 = rRIS + 1.

improvement of over 30 dB compared to no interference can-
cellation. Utilizing the phase-shifts matrix (28) yields a gain
of 2.3 dB over RS-LS-DFT, indicating that optimized RIS
phase-shifts in the isotropic case can seamlessly enhance the
performance of the RS-LS estimator. When lacking a priori
knowledge of the channel and interference statistics, the con-
RS-LS estimator yields the best results, closely approaching
the bound that does not consider the unit modulus constraint
for RIS coefficients. Conversely, the con-RS-LS-DFT estima-
tor performs the worst, with an approximate 2 dB MSE loss
compared to the former estimator.

One of the key advantages of both the RS-LS and con-RS-
LS estimators is their ability to reduce the required number of
pilots compared to the conventional approach of employing a
square N ×N RIS phase-shift matrix. The objective function
in (23) reveals that the minimum number of pilots required is
2rRIS. This reduction in pilot overhead is a significant benefit
of these estimators. Fig. 3 plots the RS-LS and con-RS-LS
results when the number of pilots time is τ1 = τ2 = rRIS+1,
where rRIS = 115 is the effective rank of R

iso
RIS �R

iso
RIS con-

taining a fraction 1−10−4 of the sum of all eigenvalues. In this
particular configuration, the estimators utilizing DFT phase-
shifts are not applicable. Therefore, we consider estimators
with random unit-modulus RIS phase-shifts as an alternative

benchmark. The results in Table II clearly demonstrate the sig-
nificant gaps of over 10 dB and 20 dB between the random
and optimized phase-shifts for the RS-LS and conservative
RS-LS algorithms, respectively. This highlights the effective-
ness of the proposed channel estimation scheme, even when
the total number of pilot time slots is less than N.

VI. CONCLUSION

In this letter, we presented a channel estimation scheme
specifically designed for wireless communications assisted by
RIS in the presence of interference. The proposed solution
consists of two phases: interference estimation and removal
in the first phase, followed by cascaded channel estimation
in the second phase. Importantly, the scheme does not rely
on any prior knowledge of the spatial correlation matrices of
the interference or cascaded channel. Furthermore, we opti-
mized the phase-shifts of the RIS to ensure accurate channel
estimation with reduced pilot overhead. Numerical results
demonstrated the effectiveness of the proposed scheme com-
pared to existing alternatives that overlook the presence of
interference.
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