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Adaptive Channel Estimation for RIS-Assisted
Systems in Time-Varying mmWave Channels

You You, Fengyu Chen, Li Zhang, Senior Member, IEEE, Yongming Huang, Senior Member, IEEE,
and Chuan Zhang, Senior Member, IEEE

Abstract—To improve channel estimation (CE) for reconfig-
urable intelligent surface (RIS)-assisted systems in time-varying
mmWave channels, this paper proposes a two-stage adaptive
CE scheme. This is the first attempt to develop a CE scheme
without assumptions on specific timescales for channel varia-
tions. In the first stage, the adaptive scheme incorporates the
estimation of partial channel state information and a channel
status check process. The introduced check process can monitor
the changing status of the channels and provide information for
the second stage. In the second stage, based on the results from
the check process, the adaptive scheme adaptively selects from
two proposed candidate CE algorithms: Two-Phase orthogonal
matching pursuit (TP-OMP) and Structured-Shift OMP (SS-
OMP). Simulation results show that both TP-OMP and SS-OMP
can reduce pilot overhead by around 33 %, and respectively lower
the computational complexity of existing works by about 55%
and 65%. Additionally, the check process obtains an accuracy
rate of approximately 92% so that the proposed CE scheme can
maintain stable CE performance in time-varying channels.

Index Terms—Reconfigurable intelligent surface, channel esti-
mation, compressive sensing, orthogonal matching pursuit.

I. INTRODUCTION

OMPRISED of numerous reflecting elements, reconfig-

urable intelligent surface (RIS) can dynamically alter
the characteristics of impinging signals, thereby creating a
controllable wireless transmission environment [1], [2]. To
cater to different scenarios, various types of RISs have been
designed, including fully passive RISs with minimal power
consumption, active RISs with amplifiers to mitigate double
path loss attenuation [3], and hybrid RISs that strike a balance
between resource cost and functionality [4]. Regardless of
the RIS type, accurate acquisition of channel state informa-
tion (CSI) is crucial to fully exploit the potential of RISs.
However, channel estimation (CE) poses significant challenges
in RIS-assisted millimeter wave (mmWave) systems due to
the large number of RIS elements and their limited signal
processing abilities. Additionally, the need for frequent and
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time-consuming CE across multiple channel coherence blocks
introduces substantial computational complexity and transmis-
sion delays. Consequently, developing efficient CE schemes
for RIS-assisted systems operating in time-varying mmWave
channels becomes imperative.

A. Prior Work

Previous studies have proposed various methods to address
the challenge of CE in a single block [5], [6]. The least squares
(LS) algorithms have been applied either by sequentially
activating individual RIS elements to estimate the channel
[7] or by activating all RIS elements simultaneously [8].
To further alleviate the unbearable pilot overhead, element-
grouping methods have been proposed [9]. By employing
structured patterns for the pilots and RIS configurations, the
received signals can be modeled as parallel factor tensors. The
Khatri-Rao factorization and bilinear alternating LS (BALS)
algorithms are then adopted in [10].

Leveraging the sparsity of mmWave channels in the an-
gular domain, CE for RIS-assisted communications has been
formulated as an /7 norm regularized optimization problem
with fixed-rank constraints [11], enabling the utilization of al-
ternating minimization and manifold optimization techniques.
In addition, CE can be cast as sparse signal recovery problems
[11], [12]. Various Bayesian-based compressive sensing (CS)
techniques, such as sparse Bayesian learning (SBL) [13]
and fast Bayesian matching pursuit (FBMP) [14] can be
employed. However, the high computational complexity and
parameter dependence limit their applicability. With a much
lower complexity, greedy methods like orthogonal matching
pursuit (OMP) [12] are widely exploited in the CE for RIS-
assisted systems. Building upon the distinctive structures in
RIS-assisted channels, improvements have been made to con-
ventional OMP to enhance CE performance [15]-[20]. For
example, a double-structured OMP (DS-OMP) was proposed
to exploit the double-structured sparsity of cascaded channels
among multiple users [15]. The authors in [16] discovered
a common offset parameter shared by each user, leading to
the development of a multi-user (MU) triple-structured CS-
based CE algorithm. In [17], [18], the CSI of a typical
user was obtained by exploiting the correlation between the
channels of multiple users. For the remaining users, the re-
parameterized user-RIS channels were estimated instead of the
entire cascaded channels. To mitigate the error propagation,
an ambiguous RIS-BS channel was first constructed in [19],
followed by estimations of each ambiguous user equipment
(UE)-RIS channel to obtain the full CSI. Nonetheless, the



abovementioned approaches still encounter challenges related
to high pilot overhead or computational complexity, hindering
further improvements in CE efficiency within a single channel
coherence block.

Additionally, diverse CE schemes have been proposed to
tackle the issues of high computational complexity and trans-
mission delay in time-varying RIS-assisted channels. These
schemes leverage the characteristics of RIS-assisted mmWave
channels under certain assumptions [21]-[25]. In [21], a two-
timescale CE framework was introduced, assuming quasi-
static RIS-BS channels and more frequently changing UE-RIS
channels. In [22], a three-stage angular domain CE (TAD-CE)
scheme was proposed to divide the RIS-assisted channels into
static RIS-BS angles, quasi-static UE-RIS angles, and time-
varying channel gains. The TAD-CE scheme then estimates
these three components in diverse frequencies with reduced
pilots [22]. To alleviate the dependence on frequent CE when
designing the reflection patterns of RIS, the quality of service
(QoS) of UE was used as a metric to determine the frequency
of UE re-localization and RIS configuration in [23]. Different
CE schemes for semi-passive RIS [24] and anchor-assisted
[25] CE approaches have also been proposed, albeit with
higher energy consumption. While the aforementioned multi-
block CE strategies can decrease pilot overhead in the long
term, they all rely on exact prior information about some
attributes of the time-varying channels. For instance, all of
these works assume the duration (or relative duration) of the
unchanged RIS-BS channel to be known.

B. Motivations

Retrospecting the existing literature, it is evident that
formidable obstacles persist in current research on CE for
RIS-assisted mmWave systems. Firstly, the existing CS-based
methods have not fully leveraged the inherent structural char-
acteristics of the cascaded channel matrix. Additionally, most
current approaches heavily rely on ideal assumptions regarding
the availability of channel variation information among blocks,
which restricts their practical applicability. When these as-
sumptions are not met, the existing CE schemes fail to achieve
the expected performance or may even encounter failures.
Hence, further research is necessary to develop more practical
CE schemes accompanied by suitable algorithms.

C. Main Contributions

In this paper, we propose a CE scheme that can adaptively
choose specific CE algorithms in different blocks by lever-
aging various channel properties. To the best of the authors’
knowledge, this is the first attempt to tackle the CE in RIS-
assisted mmWave systems without any prior information on
the time-varying channels. The main contributions of this work
are summarized as follows:

o The structural characteristics of the cascaded uplink UE-
RIS-BS channel are revealed based on the sparsity and
virtual angular domain (VAD) representations of the RIS-
assisted mmWave channels. These analyzed structural
features provide the theoretical foundation for the design
of an adaptive CE scheme and two CE algorithms.
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o A two-stage multi-block adaptive CE scheme is proposed.
The proposed scheme does not rely on any knowledge of
the channel variation but dynamically selects an appropri-
ate CE algorithm from two proposed ones for each block.
This selection process is based on a novel channel status
check process.

« In the first stage, a check process is proposed to detect
the channel variations across the multiple blocks. The
angles of arrival (AoAs) at the BS are first estimated.
By comparing the obtained partial CSI and that from the
previous blocks, the check process can detect whether the
RIS-BS channel has changed. Importantly, this process
does not incur extra computational complexity or pilots.
Simulation results demonstrate that the proposed check
process achieves an accuracy rate of about 92%.

e In the second stage, two candidate CE algorithms are
proposed. The Two-Phase OMP (TP-OMP) leverages the
structure induced by the common paths of the UE-RIS
channel within a single block. It is designed to handle CE
regardless of whether the RIS-BS channel has changed.
Additionally, we introduce a low-complexity algorithm
named Structured-Shift OMP (SS-OMP) for CE when
the RIS-BS channel remains unchanged from previous
blocks. Simulation results show that compared to existing
methods, both TP-OMP and SS-OMP can reduce pilots
by approximately 30% with respectively 55% and 65%
lower computational complexity.

o From a long-term perspective, the proposed CE scheme
can be adaptive to the time-varying conditions of the
channel. With a well-designed check process and the
switching mechanism of the candidate CE algorithms,
simulation results demonstrate the stable performance of
the adaptive CE scheme across multi-block CE.

The remainder of this paper is organized as follows. In
Section II, we introduce the system model. In Section III, we
sequentially analyze three structures of the cascaded channel
matrix. In Section IV, detailed descriptions of the proposed
two-stage adaptive CE scheme are presented. Extensions of
the proposed methods to mitigate the quantization errors are
provided in Section V. Simulation results are depicted and
analyzed in Section VI. In Section VII, we conclude this work.

Notation: Upper-case and lower-case boldface letters denote
matrices and vectors, respectively. (-)T, (-)*, ()", and ()f
represent the transpose, conjugate, conjugate transpose and
pseudo-inverse. (A).,, and (A),, . respectively represent the
n-th column and m-th row of A. || - ||z and | - | denote the
Frobenius norm and absolute value. The Kronecker product is
represented by ®. CN (i1, 0%) denotes the circular symmetric
complex Gaussian distribution with its mean being p and
variance being 02. diag(a) denotes the diagonal matrix with
elements of a on its diagonal. mod(a, b) returns the remainder
after the division a/b. unvecy, ,}(a) returns the z x y matrix
whose elements are taken columnwisely from a.

II. SYSTEM MODEL

A. Channel Model

We consider the uplink CE in a RIS-assisted mmWave
system. A RIS with M = M, x M, passive elements
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is equipped to enhance the communication between an N-
antenna BS and a single-antenna UE. The RIS and BS are
assumed to have uniform planar array (UPA) elements and
uniform linear array (ULA) antenna, respectively. The direct
UE-BS channel is neglected in this work. The channels are
assumed to be constant within a single block.

The classical Saleh-Valenzuela model is adopted to charac-
terize the channels. The RIS-BS channel G € CNV*M and the
UE-RIS channel f € CM*! can be respectively formulated as

L Zal by (0 aM(UZ ,Pl or,
G =1
L 9]

Z Biyan (v, p1,),

M

where Lg, Ly denote the path number of G and f, re-
spectively. oy, ,9 " ‘ P, Gt represent the complex gain, the
spatial AoA at the BS ’ the spatial azimuth angle of departure
(AoD) at the RIS, and the spatial elevation AoD at the RIS
for the lg-th path. S, vy, (p}f) represent the complex gain,
the spatial azimuth (elevation) AoA at the RIS for the [y-th
path. by and a,; are the normalized array steering vectors
for BS and RIS. by and a;; can be represented as

_ L ej27rt9r1 T
bN(G) - \/N[ ] ) (2)
M (v, p) = b, (v) @ b, (p),

where n = [0,--- , N — 1]. With the carrier wavelength being
A, and the antenna spacing being d (d = A/2 is assumed in
this paper), the relationship between the spatial angles and
their corresponding physical angles are

d cos(Opny)  d cos(Upny)
TN ©)
_ d cos(pphy) sin(Vphy)
= 3 ,
where 0,1y, Uphy and ppp, are respectively the corresponding
physical angles at the BS, the physical azimuth angle at the
RIS, and the physical elevation angle at the RIS.
Considering the mmWave communication scenario, the
commonly used linear cascaded channel model is adopted in
this paper, i.e., the cascaded UE-RIS-BS channel is defined
as H £ Gdiag(f).! By using the VAD representations,
H € CV*M can be decomposed as

H=UyHU],, 4)

where Uy € CN*Ne and U, € CM*Me are the dictionary
matrices at the BS and the RIS.

6:

Uy :[bN(91)> o ’bN(GNG)L
Uy =Uy, @ Uy, s
=[bar, (1), ,bar, (Vg )]

@ [bar, (p1), -+ s bar, (Prr, )],

! There are scenarios that the linear cascaded channel assumption may not
hold when taking the mutual coupling effect into account [26], [27]. But the
linear cascaded channel model remains applicable when the reverberation is
weak at higher frequencies (such as mmWave in this paper) due to stronger
absorption effects.

where Ng, Mg,, Mg, denote the number of the pre-
determined grids, Wthh usually satisfy Ng > N,Mqg, >

M,, Mg, > M. 6, = =3 + U n € [1,Ng]. v, =
Mg —1 Y
—3+ Bt =4 + ("chy . mg € [1, Mg,], my €

[1,Mg,], Mg = Mg, Mg,. H is the sparse cascaded channel
matrix in the angular domain, which contains a few non-zero
elements due to the limited paths of mmWave channels. Note
that the off-grid errors can not be avoided when uniformly
distributed grids are used to characterize the continuous angles.
Detailed discussions of this off-grid error will be provided in
SectinoV.

B. Problem Formulation

The received signal at the BS in the ¢-th timeslot can be
represented as:

= Gdiag(wt)fxt +n; = Hwt$t + 1y, (6)

where z; is the pilot symbol sent by UE, w; € CM is the re-
flecting coeffcients of RIS at the ¢-th timeslot. ny ~ CA(0, 02)
is the additive white Gaussian noise (AWGN) at the BS. For
simplicity, we assume that x; = 1. Over T timeslots, the
received signal Y = [y, -+ ,yr] € CV*T is

Y =HW + N ¢ UyHUT, W + N, %

where W = [wy, - - - 73"T]’ N = [ny,--- ,n7]. (a) is obtained
by applying (4). Let Y = (U, W = (Ul W)H H =
H" and N = (UYN)H, (7) can then be rewritten as a sparse

signal recovery model
Y =WH+N, (8)

where Y € CT*N¢ s the measurement matrix, W € CT*Mc
is the sensing matrix, and H € CM&*N¢ s the sparse signal.

III. STRUCTURE ANALYSIS OF THE SPARSE CHANNEL

In this section, structures of H (referred to as the sparse
channel in the following content) are analyzed and summa-
rized. Firstly, we unveiled the relationship between the indices
of the non-zero elements in H and the angles of the channels.
Then, three structural features of ICI, namely column-structure,
row-structure A, and row-structure B are analyzed successively
for further utilization. In addition, a showcase is presented to
illustrate these structures.

As proven in [28], H can be represented as

“LG Zal bNQG (

Gy Gy
lg 7plg )

M &
diag ZﬁlfaM (v, p1,)
F = )
535S
o, B, b (0, ")
LGLf lo=11;=1

X aL(Uz + Ulfvp ftopr,)-



Applying (4) and (9), H in (8) can then be rewritten as

Lag Ly

LGLf Z Z A ’Blf

lo=11;=1
H G-
XaM(Ul +Ul,>/’ —|—plrf)bN(9lg )

H

= (URHU;)" =
(UyHUY) 10)

where bN(QG = U]H\,bN(GG ), aM(vl +vlf,p “+pi,) e
U MaM( ftp, p f+ sz) To further clarify the structure
of the H, Proposrtron 1 is introduced. Here, (vl +vj,) and

(,olcjt + py,) are respectively referred to as the azrmuth and
elevation cascaded AoA-AoD of the (I ,ls)-th subpath (the
cascaded subpath consists of the [,-th path of G and the [¢-th
path of f).

Proposmon 1: Both bN(9G ) € CN¢ and éM(UZGt +
Ulf P, Ge P f) € CMe have only one non-zero element, which
are respectrvely determined by the AoA at the BS and the
cascaded AoA-AoD (both azimuth and elevation) at the RIS.

Proof: Please refer to Appendix A.

In total, there are Lg Ly subpaths of the cascaded UE-RIS-
BS channel, contributing to Lg Ly non-zero elements in H.
Based on Proposition 1, it can be found that, each non-zero
element in ICI, denoted as hls:ls, corresponds to one specific
subpath consisting of the [,-th path of G and the [;-th path
of f. Column and row indices of this non-zero elements in H
depend on Og and {vgf,vff,pgf, p}”f}, respectively.

When {QIG’", Gt,ple v{f,p}’f} respectively equal to the
{nlg,mé“’,myg ,mg ,my }-th  pre-determined grid point,
Proposition 2 unveils the relationship between the angles of
the channels and the indices of the non-zero elements in H.

Proposition 2: The row and column indices of the non-
zero element hlols in H are (p'o!s —1)Mg, +¢'o' and n's
respectively, where p's>'s and ¢'s'!s are defined in (11).

Proof: Please refer to Appendix B.

Overall, there are no more than L& non-zero columns in H
due to the Lo BS AoAs, and each non-zero column contains
no more than L; non-zero elements due to the Ly cascaded
Ao0A-AoDs at the RIS.

A. Column-structure

It can be seen from (10) that the indices of the non-zero
columns in H only depend on the spatial AoAs HG at the
BS, and are independent of the angles at the RIS. Consrderlng
that the RIS-BS channel varies more slowly than the UE-RIS
channel [21], Gy may last for 7(7 > 1) blocks, i.e., Gy =
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- = Ggyr—1 = G. Consequently, I:Ik, . ,I:I;H_T_l share

the indices of non-zero columns

i = 2+1 = er'rfl = Q°, (12)

where €€ represents the supports of non-zero columns in H.

B. Row-structure A: common spacings within a single block

For the (I,4,17) subpath, the azimuth cascaded AoA-AoD at
the RIS can be rewritten as

Ungt +ui, :Ugt +U;f—(vﬁf—vff) :Ul(jt +Uzrff_AUzz,lfa (13)
where Avy, £ —vj,- Uy, 1y € [1, Ly], U # ly. Similarly,

the elevation cascac{ed AOA AoD can be decomposed as

— Appy

iy (14)

G

P+ Pl =0+l
where Apfw = plr, — pI' . Obviously, the angular differ-
| and Apl,
ly-th paths of f, and are irrelevant to G. The two non-
zero elements (h'a's hlolr) resulting from the (I, %) and

ences Avl, ; solely depend on the l} -th and

(Ig,17) subpaths lie on the same non-zero column in H due
to the shared 9 . In addition, the corresponding row indices

(plots — 1)MG +q'ols and (plols — 1)Mg, + ‘ol satisfy?

’

/ v,
mod(pelr —plols Mg Y=mod(msd —m¥ , M, Gz)éAp;“Hf

/ I !
mod(g''!s —qlg’lf,ng) =mod(my —my, Mg,) éAql’“,f,lf,
(15)

where Apj, I and Agj, [, are defined as the azimuth and
§ iz

elevation row spacings between Rhlols and hlols.

From (13)-(15), we observe that within a single block,
there exist certain commonalities among the non-zero el-
ements located in different non-zero columns. S eciﬁcally,
{Apl, Aql, } are the same for {hls:lr hlolr} Vi,

1, Lg} In other words, the spacings between the non-zero
elements resulting from the (lg,l%) and (l4,1r) subpaths
are the same for Vi,. This eommonality can be exploited
to simplify CE. For instance, once {h'1,--- hLI7} are
obtained. By choosing a reference element A l/f the spacings
Aplr}, Aql/ can be computed to serve as prior information
to simpllfy the estimation of the remaining non-zero elements.

2Eq. (15) is obtained based on (11), detailed derivation process is omitted
here for brevity.

mi +myf 4 Mea=2 if(mz+m ) € [2, M= +2)
Pl =S my pmyd - Met? i (m +my ) € [Fge 42, 5 41 (11a)
mﬁmlu% il + ) € (Mo 11,200,
lg Ly ]ch—Q ]ch
my g+ A lf(my +m ) [21 +:232M
my oy — Gt <méf +mif> € (5 +1,2Mg,].
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unvec:
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— q | hl,l q
5 k 1 r
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x 1.2 2,1
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= 50 < :; o5 Vé_q{3
; Apf'z Agy, hk
25 < »> 2.2
r h 2y
30| — Ap] A
| ] < P
L Ap p
1 2 3 4 5 6 < > .
. t t r
column index — P> Ap,=1,Aq,,=4 € Api;
(a) Structures of Hi
unvec:
[ T—unvec 3 . ‘L
q 1 q
5+ hk+1
|
10
x
O 15 1,2 | 2,1
-g I hk+1 hk+1
20t I 13
% hk+1
=25t 29
30+ hk+1
72
35+ ‘ f k+1 f
1 2 3 4 5 6
column index —> Apj, =1,Aq;, =4 <

(b) Structures of Heu

Fig. 1.
elements, while gray rectangles represent the zero elements.

C. Row-structure B: common spacings among blocks

For the subpath consists of the /,-th path of G and the [;-th
path of f, the cascaded AoA-AoD at the RIS satisfy

Gt ro__ Gt Gt Gt t
v, = vy +u], — (vl, ’Ulg) v, oy, — Avl,l ,
Gy r _ G Giy__ :
it = oyt pr, = =) = o o, — Apy s
g f g f g g g f gt
(16)
l l G G G
where 17,1, € [1,Lgl,l; # I, Avlqulg vl,‘ - Ut
Apﬁtl = plC,;t - pth are referred to as the a21muth and
g9 g 9

elevation angular differences between the [/ -th and the {,-th of
G. Apparently, when G is constant, Avl, L ,Apl, remain
unchanged. Besides, the indices of the “non-zerd Eélements
resulting from the (17, l) and (I, 1) subpaths are related to
each other as follows

] - _ I l A At
mod(p's*f —p'e*f Mg, ) =mod(ms —myg, Mg, ) = Apjy 1,

’ 1A
mOd(qlg’lf qlg’lf ) MGy) :mOd(myg 7m'lyg ) MGy) £ Aq;@,lga
A7)

where Ap, lg7Aqf, 1, are the azimuth and elevation row
g’ g’

spacings between hlols and Rhlsls in H.
Similarly, {Avl, “, ,Apl, }and {Apl, 1y ,Aql,
related to f. Consequently, for the estimation of Hk across
different blocks with the same Gy, these common angular dif-
ferences (or spacings) can be utilized to reduce the complexity

, } are un-

Structure of two cascaded sparse channels where G, = Gp41, M =36(6x6), N=6, Lg =2, Ly =3. Colored rectangles represent the non-zero

of the CE process. For example with the CSI acquired in
previous blocks, {AvS* i ,Apl, Y, ) or {Apl, 1 ,Aql, 1, } can
be calculated and leveraged to 1mprove the estimation of CSI
in the current block when G remains unchanged.

D. Illustration of a showcase

A showcase has been presented in Fig. 1, where H, and H
share the same G. Therefore, for I:I;€ and I:Ik+1, the indices of
the non-zero columns are the same, i.e., Qf = Qf | = {4,6}.

For the subpaths that share the common UE-RIS paths
but different RIS-BS paths, subfigures in Fig. 1(a) reveal the
derived row-structure A. Specifically, choosing h,lc’1 and hi’l
as reference elements in each non-zero column (i.e., I, =1
in (15)), {Ap} 5 =4,Aq} , =5} holds for both {n'! A!2}
and {h>', h%2}. Similarly, {Ap] 3=2,Aq] 3=5} apphes for
both {h,’ i ChL3Y and (R332,

As dlscussed in Section III-C, while fy, f;,, are different
for Hk and Hy,,, the common RIS-BS channel G enables
{hy' Rt} and {hy},, kit } to share the same value of
spacings, i.e., {Ap], = 1,Aq{, = 4} applied to both H;,
and Hy, 1 (depicted in Fig. 1(b)).

IV. PROPOSED ADAPTIVE CE SCHEME

RIS-associated channels are typically considered to exhibit
the two-timescale property [21]. This property facilitates im-
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Fig. 2. The proposed adaptive CE scheme.

TP-OMP

proved and simplified estimation of time-varying channels over
consecutive blocks by leveraging CSI of the quasi-static RIS-
BS channel. Existing approaches for RIS-assisted time-varying
CE usually assume a known and fixed variation mode of the
RIS-BS channel, i.e., the duration of unchanged G. Thus,
frequencies of estimating G and f vary accordingly [21],
[24], [25]. However, in practical scenarios, the variation of G
may deviate from such assumption, leading to a considerable
degradation in CE performance. To address this limitation, an
adaptive CE scheme is proposed in this paper. The proposed
adaptive scheme can dynamically select appropriate CE algo-
rithms for each block without relying on the aforementioned
ideal assumption.

As depicted in Fig. 2, the proposed adaptive scheme consists
of two stages within each block. In the initial block, the first
stage omits the check process due to the absence of prior
CSI, and the second stage exploits TP-OMP. In the subsequent
k-th (kK > 1) block, estimation of the indices of the non-
zero columns in Hj, is initially performed, followed by a
check process to detect the changing status of Gy. During
the second stage, based on the result of the check process,
the adaptive scheme selects a more appropriate algorithm
to acquire full CSI. Specifically, SS-OMP is chosen if Gy
remains unchanged; otherwise, TP-OMP is employed. The
complete adaptive CE scheme is summarized in Algorithm 1.
Further detailed explanations of the two stages are provided
in Section I'V-A and Section IV-B respectively.

A. Stage 1: Estimation of the Non-zero Columns and Check

1) Column Support Estimation (Step 2 in Alg. 1): Based
on (8), each column of Y can be represented as

Y.(:,n) = Wi HL(:, n) + Ni(;,n), n€[l,Ng].  (18)

It can be found that the columns of the received signal Y.
with higher energy correspond to the non-zero columns in
I:Ik. Thus, the indices of the non-zero columns in I:I;C can
be obtained by simply calculating the energy of the columns
in Yk.

Qi = F(H?k(,n)”%WLG)a n=1,--- aNGv (19)

where I'(A,[) denotes the operator to choose indices of the
[ largest elements in A. After obtaining €27, CE can be
simplified as
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Algorithm 1 Adaptive Scheme for Multi-block CE
Input: Y~vk, Wk, LG, Lf, M, N, M(;m, MGy-
Output: H,..
% Initialization
I Hy = Opxn
% Stage 1: Column estimation and the check process

2: obtain Qf via (19).
3: if k =1 then
4 Q¢ =Qf
5. Obtain H,(:, Q¢) by TP-OMP.
6: else
7: Obtain y via (22).
% Stage 2: Algorithm selection
8: if x = 0 then
9: Update £2° = Q.
10: Obtain Hy(:, 2¢) by TP-OMP.
11: else .
12: Obtain Hy,(:, 2¢) by SS-OMP.
13: end if
14: end if

5. Construct fIk via (21).

where Y (:, Q5) e CT*Le, Hy(:, Q5) e CMexle Compared
to (8), the dimension of the sparse signal to be estimated in
(20) reduces by N/L¢. And final estimation of the cascaded
channel H;, can be obtained via

H), = Un(;, QOHY(:, Q5 U], (21)

2) The Check Process (Step 7 in Alg. 1): Exploiting the
two-timescale of the RIS-assisted channels, existing works
assume that G remain the same during a certain number of
blocks, i.e., 7 in (12) is known and fixed. Consequently, the
estimation of G is only required in the (n7+1)-th (n > 0)
block. However, the exact value of 7 is unknown and may
vary in practical scenarios. Therefore, instead of assuming
a fixed and known 7, our proposed scheme incorporates a
check process to detect whether Gy remains the same as
in the previous blocks. Specifically, by comparing the AoAs
at the BS in the k-th block with those in the preceding
blocks, the proposed check process can effectively identify
if Gy has changed. Notably, the estimation of the non-
zero column indices (which correspond to the AoAs at the
BS) can be obtained with low computational complexity, as
presented earlier. The check process can then effectively detect
the changing status of Gy after column estimation without
introducing extra computational complexity or pilots. Details
of the check process are explained as follows.

In the initial block, the check process is omitted. €€ is
then initialized as €. For the k-th (k> 1) block, the check
process compares €27 with the stored 2¢. The result of the
check process (denoted as x) can be computed by

(22)

1, ifdifE(Qf,Q0) =2
=, if di ££(Q, Q°) # 2,
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Algorithm 2 TP-OMP for cascaded CE in the k-th block
Input: Yy, Wy, Q°, Lg, Ly, Mg,, Mg, .
Output: H,(:, Q°), Ap’, Aq’.
% Initialization
: Hk(I, ﬂc):OMGXLG7 Apt:@’ Aqt:@
: forl:1~toLgd0
yi= Yk<:7 ﬂc(l))7 r=y
if [ =1 then
% Phase 1: estimate a reference non-zero column and
obtain the spacings
5 for j =1to Ly do ~
6: C = unvecquyg, .mq, 3 (IWEHE])
7 [a1(7). p1(j)] = max(C)
3
9

L

§1(j) = (P1(j) — )M, + qu1(j)
: hy = Wy (;,81) 1y,
10: I~':5’1 —Wk(:,sl)hl

11: end for

/I Calculate the spacings in (15).
12: Ap” =pi(1) —p1(2: Ly)

Aq" =qi(l) —ai(2: Ly)

13: else

% Phase 2: Estimate the remaining non-zero columns
14: C= unvec{McwMGy}(\W}:f‘\)
15 C=0C+ 37 circ[C Ap (7). 4 ()
16: [pi(1), @i (1)] = max(C)
17: fori=1to Ly —1do
18: pl(i + 1) = circ[pl(l), Apr(i)]jucm

qi(i+1) = circla(l), Aq" ()] me,
19: end for

20: si = (p1— 1)Mg, +a
21: hl = Wk(:,sl)Tyl
22: end if

23: ICIk(sl, QC(Z)) = fll
/I Calculate the spacings in (17) for SS-OMP.
24 Ap' = Ap' U{p:i(1) — pi(1)}
Aq' = Aq' U{ai(1) —ai(1)}
25: end for

where diff(a,b) returns the vector that contains different
entries of a and b. In particular, x = 1 indicates that Gy
remains unchanged, while y =0 means that G has changed.

B. Stage 2: Selection From the Candidate Algorithms

With the obtained Yy, stage 2 of the proposed adaptive
CE scheme chooses a specific CE algorithm from the two
proposed candidate algorithms: Two-Phase OMP (TP-OMP)
and Structured-Shift OMP (SS-OMP). In particular, if G =
Gj_1 (x=1), SS-OMP can be employed to acquire the CSI
with lower computational complexity. Otherwise, TP-OMP is
chosen to guarantee the CE performance.

1) The Proposed TP-OMP (Steps 5 and 10 in Alg. 1): TP-
OMP is proposed by exploiting the row-structure A analyzed
in Section III-B. The main procedure of TP-OMP is summa-
rized in Algorithm 2. After obtaining 2, the estimation of
each non-zero column in Hj, can be transformed into a sparse

// } pr
7 I
é‘\ // 23 | | X
& € | | 1Dq
¢ [
/7 &3 \ ¥
// Gy . C.4.1 \ T r r
, E cirdC,4,1] <irc[C,Ap",Aq"]
7/
A/
q
| circ[C,5,4] g,
(& Adding up
Ca
< L
C C+circ[C,5,4]+circC,4,1]=C

D D . denotes the non-zero locations D denotes the zero locations

¢(¢) denotes the (modified) coherence value

Fig. 3. The example of the correlation modification for the case of finding
the position of hy'' in Fig. 1, where Ap” = {Apf 5, Apl 5} = {5,2}.
Aq" = {A‘II,quis = {4,5}.

vector recovery model
Vi = Wihey + iy, =1, Lg, (23)

where S’kJ = ?k(t, Q(‘(l)) S (CT, ljlk,l = I:Ik(:, Qc(l)) S (C]MG,
ng ;=N (:, Q).

As revealed in the derivation of row-structure A, the
L Ly non-zero elements in H have some common features.
Specifically, for each non-zero column, there are Ly non-zero
elements, and the intervals between these L, elements are
determined by the angular differences among the Ly UE-RIS
channel paths. Within a single block, the intervals between
the Ly elements remain consistent across all Lg non-zero
columns. Thus, the CE process can be simplified. In the
proposed TP-OMP, CE is divided into two phases.

Phase 1 (including steps 4-12 of Alg. 2): In phase 1
of TP-OMP, one of the non-zero columns, referred to as
the reference non-zero column hy, is firstly recovered via
conventional OMP?. Using the obtained fll, the azimuth and
elevation row spacings between the Ly non-zero elements in
h; can be calculated, which provide the prior information for
the estimation of the remaining (Lg — 1) non-zero columns.
Specifically, in step 12, by taking the firstly estimated non-
zero element Al in fll as the reference non-zero element
(I = 1), the specific spacing vectors Ap” and Aq" can be
easily obtained. It should be noted that both Ap” and Aq”
contain (Ly—1) entries since there are L; non-zero elements
in a single non-zero column.

Phase 2 (including steps 13-24 of Alg. 2): In phase 2 of TP-
OMP, with the obtained Ap” and Aq", recovery of remaining
non-zero columns hy (I € [2, L¢]) can be simplified. For each
of the rest L —1 non-zero columns, indices of the reference
non-zero element hb! is estimated in step 14-16. Different

3In the following descriptions, the subscript k is omitted. A more detailed
description of the OMP algorithm can be found in [29].



from OMP, in step 15, the initially calculated correlation (C)
between the sensing matrix and residual is modified into Cto
find h'!. An example is presented in Fig. 3 to illustrate this
modification process.

As shown in Fig. 3, the elements in C are first cyclically
shifted according to Ap” and Aq". Subsequently, by adding
up all the cyclically shifted elements, step 16 is able to find the
specific index more accurately (Please refer to Remark 1 for
a detailed explanation). In the following steps 17-19, as (15)
implicates, the acquisition of Ap”, Aq" allows the TP-OMP
to directly compute the indices of the remaining elements in
h; one by one without repeating correlation calculation. Step
21 gets the estimation of h; via LS. Finally, the spacings in
(17) can be directly computed in step 24, which are included
in the two sets Ap® and Aq’, with each of them having Lg—1
entries.

Remark 1: The modification of coherence is able to mitigate
the impact of noise. Taking the first iteration as an example,
where the residual r is initialized as y;. For the conventional
OMP, each entry of ¢ = [WHF| can be represented as

T Mg )
Z Wy (Z Wy .y (z) + fll(x)>

where w; ,, denotes the entry in the ¢-th row and m-th column
of W. According to the CS theory, indices of the entries in
C with larger correlation values correspond to the indices of
the non-zero elements in fll. However, the existence of noise
makes this approach less effective, especially when SNR is
low. In contrast to the traditional OMP, after cyclic shifting
and adding up, each element in C is a combination of multiple
entries in C, denoted as

- (a
ép,q) < > C(m),
I({p.q})

where m = (p — 1)Mg, + ¢. In (a), I({p,q}) represents
the indices of the corresponsing positions after {p, ¢} being
cyclically shifted according to the spacings {Ap”, Aq"}.

An exemplary modification process is shown in Fig. 3, and
the spacings are computed via the showcase in Fig. 1. For the
recovery of h,, we have to first find the indices h2!. With
known Ap” = {Ap],, Apj s} and Aq” = {Aq],, Aqgi 5}
(obtained in step 12 of TP-OMP), each of the entries in C
successively conducts the cyclic shifting accordingly, resulting
in circ[C,5,4] and circ[C,4,1]. The top right corner
of Fig. 3 shows the direction of this cyclic shift. Then,
after an addition operation, the modified coherence matrix
C is obtained. Each of the entries in C contains L # initial
coherence (3 in this example). It can be found that the value
of ¢, in Fig. 3 is the sum of all Ly non-zero locations, i.e.,
G, = €91+ Cag 4+ c23*. In contrast, other entries contain the
coherence of either one or no non-zero location, i.e., ¢y =cC21.
Thus, the impact of noise on C is relatively lower since the
noise is randomly distributed while the non-zero elements are
distributed with certain patterns. Therefore, the modification
of the coherence can mitigate the noise’s influence.

c(m) = (24)

b

(25)

4The coherence values of the zero locations are omitted here for simplicity.
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Algorithm 3 SS-OMP for cascaded CE in the k-th block.
Input: Yi, Wy, Q°, Ap', Ad', Lg, Ly, Mc,, Mg, .
Output: H,(:, Q).
% initialization
1: Hk(I, QC) :OMchG
% Estimate the reference non-zero column via OMP
yi= Yk(:7 Qc(l))7 r=y;
for j =1to Ly do ~
C= LJlI’lVGC{]wGac Mg, } (|W]:|f‘|)
[a1(4), P1(j)] =max(C)
$17) = (P1(j) — )M, + a1 (j)
hy = Wi(;,s1)Ty1
r=y; — Wk(,I S1)h1
end for R
Hk(Sl, QC(].)) = h1
% Estimate the remaining non-zero columns exploiting
row-structure B
11: for [ = 2}0 L do
122y =Y(;, Q)
/I Obtain the indices of the non-zero elements in each
non-zero column.
13: for i =1to L; do

R I A A R

._
4

14: pi(i)=circlpi(i), Ap*(I—1)|nq,
q(i)=circ|qi(i), Aq(l— 1)}Mcy
15: end for

16: Sy = (El — 1)MGI +q
17: l}l = Wk(Z, Sl)Tyl

18 Hy(s;, Q(1) = Iy

19: end for

2) The Proposed SS-OMP (Step 12 in Alg. 1): The pro-
posed SS-OMP targets for CE when Gy remains unchanged.
According to the row-structure B unveiled in Section III-C,
{Ap}, Jg,Aqlt, ,lg} are common for the sparse channels with
the same RIS-BS channel. Hence, it is justifiable to leverage
this feature to enhance the CE process further. Details of SS-
OMP are listed in Algorithm 3. The shared spacing vectors
{Ap?, Aq'} required in SS-OMP are obtained via step 24 of
TP-OMP in former blocks. After initialization, there are also
two main parts of SS-OMP.

« Estimation of h;: SS-OMP starts by estimating a refer-

ence column via OMP in steps 2-10 (the same as Phase
1 of TP-OMP).

o Estimation of the remaining columns by structured
shift: With the acquisition of h; and the spacings
{Ap?, Aq'}), steps 13-15 of SS-OMP successively ob-
tain the indices of the non-zero elements in each of the
remaining non-zero columns by cyclically shifting the
positions according to {Ap?, Aq'}.

Remark 2: It should be noted that there is no need to
first obtain the reference non-zero element (1) in estimating
hy(I=2,---,Lg) in SS-OMP. This is because the acquisition
of hy and the spacings are enough to obtain the indices of the
remaining non-zero elements. For example, p?!,- - -, p*>%¢ can
be directly calculated via (17) with known p'!,--. p"Ls and
Apfm. As a result, the complex coherence calculation (step 4
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in Alg. 3) only needs to be repeated L; times in SS-OMP.

C. Computational Complexity

The comparison of the computational complexity is listed
in Table I°. To evaluate the computational complexity of TP-
OMP and SS-OMP within a single block, the estimation of
the non-zero columns supports is also included. In obtaining
the non-zero columns’ support, complexity mainly comes from
calculating the power of Ng columns of Y € CNoxT| The
resulting complexity is O(T'Ng).

The coherence calculation step contributes the most to
the complexity of OMP [29]. In TP-OMP, phase 1 requires
Ly times of coherence calculation, leading to a complexity
of O(LyTM¢). The modification of coherence in step 15
adds a complexity of O((Ly — 1)M¢). For the recovery of
the remaining non-zero columns in phase 2, the coherence
calculation only needs to be conducted once for each column.
In total, the computational complexity of TP-OMP is

O((L¢ +Ly— DTMa)+O(TNg)+ O((Lf —1)M¢g). (26)

SS-OMP only needs to repeat the coherence calculation Ly
times to obtain H(:, Q¢(1)), which contributes to the com-
plexity of O(L;T M¢). Hence, the computational complexity
of SS-OMP within a single block is O(LTM¢g)+ O(T Ng).

TABLE 1
COMPARISON OF COMPUTATIONAL COMPLEXITY
Algorithms Complexity
Direct OMP [12] O(LgLfTNMgNg)
CS-EST [11] O(LGTNNg) + O(LLLyTNMc)
DS-OMP [15] O(TNg) + O(LgLfTMg)
BALS [10] O(M(TKp)) + O(N(KT + KM + M?))?
FBMP [14] O(TNMgNgPD)?
TP-OMP (proposed) (26)
SS-OMP (proposed) O(L;TMg)+ O(TNg)

2 The listed computational complexity is required for each iteration in
BALS. Also, for BALS, K > M, T > N should be satisfied.

b In FBMP, P, D respectively represent the stopping parameter and search
parameter. Please refer to [14] for more details.

D. Comparisons with Existing CE Schemes

A comparison between our proposed adaptive CE scheme
and other schemes is presented in Table II. In terms of pilot
transmission, the two-timescale scheme [21] adopted the dual-
link transmission between BS and RIS, requiring beam search
for the RIS to reflect the pilots towards the BS. In the anchor-
assisted approach [25], training pilots are exchanged between
the BS, anchor-1 (A1), and anchor-2 (A2) to obtain the CSI.
In the TAD-CE scheme [22], uplink pilots from adjacent BS
are required to conduct the RIS-BS angle estimation before
the UE connection. Pilots from UE are then needed for the
following stages. The CE scheme proposed in [24] requires
the RIS elements to have signal processing capabilities, and
thus semi-passive RIS elements are utilized. The BS first sends
pilots to the RIS in a large timescale to estimate the RIS-BS
channel. To estimate the UE-RIS channel in each block, UE

SPlease refer to specific references for detailed derivations of the compu-
tational complexity.

sends pilots to RIS. In our proposed methods, only the uplink
pilots from the UE are needed.

While the aforementioned CE schemes leverage the two-
timescale property of RIS-assisted channels to lower the pilot
overhead, a common limitation is that they assume prior
knowledge of the timescales for channel variation and lack
adaptivity. On the contrary, the proposed adaptive scheme
in this paper does not make ideal assumptions about the
unchanged duration of G. The inclusion of the check process
allows for the timely selection of the appropriate CE algo-
rithms. Moreover, this process does not require any additional
hardware or involve more complex transmission schemes.

V. EXTENSION TO OFF-GRID METHODS

The CE algorithms discussed above rely on the assumption
that the AoAs and AoDs align precisely with discrete pre-
determined grids. Nonetheless, in reality, angles are continu-
ously distributed. Consequently, when mapping the continuous
angles onto discrete grids, off-grid errors (also referred to
as quantization errors) occur, which inevitably lead to a
degradation in CE performance.

There are numerous methods available to mitigate off-grid
errors [30]-[32]. While utilizing a finer grid interval can lower
the off-grid errors. However, increasing the number of grid
points significantly raises computational complexity. More-
over, it leads to a higher correlation within the sensing matrix,
which subsequently degrades the performance of compressed
sensing (CS)-based algorithms. Gridless approaches, such as
atomic norm minimization [30], suffer from computational
complexity that restricts their practical applicability in RIS-
assisted time-varying CE. A simpler alternative is to incor-
porate optimizations into on-grid methods to alleviate the
impact of off-grid errors. For instance, we have proposed a
discrete-continuous OMP (DC-OMP) [32] has been proposed,
which addresses this problem with relatively lower complexity.
Therefore, we adopt the idea presented in [32] to improve and
show the availability of our proposed methods in this paper.

A. Optimized Column Estimation

For the column estimation in Algorithm 1, due to the off-
grid error, obtaining the indices by simply calculating each
columns energy may no longer be effective. Instead, we esti-
mate the L indices of the non-zero columns in H (equivalent
to the non-zero rows in H since H = H*) one by one with
an optimized OMP. Applying the VAD representation, (7) can
be rewritten as

Y = UyHU],W = UyX + N, (27)

where X £ HUTJ,. It is easy to obtain that X is a row-
sparse matrix with Lg non-zero rows. Consequently, (27) can
be viewed as a CS model, where Uy is the sensing matrix, Y
is the measurement matrix, X is the row-sparse signal to be
recovered. To mitigate the quantization error, we include an
optimization step when applying OMP to estimate the indices
of the non-zero columns in H. Details of the optimized column
estimation are summarized in Algorithm 4.

In step 3, similar to the conventional OMP, the index
(s;) of the most correlated column in the sensing matrix
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TABLE II
COMPARISON OF DIFFERENT CE SCHEMES

Different CE schemes Features
Pilot transmission Processing nodes No assumption on 7 | CE algorithm adjustment
The two-timescale scheme [21] BS-RIS-BS and UE-RIS-BS BS X X
The anchor-assisted scheme [25] A1-RIS-BS, A1-RIS-A2 and A2-RIS-UE | BS, UE and the anchors X X
TAD-CE [22] Adjacent BS-RIS-BS, UE-RIS-BS BS X X
Semi-passive elements scheme [24] BS-RIS and UE-RIS RIS X X
The adaptive scheme (proposed) UE-RIS-BS BS v v

Algorithm 4 Optimized column estimation in the k-th block

Input: Yk, ﬁN, LG B
Output: estimated €2° and modified dictionary Uy.
% initialization

1: R=Yy, Q(l; =g
2: for{=1:Lg do ~
. — H 2
3: s1 = argmax; <, < N [[(UnR)s, . |5
4: Qi = Qk U s;
5: 01 = arg max, f1(91) > Refine the estimated angle
6: Un(:,s) =bn(6) > Update the dictionary
7: A = UN( )
8: X =AY
9 R=Y-AX
10: end for

with the residual is found. In step 4, the estimated column
set is augmented. Consequently, the correspondin estimated
spatial angle at the [-th iteration is 05, = —3 + = 1) . Due
to the off-grid effect, in step 3, there may ex1st a larger
coherence value that corresponds to a continuous-distributed
angle near the discrete grid. Specifically, it is easy to obtain
that (UyR),,. = bR (8, )R. The off-grid angle 6; satisfy
b (6)R|% > ||bY (8,,)R||%, where 6; is not in the pre-
determines grids.

Thus, an optimized angle can be obtained by solving a non-
linear constrained continuous optimization problem in step 5.
Similar to [32], the optimization problem can be formulated

as n H/p 2
f1(61) = by (0)R ||z
(28)

With the obtained optimized angle 6;, the sensing matrix
can be updated with the corrected angles, i.e., 05, = él. Note
that U ~ 1s initialized as U ~ = Up. In this way, we adjust
the grid point and sensing matrix in every iterative step to find
more accurate angles and corresponding VAD representation
of H. Following the optimized column estimation, the check
process can be adjusted accordingly.

B. Optimized TP-OMP and SS-OMP

Similar to the optimized column estimation in Section V-A,
the estimated on-grid angles in TP-OMP and SS-OMP can be
corrected to the off-grid ones. For example, in the optimized

TP-OMP (O-TP-OMP), the results obtained from step 7 and
step 16 in Algorithm 2 can be modified by solving the
following optimization problem.

H

w151 7) = | (Wb, (6 @ b, (7)) &
VisPy

UZ — 14 (pl-1)

R (29)

4 —= —|— R A

s.t. Pi 2 Mg

|UJ - U]| > 21&@

|pz _pz| = 2]\/}Gy’

where pf, qf are respectively the j-th entries in p;, q;. With
the modified angles v, o/, the corresponding column of Uy,
should be updated to by, (7)) @by, (5}) to form the updated
dictionary U M,i accordmgly

In O-TP-OMP, angular differences in (13) and (14) should
be computed. Subsequently, the coherence modification of
O-TP-OMP can then be adjusted according to the obtained
angular differences. The cyclic shift can be replaced by adding
the coherence computed from shifted dictionaries. Importantly,
with the optimized dictionaries, H should be constructed as

Lg
H=Y Un(;2°()h{'TY,,

=1

(30)

where Uy ; represents the matrix constructed by the steering
vectors of the estimated angles for each non-zero column.
Optimized SS-OMP (O-SS-OMP) can be similarly designed
to obtain the off-grid optimized channel estimation.

VI. SIMULATION RESULTS

In this section, the effectiveness of the proposed CE ap-
proaches is evaluated through numerical simulations in terms
of the accuracy of the check process, CE performance of the
TP-OMP and SS-OMP in a single block, the long-term CE
performance of the adaptive CE scheme, and the performance
of the optimized off-grid methods. In our simulations, the re-
flection pattern of RIS is randomly selected from [— \/1]71, ﬁ]
Other simulation parameters are listed in Table III. Ng = N,
Mg, = M,, Mg, = M, are assumed in the simulations.
The normalized mean squared error (NMSE) is defined as
NMSE = E{|H, — H||%/||H.||%} for CE performance
comparison. The signal-to-noise ratio (SNR) is defined as
SNR = E{||W H |3 /[N [%}.
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(a) Check accuracy vs. SNR.

(b) Error rate of check vs. SNR.

(c) Check accuracy vs. Lg.

Fig. 4. Performances of the check process. In Fig. 4(b), T-1 and T-2 respectively represent the type-1 and type-2 errors. In Fig. 4(c), SNR=5 dB.

TABLE III
SIMULATION PARAMETERS

Parameters Values
(M, My, My) (256, 16, 16)
(drB,dur)* (20m, 20m)

(o, 1, 181,1) (102dp 5", 10 2dy, 3

2 drp and dypr respectively represent the distance between the BS and
the RIS and the distance between the RIS and the UE.

A. Evaluation of the Check Process

Fig. 4(a) illustrates the accuracy of the proposed check
process at various SNRs with different pilot overhead. The
number of paths for G and f; are respectively assumed to
be Lg=3 and Ly =6. The BS is considered to be equipped
with N = 32 antennas. It can be found a higher accuracy of the
check process at higher SNRs. In addition, with an increased
number of pilots, the accuracy grows. But even under relatively
unfavorable conditions, such as T = 32, SNR=0dB, the
accuracy remains approximately 92%. When SNR=20dB, the
accuracy approaches 100% for all pilot conditions. In Fig. 4(b),
the error rate of the check process is depicted. Specifically,
when the check process fails, there are two types of errors:

« Type-1 Error: If the check process regards an unchanged
RIS-BS channel as changed, TP-OMP should be utilized.
In this case, the computational complexity cannot be fur-
ther reduced (as TP-OMP exhibits higher complexity than
SS-OMP), but the CE performance can be guaranteed.

o Type-2 Error: If the RIS-BS channel has changed but
the check process fails to detect the variation, then the
type-2 error will occur. Note that this type of error can
not be 100% eliminated and it also exists in other existing
works (e.g., the two-timescale scheme [21]). However, the
likelihood of such errors is significantly lower compared
to Type-1 errors. As depicted in Fig. 4(b), Type-2 error
rates for T = {32,64,96,128} are all very low. The
majority of errors made by the check process are Type-1,
whereas the probability of Type-2 error is nearly zero.
This is because we have designed strict rules for the
check process to make the “unchanged” verdict. More

specifically, the check process will make the “Gy is
unchanged” decision only when diff(Qg,Q°) = .
Fig. 4(c) reveals a clear relationship between the number of
antennas, the number of RIS-BS and UE-RIS channel paths,
and the corresponding accuracy. Firstly, the results indicate
that, with the same N and Ly, the accuracy tends to decline
when increasing Lg. Because it is more difficult for the
column estimation to distinguish more non-zero columns from
the total N columns. Additionally, due to the same reason,
there is a noticeable improvement in the accuracy when N
increases with constant L. Fortunately, it is reasonable that
Lg < N in the sparse mmWave channels. Consequently, the
accuracy of the check process can be guaranteed.
In summary, as shown in Fig. 4, the proposed check process
is effective in detecting the changing status of Gy.

B. Performances of the Proposed Algorithms in Single Block

In this subsection, we compare the NMSE performance of
the two proposed algorithms (TP-OMP and SS-OMP) with the
direct OMP [12], CS-EST [11], DS-OMP [15], BALS [10],
and FBMP [14]. Specifically, the SS-OMP is exploited with
known Ap? and Aq’ (estimated in the CE for former blocks).
In our simulations, the oracle LS provides the best achievable
CE performance with the perfect knowledge of the supports
of non-zero elements. To better illustrate the performance of
the algorithms, we also derived the theoretical lower bound of
estimation mean square error (MSE) for OMP-related methods
as follows.

Proposition 3: For the OMP-related CE methods, supposing
the ideal VAD representations of the channels are known, the
lower bound of estimation mean square error (MSE) is
mm(DHD)a?lLQGLfC

Tr(AHA)
where D £ (U, @ Ul,), U}, Uy are the corresponding
ideal dictionaries, \,;, represents the minimum eigenvalue
of (D"D). A £ (WTU/,,; @ Uly).

Proof: Please refer to Appendix C.

In Fig. 5(a) and Fig. 5(b), the simulation parameters are set
as N=32, Lg=3,L;=6. Fig. 5(a) shows the NMSE perfor-
mance versus pilots of different algorithms, where SNR=0 dB.

R A
E{|lvec(H) — vec(H)|%} = , (31
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Fig. 5. CE performances within a single block.

It can be found that both the proposed TP-OMP and SS-
OMP outperform the compared algorithms (OMP, CS-EST,
DS-OMP, and FBMP). Specifically, the TP-OMP and SS-
OMP require about 33% fewer pilots compared with DS-OMP
to achieve an NMSE of —19dB. This is because TP-OMP
and SS-OMP respectively utilize the inherent row structure
A and B of the cascaded channel as the prior information.
Consequently, the CE performance can be lifted.

In Fig. 5(b), T = 64 are provided for the CS-based algo-
rithms, and a total of M N =8192 pilots are given for BALS.
Obviously, compared with the tensor-based methods, leverag-
ing the sparsity of mmWave channels contributes significantly
to the reduction of pilots. In Fig. 5(b), TP-OMP and SS-OMP
show a more pronounced superiority at lower SNRs. However,
even in high SNRs, both TP-OMP and SS-OMP consistently
achieve lower NMSE compared to other benchmark methods.
Notably, the NMSE performance of TP-OMP and SS-OMP
can approach that of Oracle LS at higher SNRs. Considering
that SNR is typically unknown in communication, using TP-
OMP and SS-OMP is recommended to achieve better perfor-

mance with fewer pilots. It can also be calculated from Table I
that TP-OMP and SS-OMP respectively obtain about 55%
and 66% reduction of the computational complexity compared
with DS-OMP in this setup. Considering the requirements of
communication system applications, the lower complexity of
TP-OMP and SS-OMP ensures their practical feasibility.

Fig. 5(c) and Fig. 5(d) respectively show the NMSE per-
formance against the path number of RIS-BS (L) and UE-
RIS (L) channel, where N = 32, SNR= 0dB, T" = 64. In
Fig. 5(c), it can be seen that TP-OMP and SS-OMP achieve
more significant improvement with larger L. Besides, both
Fig. 5(c) and Fig. 5(d) present similar trends, highlighting the
efficiency of exploiting row structures to achieve improved CE
performance when dealing with increasing path numbers.

C. Long-term Performance of the Adaptive CE Scheme

To evaluate the adaptivity of the proposed scheme, sim-
ulations for multiple blocks are included with comparative
analysis against the TP-OMP scheme. Specifically, the TP-
OMP scheme employs the TP-OMP in each block during
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Fig. 6. Average NMSE vs. Lg.

the long-term CE process. In contrast, the proposed adaptive
scheme can select the CE algorithm (TP-OMP or SS-OMP)
according to the check result. Additionally, we include the
Oracle LS scheme, which is assumed to know the support of
the channel matrix in each block. Average NMSE is defined as
the average of multiple block CE NMSE and is regarded as a
metric to evaluate the long-term performance of the compared
schemes. In the simulations, if not specified, we consider the
probability of Gy, and f}, varying in each block to be 20% and
100%, respectively.

Fig. 6 presents the average NMSE performance of differ-
ent schemes concerning the RIS-BS channel paths Lg with
various numbers of BS antennas, where T'= 64, SNR= 0 dB
and Ly = 6. It can be found that the adaptive scheme and
TP-OMP scheme have the same performance when Lg = 1.
Because they exploit the same estimation process of a single
non-zero column. According to the analysis of Fig. 4(c), it
is known that the larger L results in lower accuracy of the
check process. As a result, when Lg grows, the performances
of all schemes degrade. Notably, the performance of the
adaptive scheme is very close to the TP-OMP scheme. This
is because there does exist little error propagation among
blocks of the adaptive scheme. Also in Fig. 6, it can be seen
that even with a decreased accuracy of the check process
(larger Lg according to Fig. 4(c)), the performance of the
adaptive scheme still approaches that of the TP-OMP scheme.
This further indicates that the errors resulting from the check
process can be interrupted and corrected by choosing the TP-
OMP algorithm which does not rely on CSI from the former
blocks. Fig. 6 confirms the necessity of the strict check rule
and the reliability of the proposed adaptive scheme.

Fig. 7 presents the average NMSE performance of the two-
timescale scheme [21] and the proposed adaptive schemes
against different SNRs, where N =32. The pilots for the large-
timescale and small-timescale CE are respectively M L =512
and M/N = 8, where L = 2 is the transmitter antennas at
the BS [21]. For the proposed schemes, 64 pilots are used.
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Fig. 7. Average NMSE vs. SNR.

It should be noted that to demonstrate the adaptability of
the proposed adaptive scheme, we also compare the proposed
adaptive scheme with another scheme named the non-adaptive
scheme. The non-adaptive scheme utilizes TP-OMP or SS-
OMP at a fixed mode, i.e., TP-OMP is employed in the
(nT+ 1)-th block (n > 0) and SS-OMP is employed in
the remaining blocks. For the two-timescale and non-adaptive
scheme, we assume the high-dimensional estimation of G
and SS-OMP are conducted every 5 block in the simulations.
From Fig. 7, it can be seen that when the channel variation
follows the assumed mode, both the two-timescale scheme
and the non-adaptive scheme can obtain desirable average
NMSE performance. However, in practical communications,
the channels do not change regularly. As a result, when the
assumption does not hold (random 7 in the simulations), the
performances of these two schemes drop dramatically. For a
fair comparison, Fig. 7(b) illustrates the NMSE performance of
the proposed adaptive scheme with random 7 and fixed 7=5.
The performances of the adaptive scheme under different
channel changing modes (fixed 7=5 and random 7) are very
close, which demonstrates the stability and practicality of the
proposed adaptive scheme.

In conclusion, for the long-term CE, the proposed adaptive
CE scheme can achieve desirable performance at the cost
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of much lower computational complexity and fewer pilots
compared with existing methods. More importantly, the adap-
tive scheme can maintain good performance even when the
variation rate of G, is unknown.

D. Evaluation of the off-grid methods

Simulation results of the proposed methods with optimiza-
tions to combat the off-grid errors are depicted in Fig. 8 and
Fig. 9. It can be seen from Fig. 8 that the accuracy of the
optimized column estimation and check process still exceeds
88% and approaches 100% with increased SNR and pilots.

To evaluate the performance of the proposed O-TP-OMP
and O-SS-OMP, we include the widely used multi-grid OMP
(MG-OMP) [33] for comparison. Specifically, in each itera-
tion, MG-OMP starts with a coarse grid estimated by OMP
and then adopts a finer grid interval around the coarse grid
to search for a more accurate grid point. Fig. 9 reveals
that TP-OMP and SS-OMP still outperform other on-grid
algorithms at lower SNRs in off-grid scenarios. It can also
be seen from Fig. 9 that the O-TP-OMP and O-SS-OMP can
alleviate quantization errors and achieve superior performance
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compared with MG-OMP. Additionally, it is viable for our
proposed methods to incorporate alternate off-grid mitigation
methods to achieve enhanced performance.

In terms of computational complexity, for MG-OMP, similar
to OMP [12], each coherence calculation in MG-OMP results
in a complexity of O(TNM¢gNg). To obtain an estimated
angle, MG-OMP requires multiple times coherence calcula-
tions in different angular resolutions. Furthermore, the sensing
matrix has to be updated in each iteration by calculating
the high-dimensional Kronecker product, which also leads
to additional cost of computational complexity. Both O-TP-
OMP and O-SS-OMP have higher computational complexity
compared with their on-grid versions. For O-TP-OMP and
O-SS-OMP, by dividing the CE into multiple stages, the
coherence calculation in each iteration has a complexity of
O(MgT). In contrast to the MG-OMP, O-TP-OMP and O-SS-
OMP eliminate the need for repeated coherence calculation.
Thus, by solving the optimization problem within a relatively
small range, both O-TP-OMP and O-SS-OMP have much
lower computational complexity than MG-OMP.

VII. CONCLUSION

In this paper, we proposed an adaptive CE scheme for
the RIS-assisted systems in time-varying mmWave channels.
Firstly, we analyzed the inherent structures of the UE-RIS-BS
channel in the angular domain, which provides the theoretical
foundation for the design of the proposed methods. Within the
proposed two-stage adaptive CE scheme, a check process is
included in the first stage to detect if the RIS-BS channel
has changed among blocks. By utilizing the result of the
check process, the adaptive scheme can dynamically select
the appropriate CE algorithms from two proposed algorithms:
TP-OMP and SS-OMP. The adaptive scheme maintains robust
performance even when the channel variation rate is unknown.
Simulation results confirm the adaptive CE scheme’s ability
to achieve desirable long-term CE performance with reduced
computational complexity and pilot overhead.

APPENDIX A
THE PROOF OF PROPOSITION 1
Specifically,
b (07) =bR (67)[bn(61), -+ by (On)]
(@) 2 (32)
:[xla"' 7|bN(9n)| g T 7$N]7
where in (a),
j Gr_Un
. _l Zejzﬂ-(iil)(vlcgriu”) - i 1_6‘72 N( Iy )
n — - ; Gr_, )"
N i1 N 176J27T(Ulg n)
(33)
And
_ 0, if v # vy,
lim =z, = e . (34)
N—o0 1, if v, = Un

Thus, z;(¢ = 1,--- ,Ng,i # n) is negligible compared with
&y = |by(0,)]? = 1. Hence, index of the only one non-zero
element in bY; is determined by HET.
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For UPA, the steering vector in the angular domain is
= Ullran (v +0f,, o +07,)

G G
of + of,) @ ba, (o +07,) )

(a) t T t T
Y (U bar, (v or,) ) @ (U, ba, (o +07,))
b

an (v +f,, pt 0],
= (U}, @ UYy) (wa(

© bar, (wf0f,) @ b, (07 +f,).

(35)
where (a) is obtained by following AB ® CD = (A ®
C)(BE D). In (8) bur, (0 + ) & Ul by, (v +0f,).
b, ( t 4 /)zf) U, b, (pi,* + pi,). As been proved,
both b M, and b M, have one non-zero element respectively
depending on ’Ul " +uy, and p’ 4 pr . Therefore, there exists

only one non-zero element in aM(Ulg" + v[f,pi" +p,). ®

APPENDIX B
THE PROOF OF PROPOSITION 2

Based on the proof of Proposition 1, it is easy to find
that the column index of the non-zero element related to the
l4ly-th subpath is n;,. The following discusses how the row
coordinate is determined. According to (2), the steering vector
of the cascaded azimuth angle at the RIS is

L 1 lf 1
myd — +7nT —

1 j2mmg (— 1+ )
Gt Ty J M M T
wa(Ulg +Ulf)_ \/E[e 2 Gz Gz ]
1
e 1 [eJQme( 1+mT +g;f_2)}—r
v M, ’

. (36)
where m, = [0, --, M, — 1]. Further, me(’UlC;6 +u) =
Ul ba, (Ungt +vj,) can be represented as

Bar, (8 +],) = bar, (v1), -+, bar, (v )
Ly L 37)
mg +mg —2 (
Xbpy, (-1+ ———
where v,,, :—%4—%;(;1, mg€[1, Mg,]. (— 1+%) €
[~1,1 = 2] since (m +m{) € 2,2Mg,].

Assuming the index of the non-zero element in b M, (U th +
Ule) is plglf, according to (34), it must satisfy

l Iy
my +myg — 2
= me(—l =+ —)

Mg (38)

Since e72™=(") s a periodic function with a period of 1, we
can always find a U ety to meet the requirement in (38) by
circular shifting for any M, = 2n,n>1. We discuss the value
of pls's in different cases as follows.

1 l
Case 1: If (—1 + mmd =2y ¢ (L1 1y e, (mb +

e 2
mi) € 2, %), then

lg lf lf .
by (_1+mz +my 72): 1 pi2mme(— H_mz JR?;I =)
” Mg, \/MI
1y Mg, —2
. 1 n7z +mg 4 —Cz Z 1
(;) 1 eﬂ"fmz( 2t Mg, )

(39)

where (a) can be obtalned smce el2rmar g2mmg (z41)

Conseuquently, p'alr = (ml¥ +m¥ [+ Mes=2) i this case.

= €

lg Ly
. T + x —2
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(40)
Thus, plo-li = (mk¢ +mk — Mo ®2y in case 2.
Case 3: If (—1 + %@H) €G- 1—5) ie,
(s +mlf) e (M= 11,20 ], then
b ( 1+még+mif—2) 1 I2mma (= 1+%ﬂcf2)
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Mg, o
b ol _BMGe 2
@ 1 jomma(—5+ z T )
VI
’ (41)

where (a) can be obtalned since €727t — i2mma(@-1) I
this case, plo'lr = (ml¢ +ml — Mo, 42y

With the discussion above, (11a) can be obtained. Similaly,
(11b) is attainable. |

APPENDIX C
THE PROOF OF PROPOSITION 3

With an ideal VAD representation, the cascaded channel H
can be decomposed as
H = U, IIU), (42)
where U’y € CN*Le U, € CM*Ls are the corresponding
steering matrices. II € CE¢*Ls js the channel gain matrix.
The received signal (7) can be rewritten as

y =vec(Y) = (WTU), ® Uy)vec(II) + vec(N). (43)

In OMP, the oracle estimator of H aims to obtain II by
assuming perfect knowledge of the steering vectors. It then
proceeds to estimate vec(II) via the LS method: vec(II) =
(AHA)" 1AMy, where A £ (WTU),; ® UYy). Define X £
AP A, which satisfies

rank(X!) = rank((A"A)™!) = rank(A) = LgLy.

(44)
can be

The mean square error (MSE) of the estimated II
calculated as

E{lle||%} = E{|lvec(IT) — vec(IT)| %}
= E{X A" (Avec(II) + n) — vec(II)|%||
= E{||(X""A"n)" X' A"n| %}
= UiTr(Xﬁl),
45)



where o2 is the variance of the noise. Furthermore,

LeLy LeLy
Tr(X™ 1) = Z (X7 = LGLfﬁ Z M (X7
=1 GHF 4
LéLfc B LéL?c
Lely 1 Tr(X)’
=1 X

(46)

where \;(X~") denotes the I-th eigenvalue of X~'. With the
obtained vec(II), oracle estimate of H can be composed.
Exploiting the property of Kronecker product, we have

vec(H) = (U}, ® Uly) vec(II). 47)
—_———
D
Consequently, MSE of vec(H) can be given by
E{|lvec(H) — vec(H)||%} = E{||De| 3}
_ HyH 2
*E{He D De”F} \ (DHD) 2L2 L2 (48)
; o
> Amin(DTDIE{|le)|2} = 2 i S
where the inequality holds due to the positive definiteness of
DMD. Similar derivation can also be found in [31]. |
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