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Abstract—The emerging immersive and autonomous services
have posed stringent requirements on both communications and
localization. By considering the great potential of reconfigurable
intelligent surface (RIS), this paper focuses on the joint channel
estimation and localization for RIS-aided wireless systems. As
opposed to existing works that treat channel estimation and lo-
calization independently, this paper exploits the intrinsic coupling
and nonlinear relationships between the channel parameters and
user location for enhancement of both localization and channel
reconstruction. By noticing the non-convex, nonlinear objective
function and the sparser angle pattern, a variational Bayesian
learning-based framework is developed to jointly estimate the
channel parameters and user location through leveraging an
effective approximation of the posterior distribution. The pro-
posed framework is capable of unifying near-field and far-field
scenarios owing to exploitation of sparsity of the angular domain.
Since the joint channel and location estimation problem has a
closed-form solution in each iteration, our proposed iterative
algorithm performs better than the conventional particle swarm
optimization (PSO) and maximum likelihood (ML) based ones in
terms of computational complexity. Simulations demonstrate that
the proposed algorithm almost reaches the Bayesian Cramer-Rao
bound (BCRB) and achieves a superior estimation accuracy by
comparing to the PSO and the ML algorithms.

Index Terms—BCRB, channel estimation, localization, recon-
figurable intelligent surface, and variational Bayesian.

I. INTRODUCTION
A. Motivation and Literature Review

The wireless communications is undergoing a significant
transformation, marked by increased demands for wireless
resources and adaptive intelligence. This shift is driven by
the growing need for high-quality service and precise lo-
calization accuracy. Sectors like autonomous driving, smart
transportation, and unmanned aerial vehicles (UAVs) exem-
plify this change, relying on attributes such as high data rates,
unwavering reliability, and precise positioning. Meeting these
demands requires the cultivation of innovative techniques to
not only achieve precise localization but also facilitate high-
speed communications. For instance, recent studies highlight
the emergence of large antenna arrays as a transformative
technology. In [1], Bayesian channel estimation techniques
tailored for multi-user massive multiple input multiple output
(MIMO) systems with extensive antenna arrays are explored.

Y. Li and Y. Luo are with the Department of Electrical Engineering, Anhui
Polytechnic University, Wuhu City, China (email: lyf@mail.ahpu.edu.cn;
lyt1222@ahpu.edu.cn).

X. Wu is with the School of Electronics and Information Engineer-
ing, South China Normal University, Foshan 528000, China (email: xian-
dawu@m.scnu.edu.cn).

G. Yang and Z. Shi are with the School of Intelligent Systems Science
and Engineering, Jinan University, Zhuhai 519070, China (e-mails: zheng-
shi@jnu.edu.cn; ghyang@jnu.edu.cn).

S. Ma is with the State Key Laboratory of Internet of Things for Smart
City and the Department of Electrical and Computer Engineering, University
of Macau, Taipa, Macao, China (e-mail: shaodanma@um.edu.mo).

[2] introduces an innovative methodology for direction-of-
arrival (DoA) estimation designed specifically for large an-
tenna arrays, leveraging hybrid analog and digital architec-
tures. This approach opens new avenues for optimizing spatial
awareness in communication systems. Additionally, [3] delves
into communication and localization using extremely large
lens antenna arrays.Besides, another promising technique is
the use of reconfigurable intelligent surfaces (RIS), capable of
altering the physical propagation environment to amalgamate
signals at the receiver either destructively or constructively.
The literature extensively reports on the applications of RIS
in localization and communications.

The RIS is composed of numerous reflecting elements capa-
ble of actively modifying the phases and amplitudes of incident
electromagnetic waves through a smart microcontroller, as
highlighted in [4]. The cost-effectiveness of RIS hardware
allows for its widespread use, providing additional controllable
communication paths that enhance system performance in
terms of reliability, energy/spectrum efficiency, and security,
as discussed in [5-8]. Consequently, RIS technology holds the
promise of significantly improving wireless communications
and localization, especially in the context of beyond fifth
generation (B5SG) or sixth generation (6G) communications,
as emphasized in [9, 10]. A substantial body of research
has been dedicated to exploring and harnessing the benefits
and potentials of RIS-aided communications, reflecting the
growing interest and recognition of its transformative impact
[11, 12]. In recent literatures, a Bayesian framework was
proposed in [13] for user localization and tracking in RIS-
aided MIMO systems. Delving into statistical methods for
enhanced channel estimation accuracy, this work establishes a
foundation for robust communication systems. Equally pivotal
is the exploration in [14], who delve into RIS-assisted multi-
user multiple input single output (MISO) communications,
emphasizing the exploitation of statistical channel state in-
formation (CSI) to optimize system performance. This article
also draws insights from the study conducted in [15] on multi-
hop RIS-empowered terahertz communications, presenting a
novel deep reinforcement learning based hybrid beamforming
design and showcasing the versatility of RIS in the Terahertz
frequency range. The comprehensive framework proposed in
[16] for channel estimation with RIS, further establishes the
general applicability of RIS across diverse communication sce-
narios. Insights into robust channel estimation for RIS-aided
millimeter-wave systems, addressing challenges such as RIS
blockage, are contributed in [17]. Additionally, [18] provides
valuable perspectives on RIS-aided wireless communications,
covering prototyping, adaptive beamforming, and real-world
field trials.

However, most of the prior works frequently assumed either
perfect CSI or precise user location for RIS-aided systems



that are obviously too optimistic for practical applications. To
address this issue, there exist a few works that are concerned
with the imperfect CSI and inaccurate localization in RIS-
aided systems. In what follows, the channel estimation and
the user localization in RIS-aided systems are individually
investigated.

With regard to the channel estimation of RIS-aided sys-
tems, the channels can be divided into far-field and near-
field scenarios, as evidenced by recent studies. [19] presents
a pioneering study, introducing a hybrid far- and near-field
modeling approach for reconfigurable intelligent surface (RIS)
assisted Vehicle-to-Vehicle (V2V) channels. Their sub-array
partition-based methodology emphasizes the intricate inter-
play between far-field and near-field effects, offering valu-
able insights for optimizing communication scenarios in V2V
channels. [20] provides a comprehensive exploration of near-
field MIMO communications in the context of 6G evolution.
[21] contributes to the field by focusing on RIS-aided near-
field localization and channel estimation within the terahertz
frequency range, which offers valuable insights for terahertz
communication systems. [22] explores near-field tracking with
large antenna arrays, discussing fundamental limits and prac-
tical algorithms and contributes essential knowledge on the
challenges and potential solutions associated with large an-
tenna arrays in the context of near-field tracking applications.
Furthermore, channel estimation methods in the RIS-aided
systems can be broadly categorized into parametric estimation
methods and statistical estimation methods. In the domain
of parametric channel estimation, various approaches address
the sparsity or low-rank characteristics of RIS-aided system
channels. Noteworthy works include [23-28], where methods
such as message-passing algorithms, double-structured orthog-
onal matching pursuit (DS-OMP), and two-stage algorithms
are proposed to estimate RIS-aided system channels while
considering their inherent sparsity or low-rank properties.
Additionally, works like [23, 27, 29] present techniques involv-
ing alternating least squares, variational approximate message
passing, atomic norm minimization, and wideband modeling
to address RIS-aided channel estimation challenges. On the
statistical front, similar efforts have been made to exploit RIS-
aided communication systems. Examples include [30], which
estimates the instantaneous CSI of a single-user RIS-aided
system using a hierarchical training reflection matrix design
algorithm. In [31], research delves into joint data detection
and channel estimation for hybrid Reconfigurable Intelli-
gent Surface (HRIS)-aided millimeter-wave orthogonal time-
frequency space (OTFS) systems. Additionally, [32] considers
imperfect channel state information and correlated Rayleigh
fading channels in the context of RIS-assisted multiple input
single output (MISO) systems with hardware impairments.
These statistical channel estimation approaches encompass a
range of scenarios, offering insights into addressing challenges
related to imperfect information and hardware impairments in
RIS-assisted communication systems.

On the other hand, localization remains a critical concern
in RIS-aided communication systems, with several studies
shedding light on diverse aspects of this intricate challenge.
Notably, [33] reported on far-field localization in both the

uplink and downlink of RIS-aided systems. Further exploration
in [34] delved into indoor far-field localization scenarios,
deriving the CRLB in closed-form and showcasing the RIS
as a fundamental technique for achieving high indoor lo-
calization accuracy. [35] analyzed the RIS-aided localization
error bound, demonstrating superior performance compared
to systems without RIS assistance. While some works, such
as [36] and [37], focused on localization algorithms for RIS-
aided systems, channel estimation was neglected. Addressing
this gap, Keykhosravi et al. [38] solved the synchronization
and localization problem for RIS-aided single input single
output (SISO) systems, assuming perfect CSI. They utilized
maximum likelihood (ML) estimation by leveraging the dom-
inance of the direct link signal power over the reflected signal
power. ML-based estimation approaches were also proposed in
[39], accompanied by the derivation of corresponding CRLB.
Moreover, RIS-aided localization challenges were explored
in B5G [40] and mm-Wave MIMO systems [41]. Despite
these endeavors, the localization of RIS-aided systems remains
in its infancy, with numerous associated problems yet to be
explored.

The majority of the aforementioned research works have
predominantly concentrated on addressing either the channel
estimation or localization challenges in the RIS-assisted com-
munications. However, the intricacies arise as the joint estima-
tion of channel states and localization becomes paramountly
important, given the inherent coupling of user locations and
channel estimation problems, which is a consequence of the
shared environmental dependencies on channel gains, delays,
and angles, significantly intensifying the complexity of the
estimation problem. In a notable attempt to tackle this chal-
lenge, [42] proposed a solution assuming a twin-RIS structure
to facilitate channel estimation through tensor decomposition.
The estimated CSI was then leveraged for the localization
of far-field users. Similarly, in [43], researchers delved into
the intricacies of near-field joint localization and channel
estimation, specifically in an extremely large RIS-aided MIMO
system. Regrettably, these approaches were formulated under
the assumption of specialized RIS structures, rendering them
inapplicable to more general scenarios. The quest for effective
methodologies that can accommodate diverse RIS configu-
rations remains a pressing challenge in advancing the joint
estimation of channel states and localization in RIS-assisted
communications.

B. Our Contributions

In this paper, we dig into the complicated joint channel
estimation and localization for RIS-aided wireless systems,
focusing on a more general RIS-aided configuration. In this
paper, the transmitter possesses only partial prior statistical
knowledge regarding the user’s location, channel gains, and the
angle of departure (AoD). The challenge lies in the intricate
interplay among the user’s location, nonlinear phase shifts,
channel gains, and AoD terms, rendering the joint estimation
problem highly intricate. To address this complexity, a vari-
ational Bayesian framework [44, 45], which is also applied
to the user detection and channel estimation [46], vehicle to



vehicle channel estimation [47], signal recovery[48], will be
developed by capitalizing on the sparser angle pattern and the
prior channel information. In summary, the contributions of
this paper are outlined as follows.

e Unlike [43] and [42] that take into account the twin-
RIS structure and extra large RIS requirements, a joint
localization and channel estimation problem is considered
for a general RIS-aided communication system with
fewer constraints on the RIS structures.

o The sparser angle pattern and the prior channel infor-
mation motivate us to develop a variational Bayesian
learning-based framework of joint channel and location
estimation. The proposed algorithm is applicable to both
near-field but also far-field scenarios owing to the ex-
ploitation of the sparsity of the angular domain.

e The complexity analysis of the proposed algorithm is
conducted in this paper. Since the joint channel and
location estimation problem has a closed-form solution in
each iteration, the proposed iterative algorithm converges
faster than the PSO and ML-based ones.

o The BCRB of the joint estimation problem is derived
to show the performance bounds of the joint estimation
problem. Monte Carlo simulations demonstrate that the
proposed algorithm almost reaches the Bayesian Cramer-
Rao bound (BCRB).

C. Organization

The remainder of this paper is organized as follows. In
Section II, the problem of joint channel estimation and lo-
calization in RIS-aided systems is formulated. A variational
Bayesian learning-based joint channel and location estimation
algorithm is proposed in Section III. Section IV carries out
the complexity analysis of the proposed algorithm. Finally, the
simulation results are presented in Section V and the paper is
concluded in Section VI.

II. SYSTEM MODEL

We consider a RIS-aided system with an access point
(AP) equipped with a single antenna and single antenna
user in Fig.1. The RIS is deployed for the aid of reflecting
the signals from the AP to the user. The position of the
AP is p, = [xa,ya,za]T and the position of the user is
D, = [zu,yu,zu}T. We assume that the RIS is a uniform
planar array with M x N reflecting elements. In the RIS, the
inter-element distance between the column elements and the
row elements are equal to d. The origin coordinate of the
RIS is given by p, = [z+, yr, ZT]T. The (m,n)-th element is
located at p™" = [z, + (m —1)d,yy, 2z + (n — 1) d]" The
user receives L OFDM subcarriers both from the AP directly
and from the RIS. Similar to [? ], we assume the reflected
paths always exist and the reflected signals are received by

the user for localization and channel estimation. Hence, the
received signal at the user side is given by [38, 49, 50],
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where ¢; is the zero-mean Gaussian noise with variance matrix
0I. ayg,, is the unknown complex channel gain of the AP-user
link and o, is assumed to be an unknown complex channel
gain of the AP-RIS-user link due to the random reflection in
RIS. /P, is the transmitted pilot symbol. w; = vec (A;) €
CMN>1 with the known phase shifts of the RIS elements at ¢-
th transmission is given by A; € CM*¥N and Q; = diag (wy).
Caw and (., are the delays of the AP-user link and the AP-
RIS-user link respectively and respectively are given by
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and the phase shifts caused by the delays are given
by @ (Cau) = [1,e 920wl .. em2n(L-DCuad ] T g
@ (Cru) = [1,e772mCul L ,e—jQﬂ(L—l)CruAf}T respec-
tively. Af is the frequency spacing. In (1), the steering vector
a(0,9) € CMNX1 5 given by

0,(9719) = ar (9719) ®ac (0319) ’ (4)

where ® is the Kronecker product and 6,9 are the azimuth
and elevation angles from the AP to the RIS and these angles
are assumed to be known. The a, (0,9) and a.(6,9) are
respectively given by
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and
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where 7 = QK—d cos? and v = % cos 0sin 9.
Similarly a (1, ¢) € CMN*1 can be given by
a(,9) =ar (¥, 9) ®ac (1, 9). (7
with
. ) T
a, (QZ]’ ¢) = |:1a ejva e 76J(M71)U:| ) (8)
and
. ) T
a. (w’qb) — |:1’ejl€7._. ,eJ(N—l)H:| . (9)
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scenarios and
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Fig. 1: The system model

for the near-field scenarios' and dpm.n is the distance be-

tween the (m,n)-th element and the origin coordinate of
RIS. p7" = [p™™ —p,]* and []* represents the elemen-
twise square. f = [cos¢sine),sin ¢sinep, cosey] and F =
[1 — cos?¢sin?ep, 1 — sin®psin®, sinzw]. The angles ¢ and
1) are assumed to be unknown in both scenarios.

By collecting the T' snapshots of the received signal R =
[r1,...,77], the system model can be given by

R =g, m¢ (Cau) 17 + Ay m%o (Gru) (Ya (¢, ¢))T +€,
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where ¥ = |Y71,---,Y%| and Y, = a” (8,9) diag ().
The likelihood function can be given by
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where © = [‘PT (Cau) » ‘PT (Gru) s, &5 s aru] . In the
paper, we focus on the estimation of the user location and

channel state information with the aid of the RIS. In (12),
the direct maximization is intractable due to two extremely
challenging problems: the coupling unknown parameter and
the nonlinear steering vector a (1), ¢). To obtain the solution of
the user location and CSI, we proposed a variational Bayesian
inference-based estimation algorithm.

III. VARIATIONAL BAYESIAN LEARNING-BASED
LOCALIZATION AND CHANNEL ESTIMATION ALGORITHM

A. Sparse Representation

Considering the sparsity of the angles in a (¢, ¢), the

system model in (7) is reformulated via sparse representation.
s

First, the angle spread of ¢/, ¢ are both assumed to be [—%, 7]

It means the RIS and the user are in far-field or near-field scenarios.
The steering vector for near field scenarios is an approximation to the exact
one according to [51]. For channels encompassing mixed near and far-field
components, we extend the system model to accommodate multiple users, as
outlined in [52]. However, it’s worth noting that the multiple users scenario
necessitates the phase optimization of RIS elements, a task that exceeds the
feasibility scope of the proposed algorithm.

and the spread can be both equally divided into P and @
resolutions respectively, then we can obtain
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Using the vectorization of (13), it yields
é: [(&17(231) (&17&@) ('J}P,éQ)} GCMPQ.
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Embedding (14) into (7), we can obtain

A=a(0)=]a(d1,¢) a(dp,q) | € CHN*PQ,
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Though the true angles are continuous variables and may

not fall on the grid points, the off-grid errors can be ignorable

given enough resolutions of P and (). Hence, we apply the
on-grid model and the steering vector is given by

A:[a(qﬁlaél) "'70’(@177&(])’ a(&P?éQ) ]
c (CMNXPQ.

(16)
Therefore, the reflected link =f,, can be reformulated as
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where A, € CP9*1 i5 a vector with only one unknown non-
zero element «,, at unknown location of A,,. The system
model can be approximated as

R = aau\/aso (Cau) 1T + \/E‘P (Cru) (TAATu)T +e€,
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where 1 € R”*! is a column vector and € = [¢], - -+ ,s%]T.
Hence, the likelihood function of (18) can be given by

p(R|v)
X exp (—(R — B —
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(19)
where v = [07 (Cau) , @7 (Gru) » ¥, &, Qau, Apy] and 3 is
the diagonal covariance matrix with all diagonal elements J.
The UE location estimation is via the maximum likelihood
estimation in (19) and the main objective is to estimate the
parameters ¢, v, Cqu, (ru. For the angles v, ¢, they are
represented sparsely in (17) and it is equivalent to estimate
the nonzero elements variable in the sparse vector A,.,,. For
the delays (4., and (., it is intractable to acquire the closed-
form solution via direct maximization of (19). Considering the
estimation of unknown parameters via maximum a posterior
(MAP), the prior distributions of the unknown parameters
require further clarifications:

o The line-of-sight complex channel gain ay,, is assumed
to subject to a complex Gaussian distribution as

p (aau) = CN (aaulluaau76aau) .

« In the paper, the line-of-sight time delay (,,, and the re-
flecting path time delay (., are nonlinear to the likelihood
function (12) and it is difficult to find the closed-form
estimation to the time delays. Hence, we turn to estimate

(20)



the two phase shifts ¢ (Cou) and ¢ ((,). However, it
is challenging to obtain the precise prior distributions
of the phase shift variables. Hence, we assume the non-
informative complex Gaussian distributions

p(‘Ill) =CN (lI’i‘/J’\Ilia E‘I’l) )

with dg, — oo and ¥, € [¢ ((au) s ¥ (Gru)]. In practice,
the variance can be replaced by relatively large positive
values.

o For the sparse representation parameter A, only one
nonzero element exists at an unknown location and the
other elements are zeros. The nonzero element is also
unknown. Therefore, it is assumed that each element A’
in the sparse vector A,., follows a mixture Gaussian
distribution [53] as follows

PQ
A =]]r (A
i=1 (22)

where complex Gaussian distribution with uy = 0 and
wt > A 1s to enforce a prior distribution to the zero

2y

PQ 2

i=11=1

AL
elements. g; = l9i.1, 9i 2] is indicator vector and is given
by
1,0) Al #0,
97‘:{ Eo 1; N io. 23)

o The inverse variance wa: in (22) is further constrained
by imposing a prior distribution and we assume a inverse
variance wa: , which is given by

ru

PQ PQ
wa)=IIp(war,) = TIT (war,lasb) . @4
i=1 =1

where I" (+) is the Gamma distribution and a;, b; are the
known parameters of the Gamma distribution and wa =
’g’w Al , W A}:%

o Therefore, the indicator variable g; can be modeled to
follow a non-informative categorical distribution, which

is given by
PQ 2 PQ 2
=TI 1I»9lx) :HH @)
1=11=1 i=11=1
with g = [g1,---,gp] and x = [x1,x2] =
LLPlQ,l — % . For  easy  presentation, we
enote an unknown variable vector WY =
[0 (Cau) » @7 (Cru) 05 &, A, gy wa .

B. Variational Bayesian Learning Framework

Based on the problem reformulation, our goal is to learn
the true posterior distribution of the channel parameters and
locations. Then the delay parameters, the online angles and
the channel gains can be estimated as a maximum posterior
problem as follows

~

W = argmax /p (RIW)p(W)dgdwa, (26)

~TITTen (At ugt )™

where involves numerous prior distributions, multiple inte-
grals, coupled channel and location parameters, and the non-
linear non-convex objective function. Thus it is intractable to
directly obtain learning features and find a closed-form solu-
tion. Hence, we focus on finding an approximation distribution
to the true posterior distribution, which is also tractable for the
MAP or MMSE estimators.

In the variational Bayesian learning framework, we aim
at finding a variational ¢(WV) to the posterior distribution
p(W|R) in (26) and the variational distribution ¢(W) is
tractable. Revoked by the mean-field theory and assumption,
we factorize the variational distribution g(W) as

[1

WireEW

qg(W) = q(Wh), 27)

To measure the approximation between the variational distri-
bution ¢(W) and the true distribution p(W)|R), Kullback-
Leibler (KL) divergence [54] is introduced and minimized as

p(W|R)
q(W) } = (()’28)

where E,yy) is the expectation with respect to ¢ (W) and
the equality holds only when ¢ (W) = p (W|R). Based on
the mean-field theory in (27) and the alternative optimization
method, the variational distribution can be iteratively approx-
imated as [55]

KL (W) |[p (WIR)) = —E,om) {m

© (W) o exp {Eyio pp,,) Inp W, R}, 29)

where ¢¢) (W},) is the approximation in the ¢-th iteration
and p (W, R) is the joint probability. ]Eq(g)(w means the
expectation with respect the variational distributions excluding
the variational distribution ¢(¢) (W)},). The approximated dis-
tribution ¢ (Wp,) in fact can be regarded as the approximation
of the corresponding posterior distribution p (Wy|R). For ex-
ample, ¢ (g) is the approximation to the posterior distribution
p (g|R). Then the MAP estimation of each parameter YW, can
be achieved as

WHAP — argmax ¢ (Wh). (30)

To learn the tractable forms of variational distribution
q (W), we assume the prior distributions and the variational
distribution follows the conjugate prior principles, which ren-
ders the variational distribution ¢(&) (W) is identical to the
prior distribution p (W) in form.

The proposed Bayesian framework can learn the true pos-
terior distribution via the alternative optimization of the KL-
divergence. Given the learning distribution, the channel param-
eters and localization can be done via posterior estimators. In
the following subsections, the detailed variational distributions
are derived and the user location is estimated iteratively via
the estimation of other parameters.



C. Estimation of Channel Gains o,

First, we consider the estimation problem of LOS channel
gain ag,. According to (29), the &-th iteration variational
distribution ¢(¢) (rg,) can be given by

¢© () o exp {Eq(@(w ) (inp (RW))

\aau

€1V
+Eq(£)(w\%u) (Inp (aaU))} :

By plugging likelihood function in (19), the first variational
expectation can be given by

]Eq@)(w\aau) (Inp (R|W))

(32)
where C are the terms that can be regarded as constant and

2B = ofhawPuBY,  (33)
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involves the expectation with respect to the nonlinear delay
terms ¢ ((4y,) and the parameter Bgl can be given by
B
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where pr() and Efp() Cow) ATE the mean and variance of &-th
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In (32), the expectation term Eq(5>(W\aM) (:.[m) also
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involves the phase shift ¢ ((.,). Thus the expectation term
Eq(5>(w\%u) (Equ) is given by

Eq(&)(w\aa/ ) E = Qgy \/ l”'(p(( (36)
/P 3
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where u() is the mean of the variational distribution

9 (A) and is given by
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is the mean vector of ¢-th distribution (&) (¢ (¢4,))
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and e
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Therefore, after simple manipulations, the expectation in
(32) is given by

Eq<s) (Whaaw) (Inp (RW))
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By putting the prior distribution in (20), the another expec-
tation term Eq“)(W\am) (Inp (aaw)) is given by

Eq@)(w\aw) (Inp (aqu))
_ _afuaau N all .. N . e 41)
25@(“1 250¢au 26aau .

By inserting the equations (40) and (41) into (31), the &-
th iteration variational distribution ¢(€) () in (31) can be
given by

€ () o CN (%u| 1O 5 )

Qgu’ " Qgu

(42)
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and

where 50% = (Fff()cw)-i-(;l )7
5((15) (.u’ﬂau +ﬁa )

D. Estimation of Phase shift ¢ (Cay)

The line-of-sight time delay (g, is nonlinear to the phase
shift term ¢ ((4,,) and it is difficult to directly estimate the
time delay (,,. Hence, we first estimate the nonlinear LOS
phase shift ¢ (Cou)-

According to (29), the £-th iteration variational distribution
q©) (¢ (Cau)) can be formulated

0 (i (Cau)) < exD {Eyior ) (0P (RIW))

P (G}

Plugging the likelihood function (19) into the first expecta-
tion term Eq(é)(W\W(Cau)) (Inp (R|W)), it yields

(43)
By (Whecan)) (In

]Eq(“(W\w(cau)) (Inp (RW))

1 H
= —g5tr (so(cm T TS = 2(890) so(cm)

+C,

(44)
where C is the terms irrelevant to the variable ¢ ({4, ) and can
be regarded as constants. The other parameters are given by

~0l9) 0V, @)
t=1
H
© © © 4 500
I‘S"(Cau) - TPw ((aau) « + 6aau) ) (46)



and efjfj = ~/Pwuf,f34,,u>Ttv4u(§)m- /,L(AE)M is the mean of

the variational distribution ¢(¢) (A,.,) and is given by

¢© (Am>o<CN( g, =%)

_HCN( Lg% )

(47)

and uff()gm) is the mean vector of ¢-th distribution
¢ (¢ (Gru)) and
3 - )
0 (@ () = CN (2 (Gu) 11, B0 )0 @9)
will be given later.
Substituting (21) into the second expectation term
Eq(5)(</>((au)) (hlp((p (gau)))a it ylelds
Eq(f)(LP(Cau)) (lnp (‘P (Cau)))
1
= _itr ( (Cau) E 1 ¢ (Cau) (49)
©) 1
-2 (“’sa(cau)> X o (Can) 9"(4@“)) +C

By substituting (49) and (54) into (43), we can obtain
€) €3] (€)
(¢ (Cau)) x CN (‘P (Cau) ‘lhp(gau)a ELP(CM)) )

where “c(.f()cm) and 2;()4

(50)

,) are respectively given by

(€) _ w(® H 1
H‘P(Cau) - E‘P(qau) (M‘P(Cau)z (Cau +/8(p(< )) ) (51)
—1
() (€
ELP(CML) (I‘SD(CMA) + E‘P(C )) : (52)

E. Estimation of Delay ¢ ((ray)

The estimation of reflecting path time delay (,,, is similar
to the estimation of ¢ ((,) in subsection III-D. According to
(29), the &-th iteration variational distribution ¢() (0 (C)) is
given by

49 (@ (¢ru)) x exp {E g (e, (I (RIW))
FE 6 (W) 102 (9 (Gra)) -

Substituting the likelihood function (19) into the first ex-
pectation term Eq@)(ww(cm)) (Inp (R|W)), it yields

(53)

By (Wigir) (Inp (RIW))

_ 2 ©) © \7
= —itr <<P (CTu) (Cvu) F‘F(CTU) (ﬁ‘P(Cvu)) (P (CTU)
+C,
(54)
where with 1"(5( ) and B(f) ¢ A€ respectively given by
( d P,
&) w H fH~rH
F‘P(Cru Z q(i) W\&p(c ) <5TfAAruA7uA Tt >
T
P, H
=3 e (w (2.)" e =) A
- (55)

- 9&%) VP, (u(ﬁ)

) AflYH

(56)
where 9(5) =al¥) Fu(g)
By puttmg the prior dlstrlbutlon (21) into the second expec-
tation term, the second expectation term can be given by

Eq© (o(crn)) 0D (@ (Gru)))

1 H —1
=g\ ( (Gra) By P (Gru) = 285 ) B P
+C.

(G)

(57)
Plugging (54) and (57) into (66) yields

9 (0 (Can)) < CN (0 (Gan) 18, BS))» (59)

where

© _ (© " o ©
Pl = T (%(cmzap(cm) + ﬁcp@,,u)) (59
©  _ (p® -
Yt = (F Cra) T E«p(cm)) (60)

F. Estimation of Inverse Variance wai
According to (29), the £-th iteration variational distribution

q® (wNm) is given by

© (1,
q (UJAM) o exp {Eq@ (W\wN-

U

+Eq<s><w\wMu> (lnp (wAfﬂu))} ’

Plugging (22) into the first expectation term in (61), it yields

}Eq(@ (W\’“Ag) (lnp (Af«u»
:Eq(@(W\w ) <igi,lln6/\/ (Aiu|ug,w;1.m)> (62)

) (Inp(A},))

(61)

=1
1
:§1nw i fwf)wAl ,
2
wherew =3 Z h(g) ((u(ﬁ) ;/A) + 6(5). > and h(g)

is the £-th estlmated probability from the varlatlonal distribu-
tion ¢ (g).

The prior distribution is assumed to follow a
Gamma distribution in (24) and the expectation term

E Inp (wai is given b
q® (W\w . > P %A, £ Y
Az‘u

Eq@ (W\w&) (1np (wA;;u)) =(a;—1)In wA;;u—b%_wA;,u.
(63)
With the results (62), (63), the variational distribution
q© ( can be given by

q® (wAiu) x I’ (wAiu

1
©
where a\% = a; + % and b = (bl + 2 ) .

Wa;,

a5, (64)



Hence, the ¢-th estimation of wa:  can be given by

wi) = al® /b,

(65)

G. Estimation of Sparse Vector A,

The sparse vector A,, is a one nonzero element vector
and the nonzero element is the reflected path gain. Thus, the
estimation of the sparse vector is equivalent to estimation of
the reflected path gain «,,. Meanwhile, the location of the
nonzero element in the sparse vector A,, determines the
true steering vector in (16). Thus, the estimation of sparse
vector A, has key impacts on the localization and channel
estimation performance.

According to (29), the £-th iteration variational distribution
¢® (A,,) is given by

Q(E) (A,) x exp {Eq(f)(W\Am) (Inp (R|W))
+Eq(§)(W\Am) (Inp (Am))} .

Using similar steps, the first expectation term can be given
by

Eq<5> (W\A ) (lnp (R|W))

H
5 (alsgan - (99.) A - alsg, ) +c.
(67)

(66)

where S(Agzu and ﬂ(AE)m are respectively given by

8(5)

1
5 q(ﬁ) W\A'r‘u) (Pw-AHT{ISDH (<7u) ¥ (Cru) Tt-A>

5 |
2

(p AU B ¥ A)

Oq\»—t

(68)
where the parameter ﬁ(g)m is given by

¢ H
9 =3t (1, ) (r-0l2) .
Substituting the prior distribution in (22) into the second

expectation term, we can obtain

E o (wa..) 107 (Ar)

PQ
i _ 9i,l
EQ(S) \Ar <1n { HCV(A?‘“‘H’IA7 LUA;LL) }>

1=11=1

P

fs)

11l=1

Jr
[ I\DM—*

2

—1 l
(80 B (052 (3 )

=1

M\»—

+C
(70)

2
. H
> (A= ha) Byo(w.a,,) (s0var,) (Ar = i)

where A, = diag{g1," " ,grQi} Ea =
diag {w;iu, . ,wz,% and g; = [g14, - , gpq,] and
& _ -1
M =Ej0(wia,) (Az4")
3 ()
—di ﬁh(é) R (3] ()
= @9 e M <s>hP :
by b
Substituting (71) into (70), the expectation term

]Eq(o(W\Am) (Inp (A,,)) can be given by
Eq(&) (W\Aru) (h’lp (Aru))
1 H
5 (Aﬁﬁn(ﬁ’mm - alof), - (e5)) Am> +e,
(72)

where Q(Ag)m = Z ./\/l(f) and Q(E) Z M(f)

By plugging (67) and (72) in (66), the varlatlonal distribu-
tion ¢(¢) (A,.,) is given by

09 (An) <N (AnleX) =R))), 3)
where u(AE)T and E(AE)T are respectively given by
ux, =K, (e, +6K)). (74)
and -
=%, = (&), +a%)) (5)

H. Estimation of Indicator g

The indicator variable g is directly involved with the sparse
vector A,,. The indicator variable indicates the location of
the nonzero element in the sparse vector and the dependency
is given in (23).

According to (29), the £-th iteration variational distribution
q© (g) is given by

0© (g) o exp {E 0w, ) (0P (91X))

B0 () 107 (Aru) |

Substituting (25) into the first expectation term into (76),
we obtain the first expectation as

(76)

E o (w.,) 17 (91%)) ZZgz (nxig. (77
i=1 [=1
Following the similar steps in (70), it yields
Eq(s)(w\ ) (Inp (Ary))
= i lnCN( rulHA, W 1 )
ZZQ 1 s w bl (78)

=1 [=1

PQ 2
= Z Zgi,lQEi)
i=1 1=1

(©) Q(&) (alqé)) 4

uA) + 5§) a§5>/b§€> and ()

where p1 4

% In (bg£)>

g(ugz
is the digamma function.

1s the ¢-th element in u



Plugging (77) and (78) into (76) and considering the vector

g, it yields
¢ 9gi,l
CORE

exp QE{) _
where hgi) = f;(Ql@)) and Qfl) = Qfl) +1Iny;.
=1 Cxp( bt )

]

PQ
RAOEDY

=1 =1

(79)

L. Estimation of UE Location

From the likelihood function in (12), it is computation-
ally prohibitive to directly estimate the location of the
user. Fortunately, the estimated location of the user can
be given by pq(f) = p, + '), where p is the dis-
tance between the UE and p, to be estimated. The vector
n© = —25[sin ¢ cos h(©), sin p(©) Sin¢(€)7cos¢(§)]T is
the waveform vector with the estimated azimuth and ele-
vation angles. Moreover, the location follows the geometric
constraints, which can be given by

(€9 =9 e =], +lIp. — .11, -
2 ———

|

where Cﬁf) and Q(If) are the £-th estimation delays respectively.
(€

4o di)

Py — Py — pn“)HQ,

des)

The delays (4, and ¢, can be estimated from TN and
/‘c(,f()gm) respectively by following the results in [56]

20, : © 7 ©

Cru = arglélrljl (“%(Cm)) H‘P(Cm) 27 81
and

pE) _ ~ © 7 © %

Cani = argmin (ulp(cw)) B(can) . (82)

Hence, the estimation of p can be obtained by minimizing

€ = argmin| (¢ — 9 ) e~ ) — d§ + )
P 2
(83)
By taking derivative with respect to p and tedious manipu-
lations, the solution p¢) is given by

© ((C’E? _ dﬁ)) T d‘(ﬁ))Q _ (d‘(l?)Q
T ((¢19 = c) = d) | ) n©| = 2(p, —p,) "0
Hence, the £-th estimation of the UE location is given (s; :
pSf) =p, + p(ﬁ)n(f). (85)

The user location and channel estimation involves various
parameter estimation. For better and clearer presentation, we
summarize the JCLE algorithm as Algorithm I and imple-
mentation interpretations are given by

o The time of flight (ToF) between the AP and RIS is

hidden in the phase shift ¢ ({4, ). The ToF is estimated
in subsections I11-D;

o Similarly, the ToF between the RIS and the user is
estimated in subsections III-E;

o The indicator g is a key parameter that directly deter-
mines the angles of arrival and it is estimated in III-H;

o Given the estimated angles and ToFs, the user location
can be determined in III-I.

o Nuisance parameters estimation are necessary to be in-
cluded in the algorithm.

Our proposed algorithm is an iterative algorithm developed
to approximate the true posterior distribution via mean-field
factorization, KL divergence minimization, and alternating
optimization. The convergence of the proposed variational
Bayesian inference algorithm has been proven to converge
[54, 55].

IV. DISCUSSIONS

In the paper, channel estimation and localization share
commonalities in their reliance on received signal parameters
and the utilization of signal processing techniques. Both
processes involve extracting meaningful information from
the transmitted signals to achieve their respective goals. For
instance, the channel gains o4, and «,,, delays (., and
Cru, and angles ¢ and 1) are often used in both channel
estimation and localization algorithms. However, they have
distinct objectives: channel estimation focusing on character-
izing the communication channel, and localization aiming to
determine spatial locations. Their interdependence on shared
signal characteristics highlights the synergy between these two
vital components in wireless communication systems.

In Algorithm I, the complexity of the proposed algorithm
mainly comes from the inversion in the covariance matrix
when estimating of the sparse vector A,.,, in (75) in each itera-
tion and other parameter estimation only involves scalars. The
covariance matrix E(A?)m is with the dimension of PQ x PQ
and the inversion will involve computational complexity of
(@] ((PQ)S). First, the matrix S(Agzu can be reformulated as

~

1
S8, = = (PeA"YBE T, A) = F"F, (6)

t=1

(o9

P,B

_—
with FF =/ ==Y Aand ¥ = [X1, Y, ..., T7].

Substituting (86) into (75) and utilizing the matrix inverse
lemma, we can obtain

-1
=%, = (F"F+af))

-1

~(ag.) " F (7 (002) ) e (e

(87)

The computational complexity of estimating covariance ma-
trix E(Ag)m in (87) is reduced to O (TP?Q?). Hence, the
total computational complexity of Algorithm I is propor-
tional to O (TP?Q?). The complexity of the PSO algo-
rithm is given by O (2LTS7), where S and 7 are the



particle number and the convergence iterations. The com-
plexity of the ML algorithm mainly comes from the IFFT-
based time delay estimation, which has the complexity of
O (LT log (LT) + M N log (M N)). Although the complexity
of the proposed algorithm is possibly higher than that of the
PSO and ML algorithms, our algorithm can achieve better
localization performance, which will be demonstrated in the
simulation section.

Algorithm 1 Variational Bayesian Inference-Based Localiza-
tion and Channel Estimation Algorithm

1: Input the distributions p (aw), P (@ (Caw)), P (@ (Gru)),
p(Ary);

2: Input the parameters 6, Py, I, N, M, P, Q, p,, P> Py
and randomly generated w, 7 and collect measurements
R;

3: f =1;

4: while KL (¢“*1 (W) |lp (WIR)) -
KL (¢ (W) [lp(WIR)) | > T do

5: Updating the mean ,ugw and variance
49 (@gy) via (42) respectively;

6: Updating the mean uff()cau)
¢ (¢ (Caw)) via (51) and (52) respectively;

7: Updating the mean uf()gu) and variance Eff()cm) of
¢ (¢ (¢ru)) via (59) and (60) respectively;

8 Updating the mean u(ﬁ)m and variance E(AE)M of
q'® (A,.,) via (74) and (75) respectively;

9. Updating the parameters 15 and 0\ of ¢©) (r) via
(79) respectively; 7 7

10: Updating the location pgf) via (85);

11:  Output the ¢-th estimation of gy, Caus Crus ALy G

5&5) of

and variance 2(5) of

‘P(Cau)

. . ¢ Al
x and UE location p,, via (51), (59), (74), x\*) = W
(79), (85) respectively; -
12: E=¢E+ 1,
13: end while

V. SIMULATION RESULTS

A. Numerical Settings

In this section, we investigate the estimation performance
of the proposed algorithm in different scenarios. Given the
multiple channel parameters, the sparse vector A, estimation
error and the angles estimation errors are presented to show the
channel learning performance. We consider a 3D localization
and channel estimation of a user with the aid of the RIS
system. The parameter settings are summarized as:

TABLE I: Parameter settings in simulation results

Parameter Value

D, [100, 100, 30]T
P, [10, 40, 10]”
M 20

N 20
Pu W

T 80

L 128

P 10

Q 10

4 0.01

The distance between the RIS elements is half wavelength.
The angle of arrivals ¢ and ¢ range in [fg, g] The prior
parameters of unnormalized channel gain «,, is given by
Hag,, = 0.2+ 0.2¢ and d,,, = 0.01. For the sparse vector
A, the means are given by puy = 0, p4 = 0.5 + 0.5i.

E(wyi ) =aibi, a; = 10° and b; = 1073, The initial

positioﬁg of the user for all presented algorithms are both
generated by adding Gaussian distributed bias N, (0, f]p> to

the true position p, and flp = 25I3. This prior information
can be obtained via coarse estimation.The mentioned settings
are unaltered and otherwise stated differently. For better clari-
fication, the proposed algorithm is compared to the following
algorithms:

e The quasi-Newton and maximum likelihood estimator
were proposed for the localization problem in a RIS-aided
localization system with the perfect channel information
(38

o A PSO algorithm was proposed to tackle the optimization
problem for the RIS-aided localization in [36]. As a
search algorithm, PSO can find the local optimum so-
lutions of the proposed problem.

o Bayesian Cramer-Rao lower bound (BCRB): BCRB is
adopted here as a benchmark for evaluating the perfor-
mance of the proposed algorithm and the benchmark is
derived using the Fisher information matrix. The original
unknown parameter vector ¢ involves the other nuisance
parameters and the Fisher information matrix is derived
as [55, 57]

J W) = ZEp(R,W) |:<81np(R|W)> 81np(RW):|

ow ow
+iE< ){(8lnp(W))HE)lnp(W)}
R,W )
2 oW oW

T = F{ —
1 0=, 0=
~o > Eprw) {3“‘? (rWtH BV\Z)}
t=1 (88)

where E; = E,,, —&-Eiu. The Fisher information matrix in
(88) implies that the LOS and RIS signals both contribute
to the estimation of channel gains and the angles. The
prior distributions does not directly involve the UE posi-
tion and can be ignored. For the localization error bound,
we transform the unknown vector W to an equivalent
unknown variable vector Kk = [pf,(ru,cau,w,gzﬁ] and
the corresponding Fisher information matrix is given by
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Fig. 2: Localization performances with OFDM subcarrier
number L = 128 and snapshot 7" = 80 under different SNRs

[58]
J (k) =PJ (W) P, (89)

and P is the transform matrix and given by P = %.

Hence the equivalent Cramer-Rao lower bound of UE
position is given by

BCRBy, > tr ([J7(K)] y,8) - (90)

where [o], 5 ;.5 is a block matrix composing of the first
3x 3 elements in J (k). The detailed derivations of .J (k)
are given in Appendix A.

Using the results in (95), (97) and (98) in Appendix A,
we can obtain

-1
BCRB,, > \/tr [(Jn - J12J2—21J1T2) ] 1)

B. Far Field Scenarios

In this subsection, the numerical results of our algorithm in
the far-field channel estimation and localization problem are
investigated. The true user location is set to meet the constraint
lp, — P, ll; = 20 > 100X and A is carrier wavelength.

In Fig.1, we first investigate the impact of signal-noise
ratio (SNR) on the localization performance and estimation
accuracy of the sparse vector A,,. The PSO and ML algo-
rithms both require the perfect knowledge of the reflected path
channel gain «,,, and only the mean value of «,.,, is available
in this scenario. The particle number of the PSO algorithm is
set to be 200. It is clear that the proposed algorithm JLCE
can approach the BCRB with high SNR and the localization
performance of the proposed algorithm JLCE outperforms the
other algorithms. Because the proposed algorithm adopts the
joint minimum mean square error (MMSE) estimation scheme
and achieves accurate estimation of the sparse vector A,
and g. Meanwhile, the estimation performance of the sparse
vector A, under different SNRs is also investigated in Fig.2.
The proposed algorithm can achieve stable convergence at a
rapid rate (less than 5 iterations). The results in Fig.2 and
Fig.3 both intuitively show that the localization and estimation
performances will increase with the higher SNR and the
proposed algorithm can achieve better performances.

EY
i<
JLCE with SNR=10

ey JLCE with SNR=15
e ]| CE with SNR=20

JLCE with SNR=25
r JLCE with SNR=30

log(RMSE)
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Fig. 3: Sparse channel vector A,., estimation results with
L = 128 and snapshot 7" = 80 under different SNRs
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Fig. 4: Localization performances with SNR = 15 dB and
L = 128 under different snapshots

In Fig.4 and Fig.5, the joint localization and channel estima-
tion problem with different snapshot numbers is investigated.
The results in Fig.4 and Fig.5 also support similar conclusions
that demonstrate the superiority of the proposed algorithm
in localization accuracy, estimation performance as well as
convergence rate. Besides, the augmentation of the snapshot
number with fixed PQ) means the ratio T/PQ changes. The
ratio approaching 1 means the matrix Y A is becoming a full
sampling matrix.

For the channel parameter estimation performances, the
estimation errors can be reduced by increasing the snapshot
T or SNR in Fig.3 and Fig.5. The vector A,,, is the sparse
representation of the reflected path gain «,.,,. The simulation
results indicated that the proposed algorithm can precisely
estimate the channel parameters simultaneously. Furthermore,
we also investigated the azimuth and elevation angle estima-
tion performances in Fig.6. The simulation results showed the
proposed algorithm can accurately estimate the angles in a
few iterations. Meanwhile, the off-grid errors were ignored
given enough P(@ and it leads to zero estimation errors in
Fig.6. Given the intuitive analysis and simulation results, the
robustness and validity of the proposed algorithm in estimating
the channel state information was verified.

In Fig.7, the localization performance is investigated un-
der different numbers of RIS elements and other parameters
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Fig. 6: Azimuth and elevation angles estimation errors with
SNR=15dB, L =128 and T' =70

remain unaltered. The number of RIS elements is set to
be M x N with M = N. With the augmentation of the
RIS element number, the localization accuracy of the JCLE
algorithm and the BCRB both decrease and achieve better
performance, which demonstrates that the RIS can benefit the
localization systems. Moreover, the BCRB and localization
error both indicated that there existed a tradeoff between the
number of RIS elements and the computational complexity.

C. Near Field Scenarios

The numerical results of our algorithm in the near-field
channel estimation and localization problem are also inves-
tigated. The true user location is set to meet the constraint
lp., — P,ll; < 100X and A is carrier wavelength by following
the near-filed settings in [43].

The simulation results in Fig.8 and Fig.10 present the
localization performances of the proposed algorithm and other
algorithms in the near-filed scenarios. The proposed algorithm
can also approach the localization accuracy benchmark BCRB
and outperform other compared algorithms. The numerical
results in Fig.9 show the estimation error of the sparse
vector in the near-field scenario, which also shows that the

Estimation Error

= RMSE
09 BCRB

0
20? 302 40? 502
RIS element number M x N

Fig. 7: Localization performance with SNR = 15dB, T" = 80
and L = 128 with different number of RIS elements M x N
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Fig. 8: Localization performance with SNR = 15dB and
L = 128 under different number of snapshots

proposed algorithm can achieve accurate estimation of channel
parameters. The results in near-filed and far-filed scenarios
both demonstrate the superiority of the proposed algorithm in
localization and validity in channel semation.

VI. CONCLUSION

In the paper, we considered a joint localization and channel
estimation problem in the RIS-aided system and we proposed a
JLCE algorithm to study the complicated estimation problem.
Due to the intractable direct maximization of the objective
function, the true posterior distribution is approximated by a
joint variational distribution iteratively. In the proposed itera-
tive algorithm, we also investigated the algorithm complexity
and convergence. Simulation results have shown the superi-
ority of the proposed algorithm in channel estimation and
localization accuracy through various simulation examples.

APPENDIX A
The transformation matrix P = gn—v}’ can be calculated as
0
P [ 73011 . ] € CTX(2L+2PQ+2) (92)
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9™ (Ca) 097G ¢ g
_ Bpu GCau IxL
where Py = [awc) N &pH(c)] and
op, 1?1’ OCru
Py, = 0 1 Oixpg Oixpg
1 0 Oi1xpg Oixpg | °
—_ =t
=The term g;‘,‘. requires the derivative of 88;‘;{,“ and aaW'
By = [aau\ﬁ IL,} € CLxQL+2PQ+2) - Gimilarly

=t
86W [ o.M, 0512% 65£u70 0] € CLX(2L+2+2PQ) with

= Qi \/ a 9 19 dlag (Qt) (1/}7 ¢) I (93)
Expanding the product term ;\i{i} 213/\3 and substituting

0= qu

=t
and 81/7\; into (88), we obtain

ow
OzzquIL Jar 0
J (W) = Eprw) J R 0|, (94)
0 0 o
where J,, = Eyrw) (wVPoIllQ) = GoQ

and R =

TR
Ey(r,w) ((Qt)HQt)-

Substituting (92) and (94) into (89), it yields

Ju Ji2
J = 95
(x) [ o ] 95)
where the submatrices are given by Ji;1 = uiu +
el dpt H ypH
O %(s:u) ‘PB (Crw) with Y = (g_|_Mt) vaIECru)_
e (9 +6(Mm)") 25
| e (S (M) ) e
12 = 2o H o=t H )
e (G 4 p) (%)
=t H
&pg;iw) (g(Mt)H+Mt) (%)
_ (96)
with G = GG + 6, I, and Jop = FDFY, where
[ 00" (Ca) 09" (C) 0L, 0L, r
F = 3 3ru av ae |, (97
0 0 0 0
and
G GM! g (6"
p_ | M)TG (MM (M (mY)D
g M 1 (M)
g' M MmHT 1
(98)
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