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Abstract—Reconfigurable intelligent surfaces (RISs) have the
potential to enable user localization in scenarios where tradi-
tional approaches fail. Building on prior work in single-antenna
RIS-enabled localization, we investigate the potential to exploit
wavefront curvature in geometric near-field conditions. Via a
Fisher information analysis, we demonstrate that while near-field
improves localization accuracy mostly at short distances when the
line-of-sight (LoS) path is present, it could still provide reasonable
performance when this path is blocked by relying on a single
RIS reflection. After deriving and illustrating the corresponding
position error bounds as a function of key operating parameters,
we discuss practical system approaches that could enable better
LoS-to-NLoS positioning continuity in harsh environments.

Index Terms—Near-field localization, RIS-enabled localization,
performance bounds, localization coverage, localization continu-
ity.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs), which consist
of (semi-)passive low-complexity components such as reflect-
arrays or transmit-arrays (e.g., typically, with inter-element
spacing equal or lower than half the wavelength of transmitted
signals), can be used to purposefully adjust radio propagation
channels [1]. RISs can behave as controllable electromagnetic
mirrors to create anomalous reflections, as refracting lenses
to limit the number and complexity of radio-frequency chains
in reception, or even as transmittive (though non-regenerative)
relays. Accordingly, RISs have been identified as a flexible
breakthrough technology capable of shaping sustainable radio
environments, as a new kind of service provisioning in future
6G communication networks [2]. However, many questions are
still outstanding, e.g., in terms of models and use cases [3].

The main motivation for using RIS so far has been to im-
prove communication-relevant metrics, in particular when the
line-of-sight (LoS) path between the base station (BS) and the
user equipment (UE) is blocked [4]. There is by now a large
body of technical literature devoted to various communication-
oriented applications [5], including reduced transmit power
at active base stations for better energy efficiency, data rate
coverage extension by illuminating dead zones, limited un-
intentional exposure to electromagnetic fields, enhanced pri-
vacy from generalized spatial filtering. More recently, it has
become apparent that RISs are also beneficial to enrich the
spatial awareness capabilities of future 6G systems, especially
when combined with directive communications at millimeter

Fig. 1. Obstructed line-of-sight in both far field (a) and near field (b) wireless
localization with multiple RISs in reflection mode.

wave (mmWave) frequencies. Therefore they can increase
the amount of exploitable “geometric” deterministic location-
dependent information conveyed by received multipath profiles
and thereby, they boost positioning performances. An overview
of the main opportunities, challenges and system candidates in
the specific context of RIS-enabled localization and mapping
is available in [6]. More specifically, several contributions have
been focusing on exploiting the signal wavefront curvature at
receiving RIS for direct low-complexity positioning [7]–[9],
whereas other works concern the use of RIS in reflection mode
for 3D far-field localization and synchronization in single
input single output (SISO), over successive multi-carrier (MC)
downlink transmissions with a single RIS [10] or several RIS
[11]. Finally, from a control standpoint, a joint bound-based
RIS selection and phase profile optimization scheme has been
proposed in [12], which is shown to improve multipath-aided
positioning accuracy (resp. positioning coverage) in compar-
ison with multipath-aided positioning based on uncontrolled
scattering (resp. uncontrolled reflections). All the aforemen-
tioned works on RIS-enabled positioning assume the LoS path
to be present, whereas non-LoS (NLoS) propagation is seen
as the dominating source of errors in conventional wireless
localization systems, as well as a relevant operating context in
most RIS-based communication use cases. To bridge this gap,
a performance analysis of NLoS RIS-enabled localization is
needed.

In this paper, we aim at investigating more specifically
the key issue of localization continuity under severe radio
blockages, as shown in Fig. 1. The main contribution of the
paper is three-fold. Assuming SISO downlink positioning with
RIS in reflection mode, we first propose a unified model
and problem formulation to cover LoS and NLoS propagation
situations, as well as both geometric near field (NF) and far



field (FF) regimes. Next, we perform a Fisher information
analysis characterizing the fundamental bounds on positioning
performance, including identifiability considerations, as well
as a sensitivity study with respect to key system parameters.
Finally, we provide some insights regarding suitable system ar-
chitecture and strategies that could support better localization
continuity under severe radio blockage situations.

Notations: We denote the trace operator by tr(·) and the
Hadamard product by �, while diag(x) returns a diagonal
matrix with x on the diagonal. Vectors and matrices are
indicated by lowercase and uppercase bold letters resp. The
element in the i-th row and j-th column of matrix A is
specified by [A]i,j . Similarly, [p]i indicates the i-th element of
vector p. The subindex i : j specifies all the elements between
i and j. All vectors are columns, unless stated otherwise.
The complex conjugate, Hermitian, and transpose operators
are represented by (·)∗, (·)H, and (·)>, respectively

II. MODELS AND PROBLEM STATEMENT

In this section, we describe the geometric model, as well as
the signal and channel models.

A. Geometry Model

We consider a single-antenna BS, a single-antenna UE, and
K distinct reflective planar RISs, each composed of M ele-
ments, thus extending the SISO deployment scenario initially
described in [10]. The corresponding 3D locations, which are
all assumed static, are expressed in the same global reference
coordinates system: pBS ∈ R3×1 is a vector containing the
known BS coordinates, pk ∈ R3×1 is a vector containing
the known coordinates of the k-th RIS center, pk,m ∈ R3×1

is a vector containing the known coordinates of the m-th
element belonging to the k-th RIS, and p ∈ R3×1 is a vector
containing UE’s unknown coordinates. The general problem
is conceptually illustrated in Fig. 1.

B. Observation Model

The BS broadcasts in downlink a wideband pilot signal
st ∈ CN×1 across a set of N subcarriers with frequency
spacing ∆f , over T successive transmissions. The complex
signal vector yt ∈ CN×1 received by the UE at transmission
t is

yt =

K∑
k=0

βk,t(st � d(τk)) + nt (1)

where nt ∼ CN (0, N0IN ) is the independent and iden-
tically distributed (i.i.d.) observation noise and d(τ) =[
1, e−2πτ∆f , . . . , e−2πτ(N−1)∆f

]> ∈ CN×1, for
τ0 = ‖p− pBS‖ /c+ ∆t, (2)

τk>0 = ‖p− pk‖ /c+ ‖pk − pBS‖ /c+ ∆t, (3)

in which ∆t reflects the clock offset between the transmitter
and the receiver and βk,t is the complex channel gain of the
k-th path:

β0,t = α0,∀t (4)

βk>0,t = αka
>(pk,p)diag(ωk,t)a(pBS,pk) (5)

= αkb
>(pk,p)ωk,t. (6)

Here, we have introduced time-invariant complex channel gain
α0 for the LoS path and αk>0 for the paths via the K RISs;
ωk,t ∈ CM×1 is the t-th phase profile vector applied to
the k-th RIS over its M elements, b(pk,p) = a(pk,p) �
a(pBS,pk). Note that, accordingly, the RIS is just assumed
to be coarsely synchronized with the transmitter. The steering
vector a(pk,p) ∈ CN×1 is defined as having its m-th entry

[a(pk,p)]m = exp

(
−2π

λ

(
‖p− pk,m‖ − dk

))
, (7)

where dk = ‖p− pk‖. When dk � maxm ‖pk,m − pk‖ (i.e.,
in far field), then

[a(pk,p)]m → exp
(
−q>k,mk(ψaz,k, ψel,k)

)
, (8)

where qk,m = pk,m−pk and k(ψaz,k, ψel,k) is the wavevector
that depends on the angle of departure (AoD) at the k-th RIS
respectively in elevation and azimuth, which is defined exactly
like in [10], under the same orientation convention:

k(ψaz,k, ψel,k) = −2π

λ

 sinψel,k cosψaz,k
sinψel,k sinψaz,k

cosψel,k

 . (9)

Note that (7) is valid in both NF and FF, while the FF
condition dk � maxm ‖pk,m − pk‖ depends on the RIS
geometric size.

III. FISHER INFORMATION ANALYSIS

The goal is to localize the UE from the observations
y1, . . . ,yT in both LoS and NLoS conditions (corresponding
to α0 6= 0 and α0 = 0, respectively), depending on the NF or
FF regime.

A. General Approach

The approach we follow comprises the following steps:
1) Determination of the channel parameters in vector ζch

(e.g., angles, delays, gains...; See (13) and (22)) and
computation of the FIM of the channel parameters

FIMch =
2

N0

T∑
t=1

<

{(
∂µt
∂ζch

)H
∂µt
∂ζch

}
, (10)

where µt denotes the noise-free observation at transmis-
sion t.

2) Determination of the position parameters ζpo (position,
clock bias, gains) with corresponding Jacobian J =
∂ζch/∂ζpo and computation of the FIM of the position
parameters

FIMpo = J>FIMchJ . (11)
3) Removal of the channel gains via the equivalent FIM to

obtain the position and clock bias FIM, FIMpo(p,∆t) ∈
R4×4. Finally, the position error bound (PEB, with



unit meters), which characterizes a lower bound on
the accuracy of any unbiased 3D location estimator, is
calculated as

PEB =

√
tr
([

FIM−1
po (p,∆t)

]
(1:3,1:3)

)
. (12)

Although our paper focuses mainly on position, it is also
possible to derive a similar synchronization error bound
(SEB, with unit seconds) in the same manner.

Under the assumptions that the RIS phase profiles among the
different RISs are mutually orthogonal i.e.,

∑
t ω

H
k,tωk′,t = 0

when k 6= k′, each RIS provides independent information
[11], [13], which allows us to compute the Fisher information
matrix (FIM) from each RIS separately and add up the
information. In other words, we can compute a 4×4 FIM, say
FIMk,po(p,∆t), based only on the k-th RIS (with associated
channel parameters) and FIM0,po(p,∆t) based only on the LoS
path, with FIMpo(p,∆t) =

∑K
k=0 FIMk,po(p,∆t). This allows

us to focus on a single RIS in the sequel (i.e., K = 1), without
loss of generality.

B. Specific Approach for NF

The channel parameters are defined as
ζch = [p>, τ1, τ0, α1,r, α1,i, α0,r, α0,i]

> ∈ R9×1 (13)
where αk = αk,r + αk,i, k ∈ {0, 1}. Accordingly, assuming
the most generic RIS response (7), the partial derivatives
in (10) are calculated as:
∂µt
∂p

= α1(st � d(τ1))a>(pBS,p1)diag(ωt)
∂a(p1,p)

∂p
(14)

where ∂a(p1,p)
∂p ∈ CM×3, with

∂ [a(p1,p)]m
∂p

= − 2π[a(p1,p)]m
λ

(e1,m − e1) , (15)

where e1,m = (p− p1,m)/
∥∥p− p1,m

∥∥ and e1 =
(p− p1)/‖p− p1‖ denote unit vectors pointing from the RIS
to the UE location. Note that in FF e1,m − e1 → 0, implying
that in FF the position cannot be estimated from the path from
1 RIS. In addition, for k ∈ {0, 1}

∂µt
∂τk

= βk,t

(
st �

∂d(τk)

∂τk

)
, (16)

where
∂d(τk)

∂τk
= −2π∆fdiag([0, 1, . . . , N − 1])d(τk). (17)

Finally, the derivatives with respect to the channel gains are
given by[

∂µt
∂α1,r

,
∂µt
∂α1,i

]
= b>(p1,p)ω1,t(st � d(τ1))[1, ] (18)[

∂µt
∂α0,r

,
∂µt
∂α0,i

]
= (st � d(τ0))[1, ]. (19)

Substitution of (14)–(19) into (10), taking the real part, and
summing over T yields a numerical approach to compute the
FIM of the channel parameters FIMch.

The position parameters are defined as
ζpo = [p>,∆t, α1,r, α1,i, α0,r, α0,i]

> ∈ R8×1 (20)

with corresponding Jacobian J ∈ R9×8 given by

J =


I3 03×1 03×4

e>1 /c 1 01×4

e>BS/c 1 01×4

04×3 04×1 I4

 , (21)

where eBS = (p− pBS)/‖p− pBS‖ and e1 was defined (15).
Substitution of (21) into (11) yields FIMpo, from which the
PEB and SEB are readily obtained.

C. Specific Approach for FF
In far field, the vector of channel parameters is defined as
ζch = [τ1, τ0, ψaz,1, ψel,1, α1,r, α1,i, α0,r, α0,i]

> ∈ R8×1.
(22)

Assuming (8) for the RIS response, the partial derivatives in
(10), as well as the resulting positional FIM for each single
RIS contribution independently can be calculated similar to
[10] and the extension to K RIS is straightforward.

D. Identifiability Conditions
Based on FIM analysis, the following identifiablity condi-

tions hold in the wideband regime (i.e., N � 1):
• Only the LoS path is present (K = 0): the UE cannot

be localized, neither in NF, nor FF. Only when 4 BS
are present, 3D localization and synchronization becomes
possible.

• LoS and NLoS paths are both present (K > 0, α0 6=
0): in NF and FF, the UE can be localized, provided a
sufficiently large number of transmissions is used.1

• Only NLoS paths are present (K > 0, α0 = 0): the UE
can be localized with a single RIS in NF, but not in FF.
However, with K ≥ 2 RIS, the UE can also be localized
in FF (by the intersection of K lines in 3D, based on the
AoD estimates).

IV. ANALYSIS OF THEORETICAL POSITIONING
PERFORMANCES

A. Simulation Parameters and Settings
Based on the PEB characterized in the previous section, we

hereafter analyze the theoretical positioning performance in
the particular case when K = 1, as a function of operating
conditions and main system parameters, by means of numer-
ical evaluations. Without loss of generality, we assume the
transmission of T = 25 consecutive symbols st =

√
EsIN×1,

∀t over N = 3000 subcarriers with subcarrier spacing
∆f = 120 kHz at the center frequency of 28 GHz (or
equivalently, with an average wavelength λ = 1 cm). The
total transmission power (i.e., N∆fEs) is set to 20 dBm and
the UE noise figure to 8 dB, besides typical noise power
spectral density N0 = −174 dBm/Hz. We also consider
M ∈ {32 × 32, 64 × 64, 128 × 128} RIS elements with
an inter-element distance of λ/2 and random phase profiles2

1For example, estimation of the AoD from 1 RIS requires at least T = 2
transmissions with non-parallel ωt [10]. Estimation of the position in NF
requires at least T = 3 transmissions [7].

2RIS phase profiles are balanced (i.e.,
∑

t ωt ≈ 0) for large M , improving
multipath resolution. However, without loss of generality, other optimized
profiles could have been chosen [7], [12]).



Fig. 2. Single-RIS scenario considered for PEB evaluations. The represented
blocking obstacle is considered mainly in the heatmap representation of Fig. 3,
whereas the particular UE location shown along the y axis holds mainly in
Figs. 4–5 (with d1 = ‖p− p1‖).

ω1,t, ∀t. The amplitude of the channel gains αk, k ∈ {0, 1}
are calculated based on Friis’ formula and their phases are
set randomly in [0, 2π). In terms of explored scenarios (See
Fig. 2), we assume the RIS to be placed on the xz plane (i.e.,
perpendicular to the y axis) and centered in p1 = [0, 0, 0]>,
one single BS pBS = [xBS, yBS, 0]> (set to pBS = [5, 5, 0]>

unless otherwise stated), and a single UE, which can occupy
either any location in the scene.

B. Simulation Results and Discussions

On Fig. 3, we first show the PEB heatmap (in dB scale,
where 0 dB corresponds to 1 meter, −10 dB to 0.1 meter, etc)
with M = 32 × 32 in both FF (a) and NF (b) regimes, as a
function of UE location in a room of 5.5 m× 5.5 m,, condi-
tioned upon LoS/NLoS with respect to the BS in [5, 5, 0]>m,
while assuming a finite obstacle delimited by boundaries in
[2.5, 3.5, 0]>m and [2.5, 5, 0]>m (i.e., parallel to the y axis).
We can make a number of observations: the NF PEB is always
smaller than the FF PEB, due to the exploitation of wavefront
curvature. In both NF and FF, positioning performance is
better closer to the RIS, since the positioning is fundamentally
limited by the weaker RIS path. In FF, there are two regions
where the PEB in FF is infinite (i.e., the FIM is singular):
the shadowed region where the LoS path is unavailable, and
the locations behind the BS, where the FF ToA information is
not informative [11]. In contrast, the NF PEB is finite for all
locations and the exploitation of one single RIS-reflected path
makes localization feasible, even if accuracy is significantly
degraded (typically, by approximately one order of magnitude,
from decimeter to meter levels).

Fig. 4 shows the PEB in LoS condition, as a function of
the distance between the UE and the RIS, ‖p− p1‖, as if the
UE was following a 1D trajectory along the y axis from the
RIS, with M ∈ {32 × 32, 64 × 64, 128 × 128}. Here again,
the NF PEB is better than the FF PEB and the relative gain
is especially significant at shorter distances to the RIS. The
reference distance at which the NF PEB has converged to the
FF PEB, as well as the final gap between the two PEBs after
convergence, both depend on the RIS size: for the smaller
RIS (M = 32 × 32), NF and FF PEB coincide after about
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Fig. 3. PEB heatmap (in dB) for z = 0, as a function of UE location for
far field (a) and near field (b) models, with 1 single RIS with M = 32× 32
in [0, 0, 0]>m, 1 BS in [5, 5, 0]>m and a finite obstacle with boundaries
[2.5, 3.5, 0]>m and [2.5, 5, 0]>m (i.e., parallel to the y axis). Note that the
far field PEB in the NLoS region is infinite (localization is not feasible).

4 meters, while for the larger RIS, a gap is visible even
beyond 20 meters. Obviously, larger M values also globally
improve performance in both FF and NF regimes. In NF for
instance, each time the number of elements per dimension is
doubled, achievable accuracy improved with about one order
of magnitude.

Finally, Fig. 5 shows a similar PEB representation as a
function of ‖p− p1‖ with M ∈ {32 × 32, 64 × 64} in
the NF regime only, while comparing both LoS and NLoS
conditions. In NLoS, it is noticed again that NF makes coarse
single-RIS localization feasible, contrarily to FF. Moreover,
the NF PEB with M = 64 × 64 in NLoS outperforms the
NF PEB with M = 32× 32 in LoS. This confirms that large
RIS sizes (either physically large in static hardware settings
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Fig. 4. LoS PEB in both NF and FF regimes, as a function of the distance
‖p− p1‖ between a UE in [0, ‖p− p1‖ , 0]>m and K = 1 RIS of size
M ∈ {32×32, 64×64, 128×128} in [0, 0, 0]>m, with 1 BS in [5, 5, 0]>m.
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Fig. 5. PEB in NF regime, as a function of the distance ‖p− p1‖ between
a UE in [0, ‖p− p1‖ , 0]>m and K = 1 RIS with M = 32 × 32 and
M = 64× 64 elements in [0, 0, 0]>m, with 1 BS in [5, 5, 0]>m.

and/or electronically expandable on-demand through dynamic
control) could compensate the temporary loss of the direct
path information to some extent.

Overall, the various observations above tend to suggest that
when a LoS-to-NLoS transitions is detected at system level
along the UE trajectory (e.g., through innovation monitoring
in standard Kalman tracking filters), exploiting one single RIS
reflection in NF could maintain localization capabilities (even
if degraded), and hence, could preserve service continuity,
given that the RIS size is sufficient large and that high signal
processing complexity is affordable on the receiver side to
interpret the signal wavefront curvature for direct positioning.
In FF on the contrary, multi-RIS operations are likely required
to restore non-ambiguous localization capabilities in NLoS,
thus shifting system complexity onto data association and RIS
selection problems.

V. CONCLUSION

In this paper, we have characterized and analyzed the
theoretical positioning performance of SISO MC downlink
multipath-aided localization in both LoS and NLoS conditions,
while assuming one RIS in reflection mode. Numerical PEB
evaluations in a canonical scenario confirm that, whenever
the UE is close enough to the RIS and/or when the RIS is
large, exploiting the signal wavefront curvature of the RIS-
reflected multipath component in NF could be sufficient to
directly infer user’s position in the absence of direct path, even

if the achievable NLoS accuracy is shown to be relatively low
with the chosen system parameters. Seamless and automated
NLoS mitigation strategies could be proposed at system-level
to contextually chose the number of controlled elements per
RIS (in NF especially) or to activate multi-RIS processing (in
FF especially) only if needed, hence minimizing complexity
accordingly (typically, based on the latest estimated UE loca-
tion or some prior knowledge). Other future works concern
the derivation of closed-form positional FIM expressions in
FF and NF, the injection of prior information about UE’s
location and uncertainty in the latter FIM for continuous
RIS optimization and localization refinement, the design of
practical estimation algorithms to exploit the NF localization
capabilities, as well as multi-user RIS-enabled localization
schemes in a shared physical environment.
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[3] E. Björnson, Ö. Özdogan, and E. G. Larsson, “Reconfigurable intelligent
surfaces: Three myths and two critical questions,” IEEE Communica-
tions Magazine, vol. 58, no. 12, pp. 90–96, 2020.

[4] D. Dardari, “Communicating with large intelligent surfaces: Fundamen-
tal limits and models,” IEEE J. Select. Areas Commun., vol. 38, no. 11,
pp. 2526–2537, Jul. 2020.

[5] Q. Wu and R. Zhang, “Towards smart and reconfigurable environment:
Intelligent reflecting surface aided wireless network,” IEEE Communi-
cations Magazine, vol. 58, no. 1, pp. 106–112, 2020.

[6] H. Wymeersch, J. He, B. Denis, A. Clemente, and M. Juntti, “Ra-
dio localization and mapping with reconfigurable intelligent surfaces:
Challenges, opportunities, and research directions,” IEEE Vehicular
Technology Magazine, vol. 15, no. 4, pp. 52–61, 2020.

[7] Z. Abu-Shaban, K. Keykhosravi, M. F. Keskin, G. C. Alexandropoulos,
G. Seco-Granados, and H. Wymeersch, “Near-field Localization with
a Reconfigurable Intelligent Surface Acting as Lens,” to appear in
Proc. IEEE International Conference on Communications 2021 (IEEE
ICC’21), Montreal, June 2021.

[8] F. Guidi and D. Dardari, “Radio positioning with EM processing of the
spherical wavefront,” arXiv preprint arXiv:1912.13331, 2019.

[9] S. Hu, F. Rusek, and O. Edfors, “Beyond massive MIMO: The potential
of positioning with large intelligent surfaces,” IEEE Trans. Signal
Process., vol. 66, no. 7, pp. 1761–1774, Apr. 2018.

[10] K. Keykhosravi, M. F. Keskin, G. Seco-Granados, and H. Wymeersch,
“SISO RIS-Enabled Joint 3D Downlink Localization and Synchroniza-
tion,” to appear in Proc. IEEE International Conference on Communi-
cations 2021 (IEEE ICC’21), Montreal, June 2021.

[11] E. Björnson, H. Wymeersch, B. Matthiesen, P. Popovski, L. San-
guinetti, and E. de Carvalho, “Reconfigurable intelligent surfaces: A
signal processing perspective with wireless applications,” arXiv preprint
arXiv:2102.00742, 2021.

[12] H. Wymeersch and B. Denis, “Beyond 5G Wireless Localization with
Reconfigurable Intelligent Surfaces,” in Proc. IEEE International Con-
ference on Communications 2020 (IEEE ICC’20), Dublin, 2020.

[13] K. Keykhosravi, M. F. Keskin, S. Dwivedi, G. Seco-Granados, and
H. Wymeersch, “Semi-passive 3D positioning of multiple RIS-enabled
users,” arXiv preprint arXiv:2104.12113, 2021.


