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Abstract— In this work, we explore a hybrid reconfigurable
intelligent surface (HRIS) where the metasurface elements can
sense a fraction of the incoming signals while enabling baseband
signal processing in the digital domain when the elements are
linked to the controller via radio-frequency chains. We consider
a single-user, multiple-input multiple-output system where the
channel between the user terminal (UT) and HRIS experiences
short-term changes due to UT mobility. By capitalizing on a
tensor modeling approach, we propose a closed-form semi-blind
receiver for the HRIS controller to estimate channels and symbols
jointly without relying solely on training sequences. Simulation
results show the robustness of our proposed closed-form semi-
blind receiver in estimating the time-varying UT-HRIS channel
while decoding the transmitted symbols.

Keywords— RIS, HRIS, channel estimation, tensor modeling,
semi-blind estimation.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) is an attractive so-
lution for enhancing future wireless communication networks
due to its promising ability to shape the wireless propagation
environment [1]. RIS comprises numerous passive reflective
elements arranged on a flat surface, where each element can
independently modify the phase of the impinging electromag-
netic waves [2]. To design the RIS reflection coefficients, the
precoder/beamformer at the base station (BS) and the user
terminal (UT), obtaining accurate channel state information
(CSI) is required. However, this task is hard in RIS-assisted
wireless communication systems [3], [4], [5]. In particular, for
applications such as mobility tracking, channel sounding, and
user localization, an ambiguity-free separate channel estima-
tion (CE) is desirable [6], [7]. In addition, some precoding
designs depend on the availability of the individual channels,
as discussed in [8]. Supplementary methods are needed to
obtain such separate estimates of the involved channels from
the cascaded one. One solution is to upgrade the RIS hardware
architecture to enable additional signal processing features
[9]. Focusing on hardware modification, emerging hybrid
RIS architectures have related in recent publications [10],
[11], [9], [12]. A comprehensive study about various hybrid
architectures can be found in [13].
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Tensor decompositions have been widely used to model
wireless communications while providing powerful solutions
to solve joint channel and symbol estimation in single- and
multiple-antenna systems [14], [15], [16], [17]. Recently, ten-
sor signal processing has been used in the context of RIS-
aided communication systems [18], [19], [20], [21]. Such
studies have emphasized the effectiveness of tensor-based
receivers in providing decoupled estimates of the UT-RIS
and RIS-BS channels [18] under more flexible system setups.
Recent works [20], [21] have also shown derived (semi)-
blind receivers for RIS-assisted multiple-input multiple-output
(MIMO) communications, which combine channel and symbol
estimation using iterative and closed-form methods. However,
the aforementioned works assume a passive RIS architecture,
where signal processing only occurs at the receiver.

In this work, we explore the so-called hybrid RIS architec-
ture proposed in [12], which is composed of elements able
to sense a fraction of the incoming signal while reflecting the
rest. We refer to this architecture simply as hybrid RIS (HRIS).
The sensing capability of the HRIS enables baseband signal
processing in the digital domain when the elements are linked
to its controller via radio frequency (RF) chains. Capitalizing
on a tensor modeling approach, we formulate a closed-form
semi-blind receiver for the HRIS controller’s side to jointly
estimate the uplink UT-HRIS channels and symbols involved
in a single-user MIMO system. Such estimates are conveyed
via control link from HRIS to BS to allow an estimation of the
HRIS-BS channel through solving a simple least-squares (LS)
problem. Avoiding dedicated training sequences for CE, our
method enables the HRIS digital controller to estimate several
short-term variations of the UT-HRIS channel in a scenario
under a certain UT mobility. In addition, such sequential
versions of the UT-HRIS channel may be useful for the BS
(or even the HRIS) to feed user tracking algorithms and to
predict its next position to obtain a more accurate CSI.

A. Notations and Tensor Preliminaries

Scalars, vectors, matrices, and tensors are denoted by lower-
case a, bold lowercase a, bold uppercase A, and calligraphic
A letters, respectively. The Moore-Penrose pseudo-inverse and
the transpose of A are indicated as AT and A†. The symbol
⊗ denotes the Kronecker matrix product, and ||·||F is the
Frobenius norm. Stated A ∈ CI×J , the vectorization operation
vec

{
A
}

outputs the vector a ∈ CJI×1, and the reverse
operation unvecI×J(a) returns A. In addition, diag {a} is the
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Fig. 1. HRIS-assisted MIMO system model.

diagonal matrix created from a. A tensor A ∈ CI1×I2×···×IP

is referred to as a multidimensional array with order P , and
unfolding involves reshaping such a tensor into a matrix.
For example, consider a 4-th order tensor A. For instance,
the mode-1 and mode-4 unfoldings of A are denoted by
[A](2) ∈ CI2×I4I3I1 and [A](4) ∈ CI4×I3I2I1 , respectively.
Beyond the mode-n unfoldings, we can construct generalized
matrix unfoldings of A by considering two on-overlapping
subsets of any of the P dimensions, in which the first subset
has cardinality Q while the second has P − Q [22]. For
instance, [A]([1,3],[2,4]) ∈ CI3I1×I4I2 denotes the generalized
unfolding of A in which the mode 1 and mode 3 vary along
the rows while the mode 2 and mode 4 along the columns.
In addition, mode 1 exhibits the fastest variation among the
rows, and mode 4 varies the fastest among the columns. Note
that the mode-n unfolding is a particular case whose single
variation among the rows is dictated by the mode n.

II. SYSTEM MODEL

We consider an HRIS-aided MIMO wireless communication
system, illustrated in Fig. 1, which is composed of one UT and
BS equipped with L and M antennas, respectively. Consider-
ing a blockage in the direct link, the HRIS comprised of N
elements and Nc RF chains [12] assists the communication
between UT and BS in an uplink direction. Perfect control
feedback link between BS and HRIS is assumed [23]. Since
a fraction of the incoming wave is coupled to the sampling
waveguide, the power splitting parameter ρn,t ∈ [0, 1] indi-
cates the portion of the signal reflected from the n-th HRIS
element at the t-th instant with a reconfigurable reflecting
phase-shift ejψn,t . Hence, the remainder portion 1 − ρn,t is
sensed and forwarded to the controller through RF chains via
analog combining. In this sense, ejϕnc,n,t is the reconfigurable
sensing phase-shift related to the nc-th RF chain.

We consider a transmission scheme in which the symbols
are time spread across I sub-frames, each composed of K
blocks of T symbol periods each. Assuming that the BS and
HRIS are located in fixed positions, the HRIS-BS channel
can be considered to remain constant over the I sub-frames,
following a quasi-static regime [24], [19] since its changing is
much slower than the UT-HRIS one. In contrast, we assume
that the UT-HRIS channel may vary from one sub-frame to
another due to the UT mobility such that its i-th version
remains unchanged within the i-th sub-frame (i = 1, · · · , I).

Prior to transmission, at the t-th symbol period (t =
1, · · · , T ) of the k-th block (k = 1, · · · ,K), the UT symbols

xt = [x1,t, · · · , xR,t]T ∈ CR×1 are coded following a tensor
space-time coding scheme to produce st,k = Ckxt ∈ CL×1,
where the coding matrix Ck ∈ CL×R is the k-th slice of
the coding tensor C ∈ CL×R×K . We assume that the coding
matrix is constant within the k-th block and varies from
one block to another, which implies Ct,k = Ck. The same
assumption stems for the HRIS parameters ρn,k, ψn,k, and
ϕnc,n,k. The fraction of the transmitted signal, which is sensed
by the N elements and conveyed to the Nc RF chains via
analog combining, is given by

yRC
t,k,i = ΦkGiCkxt ∈ CNc×1, (1)

where Gi ∈ CN×L is the time-varying UT-HRIS channel ma-
trix at the i-th sub-frame, and Φk ∈ CNc×N is the adjustable
sensing phase-shift matrix, whose the (nc, n)-th entry is given
by

√
1− ρn,kejϕnc,n,k . Such a matrix corresponds to the k-th

slice of the sensing tensor TΦ ∈ CNc×N×K . Meanwhile, the
signal received by the M BS antennas, corresponding to the
reflected portion, is given as

yBS
t,k,i = Hdiag {ψk}GiCkxt ∈ CM×1, (2)

where H ∈ CM×N is the quasi-static HRIS-BS channel
matrix, and ψk = [

√
ρ1,ke

jψ1,k , · · · ,√ρN,kejψN,k ]T ∈ CN×1

is the reconfigurable reflecting phase-shift beam.
Collecting the received signals during T symbol periods of

each k-th block, we get YRC
k,i = [yRC

1,k,i, · · · ,yRC
T,k,i] ∈ CNc×T

and YBS
k,i = [yBS

1,k,i, · · · ,yBS
T,k,i] ∈ CM×T on the HRIS and

BS sides, respectively, given by

YRC
k,i = ΦkGiCkX ∈ CNc×T (3)

and
YBS
k,i = Hdiag {ψk}GiCkX ∈ CM×T , (4)

where X ∈ CR×T is the the symbol matrix.

III. TENSOR MODELING AND CLOSED-FORM
HRIS-KRONF RECEIVER

Note that the sensing signal at (3) can be seen as a
fourth-order tensor YRC ∈ CNc×T×K×I , where (3) de-
notes the (k, i)-th slice of the tensor YRC. Then, since that
vec

{
PQS

}
=

(
ST ⊗ P

)
vec

{
Q
}

, its vectorized form is
yRC
k,i = (XT ⊗ INc)(C

T
k ⊗ Φk)gi ∈ CTNc×1, where gi =

vec
{
Gi

}
. By collecting the sensed signals from I sub-frames,

we construct YRC
k =

[
yRC
k,1 , · · · ,yRC

k,I

]
∈ CTNc×I , given by

YRC
k =

(
XT ⊗ INc

)
WkG, (5)

where the Wk = CT
k ⊗ Φk ∈ CRNc×LN , and the matrix

G = [g1, · · · , gI ] ∈ CLN×I aggregates all the time-varying
UT-HRIS channels among the I sub-frames. By applying the
vec

{
·
}

operator on (5), we get yRC
k ∈ CITNc×1, given by

yRC
k = (GT ⊗XT ⊗ INc

)wk, (6)

where wk = vec
{
Wk

}
∈ CLNRNc×1.

Now, leveraging the tensor unfolding concept, the matrix
YRC
k can be interpreted as an unfolding of a tensor YRC

k ∈
CNc×T×I , which in turn corresponds to the k-th third order
mode-3 tensor slice of YRC. In addition, the mode-1 and
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mode-3 unfoldings of YRC
k are denoted by

[
YRC
k

]
(1)
∈

CNc×IT and
[
YRC
k

]
(3)
∈ CTNc×I , respectively. The equiv-

alence between YRC
k and the generalized/mode-n unfoldings

of YRC
k is YRC

k =
[
YRC
k

]
([1,2],[3])

=
[
YRC
k

]T
(3)

. In this way,
yRC
k is related with the matrix unfoldings of YRC

k as follows:

yRC
k = vec

{[
YRC
k

]T
(3)

}
= vec

{[
YRC
k

]
(1)

}
. (7)

Note that
[
YRC
k

]
(1)

does not correspond to YRC
k , but its

vectorized shape does. These equivalent vectorized forms
are valuable for simplifying the derivation of this receiver.
Thereafter, we construct the tensor Wk ∈ CNc×R×LN by
tensorizing the matrix Wk in such a way that it corre-
sponds to the transpose mode-3 unfolding of Wk. This can
be realized by carrying out the reverse operation of the
unfolding. The mode-1 and mode-3 unfoldings of Wk are
denoted by [Wk](1) ∈ CNc×LNR and [Wk](3) ∈ CLN×RNc ,
respectively. Similarly to YRC

k , the correspondence between
Wk and the generalized/mode-n unfoldings of Wk is Wk =
[Wk]([1,2],[3]) = [Wk]

T
(3) ∈ CRNc×LN . Likewise, its vectorized

form wk can be understood as

wk = vec
{
[Wk]

T
(3)

}
= vec

{
[Wk](1)

}
∈ CLNRNc×1 . (8)

Exploiting (7) and (8), while taking into account the mode-1
unfolding, we can recast (6) as

vec
{[
YRC
k

]
(1)

}
= (ZT ⊗ INc)vec

{
[Wk](1)

}
, (9)

where Z = G ⊗ X ∈ CLNR×IT . Doing
[
YRC
k

]
(1)

=

unvecNc×IT
{
vec{

[
YRC
k

]
(1)
}
}

, we get[
YRC
k

]
(1)

= [Wk](1) Z. (10)

Finally, by gathering all the K unfolding-like tensor
slices [YRC

k ](1), we construct the generalized unfolding[
YRC

]
([1,3],[2,4])

∈ CKNc×IT , i.e,
[
YRC

]
([1,3],[2,4])

=[
[YRC

1 ]T(1), · · · , [Y
RC
K ]T(1)

]T
, given by[

YRC
]
([1,3],[2,4])

=
[
W

]
([1,3],[2,4])

Z, (11)

where [W]([1,3],[2,4]) ∈ CKNc×LNR is a generalized unfolding
of the 4-th order tensorW ∈ CNc×R×K×LN constructed from
collecting all the K unfolding-like tensor slices [Wk](1), i.e.,

[W]([1,3],[2,4]) =
[
[W1]

T
(1) , · · · , [WK ]

T
(1)

]T
. From (11), we get

an estimate of the composite matrix Z by solving the problem

Ẑ = argmin
Z

∣∣∣∣[YRC
]
([1,3],[2,4])

−
[
W

]
([1,3],[2,4])

Z
∣∣∣∣2
F

(12)

whose analytical solution is

Ẑ =
[
W

]†
([1,3],[2,4])

[
YRC

]
([1,3],[2,4])

. (13)

The next step involves employing the LS-Kronecker Fac-
torization (KronF) algorithm on Ẑ, which generates a rank-
1 matrix Z̄ ∈ CTR×ILN by rearranging it (see details in
[19]). The best rank-1 approximation of Ĝ and X̂ is obtained
from the truncated singular value decomposition (SVD) of Z̄.
Algorithm 1 briefs the key steps of the HRIS-KronF receiver.

Algorithm 1: HRIS-KronF receiver

1. Using (13), find a LS estimate of Ẑ;
2. Construct Z̄ by rearranging Ẑ;
3. Compute [u1, σ1,v1]←− truncated-SVD(Z̄);
4. Reconstruct X̂ and Ĝ:

Ĝ← unvecLN×I{
√
σ1v

∗
1}, X̂← unvecR×T {

√
σ1u1};

5. Remove scaling ambiguities.

IV. LEAST-SQUARES HRIS-BS CHANNEL ESTIMATION

At the BS side, we collect the matrices YBS
k,i during the K

blocks associated with the i-th sub-frame by defining YBS
i =[

YBS
1,i , · · · ,YBS

K,i

]
∈ CM×KT , given by

YBS
i = HFi(IK ⊗X), (14)

where

Fi = [diag {ψ1}GiC1, · · · ,diag {ψK}GiCK ] ∈ CN×KL .
(15)

To capture the variation of the UT-HRIS channel across
the I subframes, we stack column-wise the received sig-
nals YBS

i during the I sub-frames by defining YBS =[
YBS

1 , · · · ,YBS
I

]
∈ CM×IKT and get

YBS = HF(IIK ⊗X), (16)

where F = [F1, · · · ,FI ] ∈ CN×IKL encapsulates all the I
states of the time-varying UT-HRIS channel. To estimate the
HRIS-BS channel, we consider the following LS criterion

Ĥ = argmin
H

∣∣∣∣YBS −HF(IIK ⊗X)
∣∣∣∣2
F
. (17)

Recall that the task of estimating G ∈ CLN×I and X ∈ CR×T

is conducted by the HRIS controller, and these estimates are
conveyed to the BS via a feedback control link. The matrices
Ĝi (i = 1, · · · , I) are formed by reshaping the columns of Ĝ,
i.e. Ĝi = unvecN×L{ĝi}. An LS estimate of the HRIS-BS
channel is obtained by solving (17), where F is constructed
from the estimates of the UT-HRIS channels according to (15)
and X are replaced by their estimates obtained at the HRIS
(c.f. step 4 of Algorithm 1), which gives

Ĥ = YBS
[
F̄(IIK ⊗ X̂)

]†
. (18)

Note that assuming that F̄ and X̂ are full row-rank, we can
simplify the computation of the pseudo-inverse in the previous
equation, yielding Ĥ = YBS(IIK ⊗ X̂†)F̄†.

V. SCALING AMBIGUITIES, COMPUTATIONAL
COMPLEXITY, AND IDENTIFIABILITY

At the HRIS side, after applying the rank-one approxima-
tions to G and X through truncated SVDs using the KronF
algorithm, the estimates are unique except for a scaling factor
such that G = αĜ and X = (1/α)X̂. Such a scaling factor
can be eliminated by assuming the knowledge of one symbol
in X at the receiver. The computational complexity of our
proposed receiver involves a complexity of O(L2N2R2KNc)
for the inversion of

[
W

]
([1,3],[2,4])

, followed by O(LNRIT )
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to compute the truncated-SVD of the rank-1 matrix Z̄ within
the KronF algorithm. Note that the complexity of the inverse
can be reduced by properly designing TΦ and C such that[
W

]
([1,3],[2,4])

is column-orthogonal.

VI. RESULTS AND DISCUSSION

In this section, we evaluate the performance of our proposed
semi-blind receiver in terms of symbol error rate (SER) and
normalized mean squared error (NMSE) of the estimated chan-
nels, which is defined as NMSE(P) =

∣∣∣∣P−P̂∣∣∣∣2
F
/ ||P||2F after

103 Monte Carlos runs, in which P is G or H. We adopt the
parameter set {M,N,Nc, R, L, T,K} = {8, 32, 4, 2, 2, 4, 32}
and 64-QAM as modulation scheme for data symbol matrix.
Further, we consider a loss of −20dB reference distance of
1m. Our setup includes UT-HRIS and HRIS-BS links with
20m and 50m distances, respectively. In the simulations, we
assume a Rayleigh fading channel and that both HRIS and
BS share the same noise power level generated based on the
transmit SNR (t-SNR) values.

Figure 2 shows the results of SER and NMSE of the
time-varying UT-HRIS channel at the HRIS controller under
variations of the power splitting parameter. We set t-SNR
= 25dB and I = 2. Both of them increase as ρ increases
since each meta-atom’s enhanced reflection capability reduces
its sensing capacity, and vice-versa. This analysis reveals
the symbol detection behavior when ρ is changed, and such
findings align with predictions in [23] regarding the NMSE of
G. Given that CE at the HRIS side is less influenced by path
loss than the estimates obtained at the BS, we set ρ = 90% in
our simulations. This configuration ensures that estimating X
and the time-varying channels Gi remain effective despite the
reduced sensing capability. This means the lower path loss of
the UT-HRIS link compensates estimations at the HRIS, while
at BS, it is by the higher value of ρ.

Figure 3 depicts the NMSE of the individual time-varying
UT-HRIS and the HRIS-BS channels for different sub-frame
lengths as a function of the t-SNR. Firstly, we assess the
UT-HRIS CE performance at the HRIS controller. Regarding
NMSE results of the composite channel matrix G, which
encompass all versions of Gi. Such results demonstrate the
robust capability of the HRIS to perform CE. Furthermore,
the HRIS’s strategic positioning corroborates its performance
since it suffers less path loss than the received signal at
the BS even under ρ = 90% (only 10% of meta-atom’s
sensing capability). Besides, we highlight the robustness of
our proposed closed-form semi-blind receiver in capturing all
variations of the UT-HRIS channels. At the end of the time
protocol, the HRIS controller feeds Ĝ back to the BS via
control link. Using this information, the BS estimates H. Even
though carrying estimation errors, leveraging Ĝ to estimate H
is a good choice by considering a high transmit SNR regime,
leaving the estimation performance depending mainly on the
path loss involved in the HRIS-BS link.

Next, we evaluate the symbol detection performance of the
proposed semi-blind receiver. Figure 4 exhibits SER results as
a function of the transmit SNR. The results show a remarkable
performance even in the low SNR regime. Note that the range
of the SER analysis is anticipated in relation to the NMSE
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Fig. 2. SER and NMSE of UT-HRIS channel vs. ρ.
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Fig. 3. NMSE of the channels vs. transmit SNR.

ones. These results underscore the HRIS controller’s impres-
sive precision in joint symbol and CE. In only CE scope,
such precision was already predicted in [23]. Moreover, the
semi-blind approach allows the UT to transmit data symbols,
extending beyond pilot sequences within the same blocks.

As we can see from Figs. 3, and 4, the performance of
the proposed semi-blind estimation scheme is enhanced when
the number I of collected sub-frames is increased since the
HRIS captures more UT-HRIS channel variations, resulting
in an increased receiver diversity. For instance, by increasing
I = 4 to I = 16, the algorithm exhibits an SNR gain of nearly
10 dB. Note, however, that higher accuracy of the channel
estimates obtained by increasing the number of processed sub-
frames comes with a reduction in the transmission rate since
the symbol matrix X is retransmitted KT times for each i-th
sub-frame. Figure 5 takes a closer look at this point by plotting
the NMSE curves related to the number of sub-frames.

VII. CONCLUSIONS

This work has addressed semi-blind channel and symbol
estimation for HRIS-assisted communications in a scenario
with a certain level of user mobility. It demonstrates the
effectiveness of the proposed semi-blind receiver in estimating
the time-varying UT-HRIS channel and the HRIS-BS one with
limited sensing capability at the HRIS. We analyzed the trade-
off between reflection and sensing capacity, highlighting the
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performance of the estimation task at the HRIS controller,
whose results align with previous predictions in the literature.
Our results indicate that allowing the HRIS to estimate both
the uplink channel and user symbols is a viable strategy, partic-
ularly in high SNR regimes. Furthermore, the symbol detection
performance underscores the HRIS controller’s precision in
joint symbol and CE, even under challenging conditions.
The observed performance improves as more sub-frames are
processed at the HRIS, highlighting the diversity gains achiev-
able through the proposed approach. However, these gains
come at the cost of reduced transmission rates, which must
be considered when designing practical systems. Perspectives
include studying methods for reducing the feedback between
the HRIS and the BS, which is necessary to estimate the HRIS-
BS channel at the BS. Future work should also consider more
realistic (physical) channel models and an extension of our
proposed semi-blind receiver to multi-user systems.
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