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Reconfigurable Intelligent Surfaces for Localization:
Position and Orientation Error Bounds

Ahmed Elzanaty, Member, IEEE, Anna Guerra, Member, IEEE,
Francesco Guidi, Member, IEEE, and Mohamed-Slim Alouini, Fellow, IEEE,

Abstract—Next-generation cellular networks will witness the
creation of smart radio environments (SREs), where walls and
objects can be coated with reconfigurable intelligent surfaces
(RISs) to strengthen the communication and localization per-
formance. In fact, RISs have been recently introduced not only
to overcome communication blockages due to obstacles but also
for high-precision localization of mobile users in GPS denied
environments, e.g., indoors. Towards this vision, this paper
presents the localization performance limits for communication
scenarios where a single next generation NodeB base station
(gNB), equipped with multiple-antennas, infers the position and
the orientation of a user equipment (UE) in a RIS-assisted SRE.
We consider a signal model that is valid also for near-field prop-
agation conditions, as the usually adopted far-field assumption
does not always hold, especially for large RISs. For the considered
scenario, we derive the Cramér-Rao lower bound (CRLB) for
assessing the ultimate localization and orientation performance
of synchronous and asynchronous signalling schemes. In addition,
we propose a closed-form RIS phase profile that well suits
joint communication and localization, and we perform extensive
numerical results to assess the performance of our scheme for
various localization scenarios and for various RIS phase design.
Numerical results show that the proposed scheme can achieve
remarkable performance, even in asynchronous signalling, and
that the proposed phase design, based on signal-to-noise ratio
(SNR), approaches the numerical optimal phase design that
minimizes the CRLB.

Index Terms—Reconfigurable intelligent surfaces, smart radio
environment, single-anchor localization, attitude estimation, near-
field localization, Cramér-Rao lower bound.

I. INTRODUCTION

Recently, smart radio environments (SREs) have been con-
ceived as a new paradigm where the traditional radio envi-
ronment is turned into a smart reconfigurable space that plays
an active role in transferring and processing the information
[1], [2]. Indeed, key performance indicators (KPIs) for the
next sixth generation mobile networks (6G) promote contin-
uous connection availability, strong reliability, huge device
density (107 devices per km?) and air interface latency of
sub-milliseconds (e.g., 10us), etc. [3], [4]. To meet these
requirements, reconfigurable intelligent surfaces (RISs) might
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represent a key solution, allowing to enhance not only wire-
less communications but also imaging- and localization-based
applications thanks to the augmented ambient awareness [4]-
[6]. In this regard, RISs can aid in establishing a line-of-sight
(LOS) link between the transmitter and the receiver even in
the presence of obstructions or when the received power from
the direct path does not enable a robust connection [7].

In analogy with software defined radios, RISs are often
referred to as software defined surfaces (SDSs), where the
electromagnetic response to the incident wave can be con-
trolled by a software [8]. The realization of such a technol-
ogy can be enabled by metamaterials, which are a class of
artificial materials whose physical properties, such as permit-
tivity and permeability, can be engineered to exhibit some
desired characteristics [9]-[13]. When such metamaterials are
deployed in metasurfaces, their effective parameters can be
tailored to realize a desired transformation on the transmitted,
received, or impinging waves [14]-[17]. With the availability
of new degrees of freedom useful to improve the network
performance, the environment will be no more perceived as a
passive entity, but as a meaningful support for wireless com-
munications based applications [18]-[23], e.g., energy transfer
[24], vehicular networks [25], unmanned aerial vehicle (UAV)
communications [26], physical layer security [24], cognitive
radio [27], electromagnetic fields (EMF)-aware beamforming
[28]-[30], and many others [31]. In this context, wireless
localization with RISs [32], [33] has not yet received a large
attention, albeit they represent a promising candidate for en-
hancing positioning and orientation estimation capabilities in
next-generation cellular networks for various 6G applications,
e.g., augmented reality and self-driving cars [25], [34]-[36].
This is of great help in GPS-denied environments, and it allows
to avoid the use of a dedicated infrastructure, usually made
of multiple anchors. Indeed, the possibility to localize with a
single antenna array is not new, and has been investigated
in the last few years [37]-[42]. In fact, the move-up in
the frequency spectrum towards millimeter-waves (mm-wave)
enables the integration of large number of antennas into
small areas. By enabling such an array architecture, namely
massive array, capable to realize near-pencil beam antennas,
it becomes feasible not only to boost communication but
also single-anchor localization capabilities at an unprecedented
scale [43]-[48].

Current state-of-the-art for intelligent surfaces-based local-
ization considers studies employing RIS either in receive mode
[49] or in reflection mode [33], [S0]. When exploited in receive
mode, a large intelligent surface is used to localize a user in



front of it, both in near-field and far-field [49], [51]. When
instead operating in reflection mode, an approach exploiting
the modification of the RIS reflection coefficient is proposed
such that the experienced received signal strength (RSS) at
different points is enlarged and the localization accuracy is
improved [52]. Differently, in [33], authors exploit a RIS for
supporting the positioning and communication in the mm-
wave frequency bands, assuming that the mobile is in far-
field with respect to the RIS [33]. Such an approximation is
not always valid, especially when large surfaces and arrays
are considered with respect to the distance. Consequently, the
entailed models are no more accurate, as the mobile is not
in the Fraunhofer region but in the Fresnel region, where
the wavefront has a considerable curvature, and it cannot
be approximated as a plane wave. Additionally, ignoring the
spherical wavefront discards essential information regarding
the location and orientation of the mobile [53]-[55].

To the best of authors’ knowledge, no paper has considered
a general model accounting for 3D RIS-assisted localization
and orientation estimation in near-field, as current papers for
near-field positioning only refer to the adoption of a large
intelligent surface in receive mode and not as a mean for
controlling the multipath.

To this purpose, in this paper we consider the localization
scenario depicted in Fig. 1, where we propose a localization
scheme that makes use of infrastructures envisioned for next
generation communication systems. Our model accounts for
the incident spherical wavefront. Note that the user equipment
(UE) can operate in the near—field region even for large
distances provided that a large number of antennas is employed
(e.g., with electrically large RIS) and the system operates at
high frequency (e.g., millimeter-waves). Indeed, in SRE, the
next generation NodeB base station (gNB) augments its envi-
ronment awareness, as it allows also to achieve a knowledge
of the environment in terms of inferring the location in the
3D space and the orientation (i.e., roll, pitch, and yaw) of the
UE. In this context, we derive the Cramér-Rao lower bound
(CRLB) to investigate the ultimate positioning and orientation
estimation performance in the presence of the RIS. Then, we
analyze the geometric dilution of precision (GDOP) to evaluate
the impact of the geometry on the UE localization. Finally, we
derive a suboptimal phase design for the RIS in closed-form to
enhance both the localization and communication performance
by maximizing the signal-to-noise ratio (SNR).

The main contributions can be summarized as follows.

o We propose an architecture where the RIS is used to assist
mobile localization (position and orientation estimation)
at the gNB, which can provide surveillance solutions or
assist the communication process.

o We consider that the gNB, RIS, and the UE are equipped
with multiple-antennas with arbitrary array configura-
tions and geometries including planar arrays that will be
adopted for beyond fifth generation mobile networks (5G)
systems, especially the RIS, allowing 3D beamforming in
both the azimuth and elevation, while most of the liter-
ature considers linear arrays with 2D beamforming that
significantly simplifies the analysis to the conventional
steering vectors.

RIS (£2)

Her -TT .

gNB/AP (Receiver)
UE (Transmitter) D

Fig. 1: Considered RIS-aided positioning scenario.

o We consider a general model valid for both near- and far-
field localization and attitude (i.e., orientation) estimation
in 3D space, unlike the literature that either imposes the
far-field assumption or considers simplified 2D geometry.

o Differently from the state-of-the-art that analyzes syn-
chronous systems, we consider two general signalling
schemes (i.e., synchronous and asynchronous) and com-
pare their localization error performance.

o We derive the ultimate bound on the localization perfor-
mance in terms of the CRLB. Furthermore, to get more
insights on the effect of the geometry (e.g., locations and
orientations of the gNB, RIS, and UE) on the localization
performance, we consider the GDOP metric.

e We propose a closed-form RIS phase design, that ac-
counts for the spherical wavefront, and we compare it to
other strategies along with various transmit beamforming
techniques;

o We perform extensive simulations and numerical results
that provide insights into the problem and shed light on
the benefits offered by the adoption of the RIS in terms
of localization performance.

The rest of the manuscript is organized as follows. Sec. II
describes the signal model for both synchronous and asyn-
chronous cases. Sec. III investigates the position and orienta-
tion performance limits and the impact of the system geometry
on localization, whereas Sec. IV discusses a possible design
for the RIS phase profile. In Sec. V simulation results are
reported and final conclusions are drawn in Sec. VL.

Scalars (e.g., x) are denoted in italic, vectors (e.g., X) in
bold, and matrices (e.g., X) in bold capital letters. V,(a) =
Oa/0z is the partial derivative of a with respect to the scalar
x. Vx(+) is the gradient operator with respect to the vector x.
Transpose and Hermitian operators are represented as -’ and
H, respectively. The N x N matrix with all elements being
zeros and the N x N identity matrix are denoted by Onx v
and I« v, respectively. The operator tr (X) denotes the trace
of a matrix X, while diag(x) denotes a diagonal matrix
with diagonal elements identified by x. A probability density
function is denoted by p (-), and E {x} is the expectation of a
random vector x with respect to its distribution. j = /—1 is
the imaginary unit. The operator ||-||; is the £-norm, and ||-||



Fig. 2: 3D geometry of the considered localization scenario.

is the /5-norm.

II. SYSTEM MODEL
A. Localization Scenario

In this paper, we consider a localization scenario as in
Fig. 1 where a gNB, equipped with an antenna array with
center located in position pg = [:Z:B,yB,zB]T, performs the
position and orientation estimation of a UE with center in
Pm = [xM,yM,ZM]T and rotated by ¢M = [OLM,['}M,’}/M]T
The geometry is reported in Fig. 2. The localization is aided
by the presence of a RIS, with center located at a known
position pr = [ZRr, ¥R, zR]T, considered as a passive reflector
that supports the gNB also for communicating with the UE.

According to Fig. 2 and considering the gNB as the center
of the coordinate system, the UE and RIS centers’ coordinates
can be expressed as ps £ [zs, ys, 5] with S € {M, R} being
the label for a generic station and where the coordinates are

xs = xg + dgs cos (fgs) cos (¢ss) , )
ys = yg + dps cos (fgs) sin (¢Bs) , (2)
25 = zg + dps sin (955) . 3)

Notably, the spherical coordinates can be easily retrieved
from the equations above. Further, for each S € {B,R,M}
and for each corresponding antenna index s € {b, r, m},
we can indicate the antenna coordinates of each array as
Ps.s = Ps = [Zs, Ys, zS]T where Vs € {1,2,--- , Ns},

xs = ds cos (05) cos (¢s), 4)
Ys = ds COs (95) sin (¢s) ) (5)
zs = dg sin (6s) , (6)

where Ns is the number of antennas at the considered array,
and ¢; and 60; are the azimuth and elevation angles of
the s-th antenna element measured from the array centroid,
respectively. In addition, we consider arrays that can be rotated
around the axes, that is Vs € {1,2,---, Ns}, we have

Ps,s = [Ts,s, Ys.s, 7s,5] = R (as, fs,7s) pé‘?i, (7

with péoz being the initial array deployment, and

R (as,Bs,7s) is the rotation matrix given by the
multiplication of the rotation matrices for each axis where
(as, Bs,7s) are the yaw, pitch, and roll angles. The yaw
corresponds to the azimuth, as it is the rotation around the
z-axis and it is here indicated with as. s is the pitch, around
the y-axis, whereas ~s is the roll entailing a rotation around
the z-axis. By considering counterclockwise rotations, the
rotation matrix, R («, 3,7), is given in [56, (3.42)].

B. Signal Model for Incident Spherical Wavefronts

We now describe a model which accounts for spherical
wavefront, and it is valid also for near-field propagation
conditions. In the uplink, the UE transmits /N orthogonal
frequency-division multiplexing (OFDM) subcarriers, i.e., for
the n-th subcarrier with n € Ny = {1,2,--- , N}, we have

x[n] = [z1, 22, ..., xn,]" 2 win]plnl, (8)

where Ny is the number of antennas at the UE, p[n] is
the data symbol corresponding to the n-th subcarrier with
E{p[n]p*[n]} = 1, and wn] € C™ is the beamforming

vector with |[w[n]||? = 1, which can be written as

wn] = [a 647‘61@2 ej,@z7 Ce eij’ e an, ejBNM]T’

where a,, and (3, represent the m-th amplitude and phase of
the transmit-beamformer. Let © 2 {0,605, ,0x,} be the
vector containing the designed phase shifts induced at the RIS,
and NR is the number of RIS elements. Then, we indicate with

Q = diag (¢/©) £ diag (e, ¢7%%,...,e) (9

the Nr X Ngr diagonal matrix containing the RIS phases.

Differently from the RIS literature, the gNB estimates the
UE position, pm, and its orientation, ¢y, by exploiting the
spherical waveform model. The received signal at the gNB
for the n-th subcarrier can be written as [57]

yn]= vV PHgw [n] x[n) —i—\/ﬁHBR[n] Q Hgru[n] x[n]+w(n]

2 pn] +wln], VneN, (10)



where P is the signal power, x[n] is the transmitted vector for
the n-th carrier frequency, w(n| is an additive thermal noise.
The channel matrices are Hgm[n|, Hrm[n]|, and Hgg[n] for
the gNB-UE, RIS-UE, and gNB-RIS links of sizes Ng X Ny,
Nr X Np, and Np X Ng, respectively. In the following, we
discriminate whether the gNB and the UE have been syn-
chronized or not. For non-synchronous systems, the position
information can still be gathered from the spherical wavefront,
even if no information can be retrieved from the time-of-arrival
(TOA).

1) Synchronous System: We here consider that a synchro-
nization procedure has been performed between the gNB and
the UE prior the localization step. Once synchronized, the
positioning information can be retrieved by jointly processing
temporal and angular information of the received signal. By
extending (10) to its scalar notation, the general model of the
received signal can be rewritten as

yp[n] =ps[n] + wn], Vbe{l,2,---,Ng}, (11)
with Ng being the number of antennas at the gNB and w[n]
being the circularly symmetric zero-mean Gaussian noise with
power spectral density o2. The useful part of the signal,
without the noise, is

Nm
po[n] £ VP S ayln] ¢ 92t (pBMe*jQan (Tom+11m)
m=1

Nr
+ PBRM Z el Or =32 7rfn(7—br+7—7‘7n+n7“+77m)) . (12)

r=1

where f, = fc + nAf — B/2 is the frequency of the n-th
subcarrier, f. is the carrier frequency, Af is the subcarrier
spacing, B = NAf is the signal bandwidth, and 7,,, Tor,
Trm are the delays for each couple of antenna (e.g., Tpm
is the delay between the b-th antenna at the gNB and the
m-th antenna at the UE), g is a synchronization residual
(negligible after accurate synchronization procedures), and
Nm and 7, are array non-idealities. The signal attenuation
coefficients due to propagation are indicated with pgm and
perm for the direct and the relayed path, respectively.! Since
the plane—wave approximation is not always valid, a spherical
model is considered where the following relations hold

Tom (dBm, OBM, PBM) = dbm /[, (13)
Tor (dBR, U8R, PBR) = dbr/c, (14)
Trm (dRM7 oRMa ¢RM) = drm/cv (15)
A1

- 16
pBM = domt” (16)

A 1
AT 17
PBRM = drr T+ dor )
where ¢ is the speed of light, (dgm,fmMm,PBM),

(dBRaeBRa¢BR) and (dRM,eRM,(bRM) are the distances

'According to the considered system geometry, the signal amplitude is
about the same at each antenna as its variations are negligible.

and angles between the gNB-UE, gNB-RIS, RIS-UE
centroids, respectively, and where

dym = \/dzn + &3+ dgyy —2 (Gl + dam Gl ), (18)

with Géz and ijﬁ containing the information of the geometry
at the transmitter and at the receiver, that is

Gg,}i =Ty T + Yo Ym + 2 Zm (19)
Gl(,i)l = (@m — xp) cos Oam cos pam + (Ym — Ys)
X cos Ogm sin ppm + (2m — 2p) sin Ogm. (20)

The distances of arrival between the b-th gNB antenna and the
r-th RIS antenna and between the rth RIS antenna and the m-
th UE antenna, namely dp, and d,.,,, can be found using (18)
with appropriate substitutions, as done in (1) and (4).

Differently from traditional schemes that make the assump-
tion of incident planar wavefront, in (18) we infer jointly the
ranging and bearing information from the spherical waveform
curvature. Notably, it is possible to write (12) only when the
clocks of the gNB, RIS and UE have been synchronized.
The accurate synchronization might entail several and long
procedures. In the following, we consider an asynchronous
alternative where it is still possible to retrieve the UE position
from the relative phases.

2) Asynchronous System: As evidenced in (11), from the
received signal it is possible to infer the TOA estimate, which
is possible in all those situations where a synchronization
procedure has been performed. In this case, the system is no
more able to directly estimate the information of the distance
from the TOA. Instead, the incident waveform curvature, i.e.,

21
(22)

Adpm = dym — dem = ¢ ATy,
Adyy = dpr — der = ¢ ATy,

can be exploited for UE localization.

Nm
yb[n] = \/F Z T, [n] (pBM einBM 87j27rfn (AThn“an)
m=1

Nr
+ par e e 3 et e—jzw.fn<Arbr+Anm+m+nm))
r=1

+wn], (23)

where ygm and xgrm are uniformly distributed random vari-
able from 0 to 2 7 representing the phase offsets between the
gNB, the UE and the RIS due to the lack of synchronization.

Given the proposed models for synchronous and asyn-
chronous systems, in the following we derive the attainable
fundamental performance limits.

III. RIS-AIDED POSITION AND ORIENTATION ERROR
BOUNDS

In this section, we derive the performance limits for the
considered localization scenario in the free-space LOS direct
and reflective RIS scenario, where the ultimate localization
limits can be rigorously derived. To this end, the CRLB is
a useful metric that represents the minimum variance of the



estimation error from any unbiased estimator, and it can be
represented with the inverse of the Fisher information matrix
(FIM) [58], [59]. Then, we investigate the impact of the
geometry on the error through the GDOP metric analysis.

A. The CRLB on UE Position and Orientation

Given the signal models in (11) and (23), we distinguish two
possible estimation approaches: (i) the first one exploits a di-
rect localization approach, and it is used for the asynchronous
case; (ii) the second one is a two-stage approach that considers
that the location and orientation are estimated from a set of
features extracted from the signal, e.g., TOAs, angle-of-arrivals
(AOAs), and received signal strength indicators (RSSIs) [60].
In both cases, the parameter vector to be estimated is

s = [pm, om]", (24)

where py€ R3, and ¢me [0, 277]3 contain the UE position
and orientation parameters, as indicated in Section II-A. On
the other hand, the measurement vector can be written as

I'=s, (25)

I'=[pem, OBM; PBM, TBM; PBRM; ORM, PRM; TRM ; ¢M]T , (26)

for the Synchronous and Asynchronous signalling, respectively,
where 78m and 7rm, pem and pgrm, and Osm, ¢BM, Orm
orm are the TOAs, RSSI, and AOAs, respectively. All the
main parameters that are required to infer the location and
orientation of the UE are included in (26).2

The first approach with the measurement parameter vector
expressed in (25) will be also referred to as “Direct” because
it directly estimates the state. On the other side, the second
approach in (26) will be also named “Two-stage” because
it uses intermediate parameters to infer the UE position and
orientation. Note that the two approaches are the same from a
CRLB perspective. Still, we distinguish between the two pa-
rameter vectors for synchronous and asynchronous signalling.

This can be ascribed to a twofold reason: (i) The vector of
measurements in the synchronous case allows to emphasize
the parameters of the received signal which depend on the
position and orientation and to quantify the error in estimating
these parameters; (ii) On the contrary, if a two-stage approach
is used in the asynchronous case, where only difference of
TOAs are present in (21), then the measurement vector would
consist of all the TOA pairs between the gNB-UE and RIS-
UE, leading to a dimensional issue for the FIM. Thus, a direct
approach is adopted in which the position is directly inferred
from the signals received at each antenna of the gNB, allowing
the measurement vector to be written in a more compact way.

Starting from (25)-(26), the CRLB on the UE state vector
can be written from [58, (178)] as

N -1
As) 2 [Z I, <s>] ,
n=1

2If the localization is only based on TOA and AOAs, then the parameters
related to RSSI (i.e., pgm and pgrm) can be neglected in (26). Nevertheless,
the resulting bound will be an upper bound on the CRLB derived directly
from the signal.

27)

where I, (s) is the FIM of the state vector relative to the
n-th subcarrier. Hence, the position error bound (PEB) and
orientation error bound (OEB) can be written as

PEB = fir (A (5)0.10). OFB =1 ir (A <s>14:6,4;f2)8,)

where [],.;, .. indicates the sub-matrix located between rows

(a,b) and columns (¢, d).
The FIM can be obtained by the chain rule as [61]
L, () = (VaT) I, (T) (VsD) " (29)

where I, (T') is the FIM of the parameter vector in (25), i.e.,
L, (1) =E { (Vrlogp(y[n): I))" Vr logp(y[n): D) | . (30)

with J £ Vg T being the Jacobian matrix and log p(y[n]; T) is
the log-likelihood function of the received signal vector [58].
The log-likelihood function is computed from (11) as

logp(y[n];T) = — (y[n] — p[n)" 7" (y[n] — uln))
— Nglog(mo?), (€29)]

where ¥ = 021 Ngx Ng 18 the covariance matrix of the noise.
The Jacobian matrix can be written as

J =Igxs, Synchronous case (32)
J= Tou  O3xs , Asynchronous case 33)
03x3 Isxs,

with Jp,, indicating the term relative to the UE position, and
it is given in the Appendix A.
The elements of the FIM in (30) can be written as [61]

Ng

I, ()]s — % Re {Z agir[i"]ag#r[?]} . G4

and their derivations are in Appendix B.

Since we are considering the curvature of the wavefront
in (18), the bound is valid also for the near-field localization
that is essential when the size of arrays are sufficiently large,
within the Fraunhofer distance [62]. Also, the CRLB in (27)
accounts for the errors due to the receiver noise (i.e., in o?)
and the geometry of the localization scenario.

B. Localization Algorithm

One possible solution for estimating the location and orien-
tation of the UE is through the maximum likelihood estimator
(MLE). The UE location and orientation, s, that maximize the
log-likelihood function in (31) can be estimated as

& (35)

argmax  logp(y[n];s).

pmER3, puE[0,2 73

The previous optimization problem can be solved by a grid
search or by iterative methods such as Newton-Raphson and
expectation-maximization algorithms. However, the conver-
gence of iterative methods to the global maximum is not
guaranteed.

The MLE is known to approach the CRLB derived in
Section ITII-A for asymptotically high SNRs. Indeed, if there



exists an efficient estimator with a variance that coincides
with the CRLB, it will be the MLE, which can be found by
simultaneously solving the following equations [61]

Vs p(y[n];s) = 061 (36)
For asymptotically large number of measurements, i.e., snap-
shots y in (10), or high SNR, the error in estimating the
location and orientation tends in distribution to a zero mean
Gaussian distribution (indicated with “d”) with covariance
matrix A (s) expressed in (27), i.e.,

5—s -5 N (Ogx1,A(s)), 37)
where § is a random vector representing the estimated param-
eters through the MLE [61].

Alternatively, the two-stage approach can be adopted, where
the signal attenuation coefficients can be estimated from the
RSSI. The direction of arrival (i.e., AOAs) can be infered
through variations of MUSIC algorithms or compressive sens-
ing for both on- and off-grid methods with guaranteed recovery
under some mild conditions. The compressive sensing based
estimators have the advantage that the angles can be recovered
even from a single snapshot of y, while the performance
can be further enhanced by considering multiple measurement
vectors (i.e., several snapshots) [63]-[66]. For TOA estimation,
two possible schemes can be considered based on correlators
(i.e., matched filters) or on energy-based solutions (i.e., energy
detectors) [67]-[70]. The second is more practical as it can
operate at sub-Nyquist rate.

C. Geometry Impact on Direct RIS-aided Localization

The CRLB derived in Sec. III-A does not explicitly quantify
the impact of the system geometry on the performance,
because it includes also the effect of the input noise [71].
Hence, we now investigate the solely impact of the geometry
on the localization performance using a GDOP analysis. In
particular, as a GDOP metric, we consider the ratio between
the root mean square error (RMSE) of position and the RMSE
of measurement (ranging) error, i.e., [72]

\J02 402+ 02
GDOP = 1T o RMSE(R) g

oM oM

where oy is the RMSE of the measurements, e.g., in GPS po-
sitioning it is the standard deviation of ranging measurements.
Since the RMSE is lower bounded by the CRLB, the GDOP
can be also defined as a function of the PEB as

o11-GDOP = RMSE (p) > /tr (CRB (p)) = PEB.

Differently from the parameter vector in (25), in direct
localization, position and orientation are directly estimated
from the received signals at the receiver, with I' = s as in
(26). In this specific case, the measurement noise standard
deviation is the same for all the antennas and corresponds to
the thermal noise, i.e. o)y = 0.

(39)

Given such signal-related measurements, the GDOP can be
computed from the CRLB expression in (27) where the generic
element in the FIM is given by

Ng *
L, (8))s; = % Re {Z 8;(;12 En] 3;25@ } , (40)

where ¢; € s is either related to the position or to the
orientation of the UE. Therefore, we can write the GDOP for
position and orientation as [72]

N

1 PEB
GDOP,, =— |tr I, (s) = , (4D
P Ko — a1 T Kpy
N —1
1 EB
GDOP¢M: tr Z I, (S) = 0 , (42)
T Fidpu n=1 4:6,4:6 T g

where kp,, [m/v/Watt] and kg, [radians/+/Watt] are the nor-
malization factors for the GDOP to become dimensionless. For
example, in our settings the normalization factors kp,, and
Ky can be designed as dgm/v/P and 1/+/P, respectively.
With this definition, the position and orientation errors are
proportional to the GDOP, i.e., PEB « ¢ GDOP, and
OEB x 0 GDOPg,, [72].

IV. RIS PHASE DESIGN

In order to enhance the performance of the proposed
architecture and to exploit as much as possible the RIS
potentialities, a proper joint design of the RIS phase profile and
of the beamformer is essential. Unfortunately, the literature
usually entails planar wavefronts incident to the RIS [36].

Thus, in the following we consider possible alternatives for
the design of the RIS phase profile and transmit—beamformers
accounting for spherical wavefronts.

1) Optimal RIS Phase Design: The first possibility consid-
ers the optimal phase shifts induced at the RIS and beamform-
ers that minimize the position or orientation error bounds, i.e.,
we solve the following optimization programs

Minimize PEB(®, W),

®c [0,27]VR ,WeCNMxN (43)
Subject to [win]||* = 1,Vn € N
Minimize OEB(®,W),

@c [0,27]VR ,WeCNuxN (44)

Subject to |lwn]||* =1,Vn € N,

where W is a matrix whose n-th column is w(n]. Unfor-
tunately, the optimization of the phase design and of the
beamforming vectors is quite complex for two main reasons:
(i) the number of real optimization variables, i.e, Ng+2 Ny N,
is large; (ii) the joint optimization of coupled optimization
variables, i.e., RIS phases and beamformers, usually entails
non-convexity [73].

Concerning the first point (i), we can consider the same
beamforming vector for all subcarriers so that the number of
optimization variables is reduced to Nr + 2Ny, under the as-
sumption that f. > B, which is generally valid for mm-waves.



We can further halve the number of beamforming optimization
variables by optimizing only the phases of the beamformer, at
the expense of some degradation in performance.

Concerning the second point (ii), alternate optimization
(AO) can be considered to decouple the beamformer and
the phase profile [73]. In this method, the phase profile is
optimized for a fixed beamforming vector and vice versa until
the convergence is reached.

Notably, if from one side this approach is complex as it
involves the minimization of the inverse of the FIM, from the
other side it represents the optimal solution in the sense of
minimizing the position or orientation error bounds.

2) Proposed RIS Phase Design: Another possibility is to
consider an ad-hoc approach that maximizes the sum of the
SNRs for the central subcarrier at each gNB antenna as

Maximize SNR(®,w),

®c[0,2 71]NR,weCVm X1 (45)
Subject to [wl*> =1,

where

SNR(©®) = ||HBMW + Hgr(©)Hgy w||?

IN

—2 (Hemw||*+ |Her2(©)Haym w||?

+2 |Hevw © HerQ(@)Hrm Wl|1),  (46)

with © being the Hadamard element-wise product. Note that
(46) results from the Cauchy-Schwarz inequality, where the
equality holds only if the phase of the direct path coincides
with the phase of the reflected path.

In order to design the RIS phase profile, we operate as
follows: (i) first, we maximize the upper bound on the SNR
in (46); (ii) then, we design an additional constant phase
shift for the RIS phase profile such that the Cauchy—Schwartz
inequality is tight, that is, the direct and the reflective link are
almost coherently summed up at each antenna.

According to the aforementioned considerations, for a fixed
beamforming vector w, the RIS phase profile can be designed
to maximize the upper bound on the SNR in (46). Never-
theless, the coupling between the direct and the reflective
channels complicates the optimization. In this regard, we
relax the optimization problem by ignoring the coupling and
maximizing only the sum of the SNRs for the direct and RIS
reflected links, i.e.,

Maximize

P
®c (0,27 Vr 72 (HHBMW”2+||HBRQ(®)HRM WH2), (47)

The optimization can be further simplified by ignoring terms
that does not depend on ®, then we have

Maximize |HgrQ(©)Hgry w|?,

®c [0,27]NVR (48)
that gives

Ng | Nk Nm

5 5 § am e]ﬂm eJOT 6_727ch(7'br+7'7m)

b=1 |r=1m=1

Maximize
®c [0,27]VR

(49)
Unfortunately, the number of degrees of freedoms, i.e., the
number of controllable phase shifts at the RIS, is not enough

to perfectly adjust the phase of the signals at the gNB. To
combat such an issue, we relax the problem by minimizing
the sum of square distance of the phases from their related
centroid ¢(®), inspired by the K -means algorithm [74]. Thus,
we write

R B M
Minimize (@)= [0, +

_27ch (Tbr + Trm) — (5(6)}2 , (50)

where (©) is the objective function of interest, and the
centroid ¢(®) is given by

Nr Ng Nwm
H(© [0r+ B —27 fe (Tor + Trm
9©) = o NB;;le Bon =27 fe (Tor+ 7o)
1 1 Ngr Nr Ng Nm
=—90 +— r+ Crma (51
R N, 2 e 2 O O

where Chrry = Bin — 27 fe (Tor + Trm ). It can be verified that
~v(®) is a convex function. More precisely, (@) is convex, as
the composition of a convex function with an affine mapping
is convex, and the positive weighted sum of convex functions
preserves the function convexity [75, 3.2.2] and [75, 3.2.1].

For k € K £ {1,2,---, Nr}, the objective function can be
expressed as

Ng Nu

7(©) :Z Z [0k + Corm — Qg(e)]Q

b=1 m=1
NR NB NM _ 9
+ Y0 3D [0+ Corm —0(©)]7. (52)
r=1,r#k b=1 m=1

Since the objective function is convex, the optimal solution
can be found by solving the following equations in 6y, [75],

r=1,r#k b=1 m=1

80k (1 - _> [0k + Chiem — 0(©)]

[0 + Corm — 6(©)] =0, (53)

for each k € K. After some manipulations we get

() 5

r=1,r#k NMNB
Ng  Nwm Nr Ng N
(33 222%gw<m
b=1m=1 r=1b=1m=1

Operating like this, the Nr linear equations in Ng unknowns
(i.e., the RIS phases) can be simultaneously solved to obtain
the phase shifts optimized for this specific problem. An
optimal, albeit not unique, phase profile that minimizes the
convexified objective function in (50) can be written in closed-
form as
A 90 fc Ng  Nwm
O = Nuw N Z Z

b=1 m=1

Tok + Thm — N § Tbr + Trm

(55)



Notably, the solution L él,ég, cee éNR} is not unique,
since adding a constant phase shift ¢. to the RIS phases yields
to the same value for the objective function in (50), as it will
be accounted for also in the centroid ¢(®). Indeed, even the
objective function in (49) will not be changed by adding a
constant phase shift because of the absolute operator. Having
maximized the upper bound on the SNR, now we derive the
constant phase ¢. such that the Cauchy-Schwarz inequality is
tight, i.e, the phase difference between the direct and reflected
links is minimal at the gNB; hence, the SNR is maximized.
More precisely, substituting the optimal phases from (55) in
(45) and maximizing it with respect to ¢. we get

Maximize (56)

¢c€[0,27)

Again, the number of degrees of freedom is not sufficient for
adjusting the phase of the direct and reflected links for all the
receiving antennas at the gNB. Hence, the Cauchy-Schwarz
inequality can not be satisfied with equality, but can be made
rather tight. In this regard, ¢. can be designed to minimize
the difference between the phases of the direct and reflected
links, i.e.,

P . .
; ||HB|\/|W + €'7¢° HBRQ(Q)HRM WH2 .

Nk Ng Nu
Minimize c) 2 [( m — 2T ch)
Minimize 7a(d.) z::bz;mz:l B fem

2
- (¢c + 9r + Bm - 27ch (Tbr + Trm))} . (57
The optimal ¢, can be found by solving the following equation

6%1 ¢c ot o2

=>.> > 2

r=1b=1m=1

27chTbm + Bm

- (¢>c 00+ B =27 fe (o + 7o) )| =0, (58)
leading to
) o f. Ng Nm Nr
Pe = m Z Z Z (=Tom + Tor + Trm) »  (59)

b=1m=1r=1
obtained by substituting the derived RIS phases in (55) and
distribute the summations.
Finally, by combining (55) and (59), the designed phases
for the RIS that accounts for the direct and reflected paths can
be written, for each k£ € K, as

N N 27 f, Ne  Nw
0; =0 . = < m — Tom ) - (60
=0+ 0 Nu Na ;;(Tbk-i-m Tom) - (60)

Since the proposed RIS phases do not depend on the beam-
forming vector, we can select any appropriate beamformer
that maximizes the SNR, e.g., eigen-beamforming, albeit it
is not always optimal from the positioning and orientation
detection perspective. Note also that the previous analysis
considers Ty, and Ty, to be a-priori known to provide the
fundamental attainable limits. In practice, sub-optimal phases
can be obtained by substituting the channel parameters, e.g.,
the TOAs and bearing angles, in (43), (44), or (60) with their
estimates rather than their true values [76], [77]. For instance,
a localization algorithm can start with a random RIS phase
design; then, obtain an estimate for the TOAs, update the phase
design, and repeat these steps till convergence [78].

7 Ng/2

RIS

Fig. 3: Considered 3D localization scenario. An example of
rotated UE is depicted in red.

V. NUMERICAL RESULTS
A. Simulation Parameters

According to the previous analysis, we now evaluate the
attainable localization and orientation performance limits for
different scenarios. More specifically, we here focus on planar
antenna array configuration,® as they allow compact deploy-
ment of massive arrays in gNBs and UE, as well as 3D beam-
focusing capabilities [79], [80]. Moreover, in the perspective
to place RIS on walls, planar geometry represents a practical
solution [1], [36].

The gNB is assumed to be located at the origin, i.e., at pg £
[z8, 8, 28] = (0,0,0) (m), if not otherwise indicated and
the initial positions of the antennas (in absence of rotations)
can be represented as in Fig. 3 where the gNB, RIS, and UE
are lying on the X Z- and Y Z-, XY - planes, respectively, and
the coordinates of the array elements are given by

. ST
? . .
pl) = do | A= 0. (1mod V) | i€ 1 Ve,
. ST
i _ _
Pg)z = dant [0, {—_NRJ, (z mod \/NR) ,ie{l,...,Nr},
oT
z .
Pgﬁ?i_dantH\/N_MJ (z mod \/NM) 26{1,...,]\7(2]1»;

where mod is the modulo operator, d,ne = A/2 is the inter-
antenna spacing, and the rotated antenna elements for a given
roll, pitch and yaw angles can be defined as in (7). In partic-
ular, while the gNB and the RIS are fixed on the XZ- and
Y Z- planes (i.e., ag = g =18 = 0, ar = fr = R = 0),
respectively, the UE can freely rotate around z—, y—, and z—
axis with angles v, Owm, and ap, respectively, according to
Fig. 2.

At the transmitter, we considered OFDM signalling with
N = 12 subcarriers, transmitted power per subcarrier P =
—10dBm, subcarrier spacing Af = 240 kHz, and carrier fre-
quency f. = 28 GHz [81]. At the receiver, the noise variance
per subcarrier is set as 0?2 = KFTyAf = —117.17dBm,

3Note that the previous analysis is valid for any geometric configuration,
i.e., any spatial deployment and orientation for the antenna arrays.
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Fig. 4: (a) PEB in meters and (b) OEB in degrees for different
mobile locations in an area of 20 x 20 m? on the XY -plane.
The orientation of the UE is set to ¢y = (7/6,7/6,7/6).

where K is the Boltzmann constant, 7; = 290 K is the receiver
temperature and F = 3 dB is the noise figure.

Concerning the RIS phase profile in (9), in the next, we
use the following labels according to the type of design: (i)
Mirror, when the RIS does not induce any phase shift, that
is ® = 01xn,; (ii)) Random, when the RIS phase shifts are
uniformly distributed between 0 and 27 (iii) SNR-based,
according to the analysis of Sec. IV-2 maximizing the SNR;
(iv) Optimized CRLB-based, according to the minimization
of the CRLB reported in Sec. IV-1, and; (v) Quantized, that
accounts for 4 quantization levels in the representation of
the optimized CRLB. We consider the beamforming vector
as w = [1,1,---,1]T/y/Ny in all the next numerical re-
sults, except for Table I, where we also account for Eigen-
Beamforming and a numerically optimized beamformer.

“4For obtaining this result, we simulated 100 random phase configuration
and average the theoretical PEB/OEB over them.
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Fig. 5: PEB and OEB vs. number of RIS elements, namely
NR, for different RIS phase design strategies.

B. Numerical Results

a) PEB and OEB for Different Mobile Positions: Fig. 4
shows the position and orientation errors in RIS-assisted
architecture by varying the UE location in different points
of the area. In particular, the location of the RIS is pgr £
[xR,yR,zR]T = (10,10, —1) (m), whereas the gNB is placed
in pg = (0,0,0), if not otherwise indicated. The gNB,
RIS, and UE are equipped with planar antenna arrays with
Ng = 36, Ng = 100, Ny = 4 antennas, respectively.

The UE altitude is set to zy = —3 m, the UE orientation
o ¢m 2 [am, B, ]| = (7/6,7/6,7/6) (rad), and the
proposed SNR-based phase design is adopted for the RIS.

As it can be seen in Fig.4a and Fig. 4b, the PEB and the
OEB are lower in proximity of the gNB and of the RIS, with an
error of about 8 x 10~* m for the position and of 10.7° for the
orientation when the UE is placed at pm 2 [zm, Ym, zM]T =
(4,4,—3) (m). Notably, the achieved errors depend not only
on the distance from the gNB and from the RIS, but also on
the relative UE location with respect to them, e.g., the UE
location has an effect on the actual bearing angles ¢rm and
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Fig. 6: OEB contours as a function of the orientation angles
Bwm and vy in degrees for a fixed apy = 30°.

¢Mm and, in turns, on the localization.

b) PEB and OEB for Different RIS Configurations:
Fig. 5 reports the localization and orientation error bounds,
derived in (28), for different number of antennas at the RIS
and different phase design strategies. We set the number of
gNB antennas to Ng = 16, the number of UE antennas to
Nm = 4, the RIS and UE centroids to pr = (4,3,1) (m) and
pm = (5,2,—1) (m), respectively. The UE orientation is set
to ¢m = (7/6,7/6,7/6) (rad).

As previously discussed, the Optimized CRLB phase design
strategy is obtained by numerically minimizing the PEB and
OEB. Because the CRLB optimization problem is non-convex,
the algorithm could converge to a local minimum if the initial
point is far from the true solution. Therefore, we included
the proposed closed-form phase design in (60) as a possible
initialization for the optimization algorithm in the Optimized
CRLB phase design. Moreover, for each Monte Carlo iteration,
we have generated a different Random phase profile for the
RIS. For the PEB in Fig. 5a, we can see that the proposed
SNR-based design almost coincides with the Optimized CRLB,
and that the quantization does not significantly decrease the
performance. This is also due to the fact that the Cauchy-
Schwartz inequality is satisfied with almost equality with the
proposed RIS phase design, as verified numerically.

Regarding the OEB in Fig. 5b, the optimized CRLB-based
and its quantized version allow to outperform the proposed
SNR-based scheme. Another interesting aspect is that the error
tends to slowly decrease for Ng > 100, thus permitting to
relax the number of antennas at the RIS side while obtaining
the good localization performance. Also, all RIS-assisted sce-
narios outperform the No RIS case, regardless of the phase
design.

c) Analysis of the UE Orientation: We now analyze the
impact of the mobile orientation angle on the OEB when the
location of the mobile and its orientation with respect to the
z-axis are fixed, i.e., pm = (15,5,—3) (m) and apm = 7/6,
respectively, while the orientation of the UE around both z-
and y- axis (i.e., v and ) are varied from O to 7/2. The
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Fig. 7: PEB for synchronous and asynchronous signal models,
for UE orientation fixed to ¢y = (7/4,7/2,0) for pg =
(5,0,1.5) and pr = (0,5, 2).

number of antennas at the gNB, UE and RIS are Ng = 36,
Nm = 4, and Nr = 256, respectively. The RIS position is
pr = (10,10, —1) (m). In this sense, according to the results
reported in Fig.6, we can observe that the OEB increases when
the mobile is parallel and/or perpendicular to the RIS and the
gNB. On the other hand, the OEB decreases when yy and Sy
are close to 30°.

d) Synchronous vs. Asynchronous signalling: We now
compare the achievable performance of synchronous and asyn-
chronous systems in an environment with and without RIS.
More specifically, we evaluated the PEB as a function of the
x /y-coordinates of the mobile for a fixed UE orientation, i.e.,
¢dm = (m/4,7/2,0) (see Fig.7), and for averaged orientations,
i.e., for 36 configurations where both «yy and By are varied
between 0° and 90° degrees with a step of 15° degree (see
Fig.8). In both configurations, the gNB and the RIS are located
at pg = (5,0,1.5) and pr = (0,5,2), respectively. The
number of antennas are Ng = 36, Ng = 64, and Ny = 4.
In particular, Fig. 7-(a) and Fig. 8-(a) are obtained by fixing
ym = 5 m, with ) spanning from 0 to 20 m, whereas in
Fig.7-(b) and in Fig.8-(b) we set iy = 5 m and yy is changed
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from 0 to 20 m. We can see that the PEB performance, for the
synchronous case always outperforms the asynchronous one
(even of few order of magnitudes), thanks to the availability
of a larger set of information. Moreover, the PEB is strongly
affected by the geometry, and it generally keeps the lowest
values in the area between the gNB and the RIS.

The orientation of the mobile impacts the localization per-
formance, as it can be seen in Fig. 8. Hence, we averaged over
several mobile orientations to study the effect of the distance
on the localization, regardless of the mobile orientation. As
expected, when increasing the UE distance from the gNB, e.g.,
by varying the y-coordinate, the localization error increases
faster to what happens by moving along the x-axis (i.e., far
from the RIS). Note also that, when the UE moves far from
the gNB, the geometry is such that the contribution of the RIS
is more beneficial for positioning.

e) Two-stage Localization: In Fig. 9, the localization
accuracy is investigated for the case that the system can
estimate only a subset of the parameters in (26).

In particular, we differentiate between two cases: (i) the
RSSI and AOA are estimated; (ii) the TOAs and the AOA
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Fig. 9: PEB for different z-coordinates of a UE located in
pm = (xm, 2, —3). The RIS is located at pr = (4,4, —1).

are estimated. Then, the two scenarios are compared with the
benchmark, where the system can estimate all the parameters
in (26), and the corresponding PEB is calculated as in (28).
The PEB for the three cases is depicted in Fig. 9 for various
values of mobile locations, along the z-axis. In the consid-
ered scenario, we set py = (zm,2,—-3), pr = (4,4,—1),
Ng =16, Nr = 36, and Ny = 4. We can see that discarding
the RSSIs from the parameter vector (i.e., not relying on
measuring the RSSIs for positioning purposes) has negligible
impact on the PEB. On the contrary, if the system is able
only to estimate the RSSI and not the TOAs, the localization
error increases up to two orders of magnitude. Therefore, in
our considered setting, localization systems with accurate TOA
estimation can achieve higher performance compared to those
relying on RSSIs.

For the two-stage approach in estimating the location, it
is beneficial to quantify the minimum possible error for
estimating the parameters in (26). To this purpose, the error
bound on the parameters can be written as

-1

[z L <r>] ,

JsJ

[I>

v‘] € {1527" ' 7|F|}7 (62)

ar

where I, (') is the FIM of the parameters for a given
subcarrier n as expressed in (30) and |T'| is the number of
parameters in I'. In this regard, we depict in Fig. 10 the error
for estimating the parameters Ogm, Pm, TBM, ORM; ORM, TRM -
In particular, the errors in estimating the time, i.e., o, and
Ormy» are shown in Fig. 10a, while the standard deviation of
the estimation errors of the angles, i.e., 0gg,,, Tggy and oggy,,
Oru»> are presented in Fig. 10b. We can see that the parameters
that depend on the gNB, i.e., 01\, O6gys Tppw» have minimum
estimation errors near the gNB location. On the other hand,
the parameters where the RIS is involved increase as UE gets
far from the RIS.

f) Impact of the Beamforming Technique: In Table I, we
compare the PEB performance for various transmit beamform-
ing techniques along with several RIS phase designs using AO.
In particular, we consider three possible beamforming tech-
niques: (i) No Beamforming, with w = [1,1,..,1]/v/Nw; (ii)
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Fig. 10: The error in estimating the quantities in the pa-
rameters vector vs the x-coordinates of the mobile location,
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Eigen-Beamforming, with the power-normalized eigenvector
(corresponding to the maximum eigenvalue) of H'H, with
H £ Hgy + Hpr 2 (©) Hgy being the effective channel
between the UE and the gNB [82], computed with f, = fg;
(iii) Optimized, with numerically optimized beamformer to
minimize the PEB for a fixed RIS phase profile. Then, we
set Ng = 16, Ny = 4, Nr = 36, pr = (5,5,1), and
pm = (10,3,—1). We can see from Table I that optimizing
both the beamformer and the RIS phases through AO achieves
a significant gain, almost two orders of magnitude compared
to schemes where beamforming and/or RIS phases are not
optimized. A similar performance can be achieved for Eigen-
beamforming. Note that the proposed SNR-based RIS phase
design when combined with Eigen-Beamforming gives unsat-
isfactory results. This behavior can be attributed to the fact
that both schemes aim to maximize the SNR by aligning the
phases at the receiving antennas, regardless the location of
the users. Hence, we lost some degrees of diversity on the
information about the user locations resulting in higher errors.
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TABLE I: The PEB (cm) for various RIS phase and beam-
forming designs.

RIS Phase Bearformer No Eigen-Beamformer | Optimized CRLB-based
Mirror 0.615 0.25 0.20
SNR-based 0.077 0.738 0.037
Optimized CRLB-based 0.023 0.006 0.006
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(a) The GDOP for the mobile position.
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(b) The GDOP for the orientation angles.

Fig. 11: The GDOP for various Ngr and ¢gm, for Ng = 36,
Nuv =16, pr = (4,3,1), dsm =3 m, oy = 30, and N =2400.

g) Geometric dilution of precision: In Fig.11, the impact
of the geometry on the localization and orientation estimation
errors is investigated as a function of the number of elements
in the RIS. The GDOP value can be considered as an amplifi-
cation of the estimation error due to the geometry. Therefore,
smaller values of the GDOP indicate a favorable geometry of
the mobile with respect to both the gNB and the RIS. The
GDOP for the position, GDOPy,,, is depicted in Fig. 11a as
a function of the number of RIS elements for various UE
locations with different azimuth angles between the gNB and
UE, ¢gm, while the corresponding distance and the elevation




angle are fixed to dgmy = 3 m and Ogm = 30°, respectively.
It can be noticed that increasing the number of RIS elements
tends to enhance the geometry of the problem and, thus, it can
reduce the positioning error. Also, the GDOP depends strongly
on the azimuth angle for small Ng and, consequently, on the
UE orientation. The same behavior can be seen in Fig. 11b for
the GDOP related to the orientation, i.e., GDOP,,. The main
difference is that it is more harder to estimate the orientation
angle with a small number of RIS elements compared to the
position estimation. In fact, the GDOP can be interpreted
as a mapping from the standard deviation of the thermal
noise to the estimation error in terms of the PEB and OEB.
For example, with Ng = 36 and ¢gy = 45°, we have
PEB ~ 3.8 (dgm /V/P)o, while OEB =~ (3650/+/P)o, from
(41) and (42). We can see that, for a fixed number of RIS
elements, the position can be estimated with a higher precision
with respect to the orientation. Also, the GDOP for the
orientation decreases for RISs with larger number of elements.
The reason is that the orientation estimation relies on the
curvature of the wavefront in the nearfield region. Hence,
for a larger number of elements, the effective size of the RIS
increases along with the Fraunhofer distance [62].

VI. CONCLUSIONS

In this paper, we proposed an architecture for joint com-
munication and UE localization and orientation estimation
in a RIS-assisted environment. We derived the ultimate per-
formance in terms of PEB and OEB, accounting for both
near- and far-field propagation conditions. The RIS phases
were designed to maximize the SNR towards the desired
UE for both communication and localization enhancement.
Indeed, we obtained that the RIS with the proposed SNR-
based phase design can significantly increase the localization
performance by focusing the incident spherical wavefront from
the UE toward the gNB. The proposed SNR-based scheme,
when compared to a conventional system without RIS, can
achieve up to two orders and one order of magnitude re-
duction in PEB and OEB, respectively. Also, the localization
accuracy strongly depends on the considered geometry and
the orientation of the UE. The achieved results open the
door towards the adoption of RISs as an effective mean for
supporting mobile wireless localization and, thus, boosting
the communication performance. A step forward will be the
analysis of the localization performance limits in multi-RISs
scenarios, or the design of ad-hoc localization algorithms in
the presence of multi-scatterers, accounting for proper channel
models [83]. In this sense, the provided bounds can serve as
a benchmark for comparing the attainable performance with
the new algorithms.
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APPENDIX A
THE JACOBIAN MATRIX

In this appendix, we report the elements of the Jacobian
matrix for the CRLB derivation in (27). The Jacobian matrix
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of the mobile location is given by (63) in the top of next
page where for each am € {xm,ym, 2m} and S € {B, R}, the
following relationships hold

Vaydsm 1 am —as

a = = 4
AV M TSM c c dSM (6 )
1 YM —Ys
Vaw $sm = 5 Vau <z:A" — ZS) (69
yM—y
NE=3)
1 _
VaM HSM:—vaM (ZM ZS)7 (66)
2 dsm
1 — (Zmu—2s
( dsm )
A 1 am — ap
@ I o 67
Vay pBM A7 (dgy)®  dem (67)
\% __A 1 am — ar 68)
am PBRM = dn (dRM T dBR)2 dRM .
After some manipulation, (65)-(66) can be simplified as
sin sin (60 0s
VIM ¢SM - _ﬁ Cosz:m VzM 95M = —W
vyM ¢SM = ﬁ E(C))Z(z;\'\: VyM 95M = —W
Vi ¢sm =0 V.., Osm = %
(69)
APPENDIX B

FIM ELEMENTS

In order to derive the elements of the FIM in (34), the
derivatives of the mean received signal with respect to the
parameters, i.e., Oup[n]/0T;, should be derived for each I'; €
I'. Let us first rewrite (12) as

ws[n) = pyem[n] + wy,grMN), (70)
with
Nm
tv.8m[n] £ VPpewm Z Hom 1], (71)
mzzlvM Ngr
1v.8rMm[1] 2 VP perm Z Z,ubrm [n]. (72)

m=1 r=1

The signal inside the summation is

fiom[n] & & [n] exp (—j27ffn (ﬁ;m + pm + Wm)) , (73)
fivrm [n] 2 @m[n] exp (5 0;)
X exp (—j2 T fn (7~—br + Frm + 1+ EBRM + ﬁm)) , (14

where we have the following definitions for the synchronous
. . g A n A ~ A ~ A
signalling: £gm = £BM, EBRM = EBMs Tom = Tom» Trm = Trms
~ A . . .
and 7T, = Tpr; whereas for the asynchronous signalling it
. ~ A ~ A ~ A
is: &M = XBM/27fn, EBRM = XBRM/27 fns Tom = ATpm,
7~'rm = ATTm, and 7~'br = ATbr.



VawPeM  Vaubem Vi, ¢BMm
VyuosMm  Vy,0sm  Vy, ¢Bm
Veupem  Vi,08m Vi, ¢8M

JPM =

Two-stage localization: The derivatives for the indirect
approach can be found now as

Vpen 6] = piv,8m[1]/ PN, V pgen 15[ = pv,BrRM (1] / pBRM,
Nm

Vogy Hb [n] = —J27fn \/FPBM Z Hom [n] Vogy Tom,
m=1

M R
Vowa o] = =527 fr VP perm Z Z Lbrm 1] Vo Trm,

m=1 r=1

Vautin[n] = =527 fn VP peu Z fom [

V¢BMTbm7

NM Ngr

o [n] = —j2mfn \/_PBRM Z Z ,Ubrm

m=1 r=1

Nwm
Veswhn[n] = =527 fo VP pem Y piom[n] V

m=1
Nu  Nr

VTRMMb[n] =—j2nfy \/ﬁpBRM Z Zﬂbrm[n] v

m=1 r=1

Vd—’RM Trm,
TBM Tbm5

TRMm Trm

As regards the derivatives with respect to the rotational angles
of the mobile, we have ¥V ¢pm € {am, Bm, M}

Vdm%[”] = —127Tfn (PBM Z Hom[n V¢M7’bm

M R
+ PBRM Z Zubrm V¢MTrm>- (75)

m=1 r=1

The derivatives of the TOAs with respect to the parameters
can be written for each S € {B,R} and the corresponding
antenna index s € {b,r} as

Voo Tem = cd;:ﬂm [(Xy — x5) sin Osp cos psm+
+ (Ym — Ys) sin Osy sin osm — (2m — 2s) cos Osm] ,
(76)
V gom Tsm = Cdg:/lm [( — 25) cos Osm sin psm+
— (Ym — Ys) cos Osm cos dsm] , (77)
VuTon = 1 o Vonm + 4 Vet + 7 Ve

- (:I:s V¢M T + Ys V¢M Ym + zs V¢M Zm+
+d5|\/| (V¢,M T COS 9|3|\/| COs ¢BM+
+V g Ym €08 Om sin dgm + Vg, zm sinbzm))], (78)

1
VTSMTS’ITL = d [dSM - G.(s%7')7,:| ) (79)
V¢M ATsm = V¢M Tsmy VGSM ATs1n = VOSMTsmu (80)
qugM ATsm - VQBSMTsm; VTSMATsm - VTSMTSTTL - 17 (81)
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VauT™M  VauBRM  VaeuRM  Vaey®RM Viey TRM
VyuTBM  VyuPBRM  VyuOrm Vi drM VyuTRM |
V. TBM

(63)

VauPBRM Vo O0rm VieuodsM Vi, TrRM

where, by letting c,,, £ cos (rm) and Szm £ sin (zm), we get

0 0
vaMxm - _Samcﬁmxgn) + [_SaMsﬁM Sym — CO‘MC'YM] y1(n)

(0)

+ [CQM Sym — SO‘MSﬁMC’YM] Zm’s

VBuLm = _COZMS,@M‘ng) + Com ComSm yv(rg) + caMcﬂMc'YMZ’I(T?)7
V’YMxm = [CQMSﬁMC'YM + SO‘MS’YM] y7(7g)+

— CaySpu S’YM] 2(0)7

vaMym = caMCBM‘T’sTOL) + [ CywSam T Cay SﬂMSVM] y1(n)+

+ [SamCyu

+ [cymCanSau + Sam Sy 27(79)7
Voulm = ~SanSouLi + SauCouSm Y T CruSamCon i
Vouym = [—SyuCan + Sam86uCm] yr(n)+
— [SymSauSBu + CamCl Z(O)
Vauzm =0,
VouZm = =Cout) = SouSmm Yo = SuCmmZin s

0
VomZm = CByCy y7(n) — CBmSm Zr(n)'

Direct localization: When a direct localization approach
is used, the signal can be rewritten as

Nwm Ngr
Mo = Z <fbm (pBM, dbm) + Zgbrm (PBRM, drm)) 5 (82)

r=1

m=1

where fp,, and gp, are two non-linear functions depending
on the parameters to be estimated,’ defined as®

fom (PBM, dbm) 2 VP 0] per (Pu) exp <—j 27Tf—cn me> ,
(83)

where dp = dym (pm, M) 2 dpy, and dym 2 Adp,y, in
synchronous and asynchronous cases, respectively, and

) £ VP [n]perm(pm) exp (5 6,) -
X exp < j 27Tf— (de + dTm)) , (84)

Gbrm (PBRM 9 drm

where er £ d.., and er £ Ad,,, in synchronous scheme;
whereas cibr = dp, and JbT = Adj,- in asynchronous scheme.

The gradient vector with respect to the position, pm, and
orientation, ¢\, can be written from (82) as

N Nk
vpr\/l (Nb) = Z vafbm + vamgbrmu (85)

Z V o fom + vagbrm,

Vi (1) (86)

3Generally, the optimal design of RIS phases can depend on the UE location
and orientation. For convenience, such a dependence is neglected in (82).
%Here we have dropped the synchronization mismatches and array errors.



where for the direct path we have

vprvlfbm = \/ﬁxm [vdBMpBMvadBM+
. n 7 —7 7'rf—" 1
—J2W%pBMVpMdbm] eI dom

v<Z5bem = _j27Tf_n\/FPBM T e*jQTI'f—glvd,Mme’
C

while for the RIS-relayed path it is

vPM brm = \/ﬁxm exp (] 97“) [vdT‘mpBRM vpM drm+
—j2m &PBRM Vou er} —i2m f (drmctdir),
c
- J2m fu 30 ,—i 272 (dpm+dy,)
Vo Gorm = _T\/FPBRM Ime’ e c v

X V¢M er,

The derivatives of the path-loss amplitudes with respect to

the distances between array centers are

A

Vigu PBM = — Vru PBRM = —

A
47Td%M ’

{b,r}, we can obtain

VaM Adgm =V, dsm - VaM dSM;
d and

vaM dsm = SM vaMdSM v — M Ggy)z - VGMG.(S%T)L
dsm dSM

oD

where V,,, dsm(am) = % and where

Vay G2 = — ( — 24) sin(fsm) cos(dsm) Vay, Osm

— (T — x5) cos(Osm) sin(esm) Va,, dsm

— (Ym — ys) sin(fsm) sin(psm) Vam Osm

+ (Ym — ys) cos(Bsm) cos(dsm) Vay Psm
)

+ (2m — 2s) cos(Osm) Vay,Osm,

with Vg, ¢sm and V,,, Osm as in Appendix A. Thus, the

derivatives in (92) becomes

V, G2 =2 [sin? Osm cos? s + sin? psu]

dsm
+ % [sin2 Osm cos Psm sin psv — sin psm cos ngM}
SM
Zm — s .
— ————sinfsm cos Psp cos by, (93)
dsm
(2 _ Tm = Ts . 2 .
Vi Gom = g [sm Osm sin sy cos Ppsm
SM
— sin ¢sm cos psm] + % [sin2 Osm sin? psm
SM
2 Zm T Zs . .
+ cos” psm| — —— [sin fsm cos fsm sin gsm]
SM
%94)
Vau Ggf% — _Im 7% sin Osy cos Osy cos psm
BM
Ym — Ys ;. .
+ === [sinfsm cosBOsm sin Psm]
dsm
£ 2T 606 o, (95)

dsm

(87)

(88)

47 (dgr + drm)?
(39)
By denoting with am € {zm,ym,2m}, S € {B,R} and s €

(90)

92)
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