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Abstract—This paper considers the user localization problem
in a single-user and single-cell scenario with an active recon-
figurable intelligent surface (RIS). Design perspectives on the
RIS configuration and on the power split between the base
station (BS) and the active RIS are illustrated, and a location
estimator based on multiple signal transmissions and particle
filtering (PF) is proposed. The said algorithm exploits additional
features and degrees of freedom not available when a passive
RIS is used. Theoretical performance bounds are derived and
extensive numerical simulations show the effectiveness of the
proposed approach with respect to a solution based on passive
RIS and corroborate analytical findings.

Index Terms—Active reconfigurable intelligent surfaces, local-
ization, millimeter wave

I. INTRODUCTION

The use of reconfigurable intelligent surfaces (RISs) in
wireless networks is a solution with significant potentiality in
terms of performance improvement as these surfaces are able
to act on the propagation environment through controllable
signal reflection, enhancing the signal reception at desired
locations [1], [2]. The spatial reconfiguration and control of the
signal quality makes RISs a desirable addition to be exploited
also in localization schemes. In [3] the basic characteristics
of a localization scheme exploiting a passive RIS, i.e., the
RIS elements can configure only the phase of the reflected
signal, are described and analyzed. References [4], [5] explore
adaptive localization in a millimeter-wave (mmWave) RIS-
aided multiple input multiple output (MIMO) system using
a feedback communication link between the mobile station
(MS) and the RIS and hierarchical codebooks for the active
beamforming at the base station (BS) and at the MS. The use
of multiple controlled transmissions in presence of RISs is
able not only to efficiently assist the localization procedure,
but also leads to the accuracy improvement for estimation of
clock bias [6], [7] and MS’s orientation [8], a crucial parameter
that needs to be estimated especially in MIMO settings.
The Cramér-Rao lower bounds (CRLBs) of the position and
orientation estimation errors are efficient tools for the analysis
of localization schemes and they are derived for the passive
RIS and compared with the performance of actual estimators in
references [6], [8], [9]. To the best of the authors’ knowledge
prior research in recent literature focusing on the use of RISs
for localization does not consider a possible amplification

of the reflected signal. The use of active RIS, i.e., the RIS
elements can control both amplitude and phase of the reflected
signals, was investigated in literature for communications
and channel estimation, some examples are references [10]–
[12]. However, the potentialities of active RISs were not
yet analyzed in literature from the localization perspective.
Indeed, the multiplicative fading phenomenon often makes the
introduction of a passive RIS irrelevant as the line of sight
(LoS) path is overwhelmingly more powerful. This unbalanced
signal power between the direct and reflected paths creates the
need for an RIS composed of active elements, where the total
available power is split between the BS and the RIS.

In this paper, we consider the problem of localization in
a single-cell and single-user mmWave MIMO system aided
with an active RIS. We derive the CRLB for the estimation
of the position and orientation of the MS and propose an
estimator exploiting multiple signal transmissions and particle
filtering (PF), which is an effective tool applied to localization
or tracking procedures [13]. Numerical results are provided
confirming the theoretical findings and showing the significant
gain obtained with an active RIS compared to a passive one.
In a system with active RIS, more degrees of freedom can
be exploited to improve the system behavior and increase the
performance in terms of position and orientation accuracy.

Fig. 1. The considered scenario.

II. SYSTEM MODEL

A two-dimensional (2D) scenario is considered as shown
in Figure 1. The system consists of one BS equipped with
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NB antennas, one MS equipped with NM antennas and one
RIS with NR active elements. Both the antennas and the RIS
elements are Uniform Linear Arrays (ULAs). The BS and
the RIS are considered to be parallel to each other along
the x-axis and the MS is rotated anticlockwise by φ-rad,
relative to the y-axis. The MS’s orientation is one of the
parameters we may wish to estimate along the MS’s position
m = [mx,my]

T . The BS transmits mmWave signals with
M beams over N orthogonal frequency division multiplexing
(OFDM) subcarriers, centered at fc. The transmitted signal
over the nth subcarrier is given by

s[n] =
√
PnFx[n] ∈ CNB×1 , n = 1, . . . , N (1)

where the beamforming matrix F ∈ CNB×M and the signal
x[n] ∈ CM×1 are assumed to be of unit energy. Therefore
Pn denotes the transmitted power by the BS over the nth

subcarrier.
The overall channel consists of one direct path and one

indirect path via the RIS reflection. For the nth subcarrier it
can by expressed as

H[n] = HB,M[n] +HR,M[n]ΩHB,R[n] ∈ CNM×NB (2)

with Ω ∈ CNR×NR = diag{g}diag{ω} denoting the RIS
control matrix where the effect of the ith active RIS element
is modeled by an amplitude gain factor gi and a phase shift
ωi, i.e., gi and ejωi are the ith entries of vectors g is ω,
respectively. The LoS channel between the BS and the MS
for the nth subcarrier is

HB,M[n] = ρB,Me−j2πτB,M
nB
N αr(ϕB,M )αH

t (θB,M )

∈ CNM×NB
(3)

where ρ, τ , θ and ϕ represent the free-space path loss, time
of flight (ToF), angle of departure (AoD) and angle of arrival
(AoA) respectively. B is the system’s overall bandwidth (B ≪
fc), (·)H denotes the conjugate transpose operation and j is the
imaginary unit. The vectors αr and αt denote the ULA’s effect
at the reception and at the transmission. The ith entry of each
vector is given by [α(θ)]i = exp

{
j2π(i− 1) dλ cos(θ)

}
, with

d being the element spacing and λ the subcarrier wavelength
The indirect path consists of two tandem channels. For the

nth subcarrier they are given by

HB,R[n] = ρB,Re
−j2πτB,R

nB
N αr(ϕB,R)α

H
t (θB,R)

∈ CNR×NB
(4)

HR,M[n] = ρR,Me−j2πτR,M
nB
N αr(ϕR,M )αH

t (θR,M )

∈ CNM×NR
(5)

describing the propagation from the BS to the RIS and from
the RIS to the MS. The channel parameters are defined
similarly to (3). Geometrically the scalar channel parameters
are given in Appendix A. We assume that a synchronization
procedure has been performed and the synchronization offset
can be ignored. Moreover, the positions of the BS and the RIS
are considered to be known a priori.

The signal reflected by the RIS, after the amplification and
the phase shift is given by

sRIS [n] =
√

PnΩHB,R[n]Fx[n] +Ωv[n] ∈ CNR×1 (6)

with v[n] being additive white Gaussian noise, following
circularly symmetric complex normal distribution CN ∼
(0, σ2

v). The RIS control matrix can be also expressed as
Ω =

√
GRISΩ̃ where

√
GRIS is the RIS power gain and

Ω̃ = diag{ω̃}, with ∥ω̃∥2 = 1. Assuming a power consump-
tion for the active RIS over the nth subcarrier of PRIS,n and
a power budget Pn + PRIS,n ≤ Ptotal,n for each subcarrier,
we can introduce the power split coefficient ϵ between the
BS and the RIS. In particular, the power used at the BS
is Pn = ϵPtotal,n and the power used at the active RIS is
PMAX
RIS,n = (1 − ϵ)Ptotal,n. Assuming that all the reflected

signal’s power is due to the amplification, and following the
approach in [12], we derive constraint in Eq. (7) at the top of
next page.

The optimal power split between the RIS and the BS and
the power allocation among the RIS elements can be found
by formulating and solving an optimization problem which is
left for future consideration. In this paper we assume uniform
power allocation among the RIS elements, and we show the
impact of the power split coefficient ϵ in the numerical results.
The signal received by the MS can be expressed as

y[n] =
√

PnH[n]Fx[n] +HR,MΩv[n] + z[n]

∈ CNM×1
(8)

with z[n] being additive white noise, following circularly
symmetric complex normal distribution CN ∼ (0, σ2

z).

III. CRAMÉR-RAO LOWER BOUNDS

In a two step localization procedure, the channel parameters
η = [τB,M , θB,M , ϕB,M , ρB,M , τR,M , ϕR,M , ρR,M ]T are to
be estimated first while the wanted localization parameters
ζ = [mx,my, φ]

T can be later derived. Deriving ζ using η is
omitted due to space constraints. The received signal in Eq.
(8) is a complex Gaussian distributed random variable, where

µ[n] =
√
PnH[n]Fx[n] ∈ CNM×1 (9)

C = σ2
zI+ σ2

vHR,M[n]ΩΩHHH
R,M[n] ∈ CNM×NM (10)

denote the mean and the covariance matrix respectively. Both
µ[n] and C depend on the channel parameters η. Following
the unknown vector analysis in [14], the Fisher Information
Matrix (FIM) J̄[n] of η for the nth subcarrier is given by

[J̄[n]]i,j =
∂µ[n]

∂ηi

H

C−1 ∂µ[n]

∂ηj
+

1

2
tr
{
C−1 ∂C

∂ηi
C−1 ∂C

∂ηj

}
(11)

indicating that, theoretically, both the mean and the noise can
be exploited to extract information, since part of the noise is
affected by Ω and HR,M. The partial derivatives in Eq. (11)
are given in Appendix B. Using the transformation matrix T =
∂η/∂ζ, the FIM of ζ, J[n], for the nth subcarrier is given by
J[n] = TJ̄[n]TT . The analytical expression of T is omitted
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PMAX
RIS,n ≥ E[∥sRIS[n]∥2] = Pn tr

{
FHHH

B,R[n]ΩHΩHB,R[n]F
}
+ σ2

v tr
{
ΩHΩ

}
PMAX
RIS,n ≥ GRISPn tr

{
FHHH

B,R[n]Ω̃HΩ̃HB,R[n]F
}
+GRISσ

2
v tr

{
Ω̃HΩ̃

}
GRIS ≤

PMAX
RIS,n

Pn tr
{
FHHB,R

H [n]Ω̃HΩ̃HB,R[n]F
}
+ σ2

v tr
{
Ω̃HΩ̃

} (7)

due to space constraints. Summing over all N subcarriers the
FIM of ζ is

J =

N∑
n=1

J[n] (12)

The positioning error bound (PEB) and the orientation error
bound (OEB) form the CRLBs and they depict the minimum
variance that can be achieved for any position or orientation
estimation error [m̂e, φ̂e]

T , i.e, PEB =
√

tr {[J−1]1:2,1:2} ≤√
var(m̂e) and OEB =

√
tr {[J−1]3,3} ≤

√
var(φ̂e).

IV. BEAMFORMING & RIS CONFIGURATION

The beamforming matrix at the BS F consists of M
columns F = [f1, . . . , fM ] and can target a set of M generic di-
rections, θ(1)B,T , . . . , θ

(M)
B,T say. Otherwise stated, the ith column

of F is defined as fi = α
(
θ
(i)
B,T

)
. If the beamforming matrix

F and the signal x[n] are fixed, the value of the CRLB depends
on the RIS control matrix Ω. Given the considerations about
the power amplification in Section II, our aim is designing
the unit-norm vector ω̃. In this paper we minimize the CRLB
through maximum signal reception as in reference [9] but with
additional degrees of freedom offered by the active RIS. In
particular, denoting by θR,T the angle between the RIS and a
generic target in which we want maximum signal reception, we
choose the RIS phase shift allocation that maximizes ∥β[n]∥2

where β[n] = αH
t (θR,T )Ω̃αr(ϕB,R)α

H
t (θB,R)Fx[n] . After

some algebraic manipulations we can write

β[n] = δ[n]ω̃HAH
R,Tαr(ϕB,R) , (13)

with AR,T a diagonal matrix with αt(θR,T ) on the diagonal
and δ[n] = αH

t (θB,R)Fx[n]. Thus we have

∥β[n]∥2 = ∥δ[n]∥2 ω̃HBR,T ω̃ (14)

where BR,T = AH
R,Tαr(ϕB,R)α

H
r (ϕB,R)AR,T . Then,

∥β[n]∥2 is maximized when ω̃ is the eigenvector of the
maximum eigenvalue of BR,T . The derived phase shift al-
location is frequency independent (ω̃ does not depend on n),
which is a desired quality for RIS control. Such a procedure
requires the RIS to target a specific direction, assuming that
it coincides with the MS’s actual AoD. The effect of this
erroneous assumption may lead to the investigation of more
sophisticated localization procedures.

V. PROPOSED ESTIMATOR

A Maximum Likelihood (ML) estimator requires defining
a likelihood function and solving a non convex optimization
problem. An exhaustive search over 3 dimensions would be

Algorithm 1 The proposed estimator
1: Assume that the target is located at m̂
2: Following section IV, F targets the RIS and m̂ (M = 2)

and with ω̃ targets m̂
3: Complete a transmission
4: Produce Np particles with a base vector

ζi = [mi
x, m

i
y, φ

i]T for the ith particle.
(mi ∼ CN (m̂, σ2

m), φi ∼ U(0, 2π))
5: Following Section II with ζ = ζi, the ith particle assumes

a channel H[n](ζi) and a noise-free expected signal
µ[n](ζi) =

√
PnH[n](ζi)Fx[n]

6: Evaluate particles using the Likelihood function
L(ζi) = 1∑N

n=1∥y[n]−µ[n](ζi)∥2
2

7: ζ̂ = ζi∗ , i∗ = arg max
i

(L(ζi))

necessary, resulting in huge computational complexity. How-
ever, with an initial estimation of some channel parameters,
the exhaustive search could be significantly reduced. Using
multiple transmissions to scan the considered area, an initial
position estimation can be derived. Furthermore, these trans-
missions could be part of the synchronisation procedure we
assumed to be completed. The description of such a procedure
is omitted due to space constraints. A PF algorithm similar to
[13] could be implemented using Algorithm 1, with particles
around the initial estimation m̂. This initial estimation may be
inaccurate by itself but it can restrict the search area. Thus, a
smaller number of computations is required. Such a localiza-
tion scheme may require multiple transmissions, but multiple
users are able to simultaneously exploit them. The particle
filtering can create a sense of continuity when successive
estimations are required and exploit previous signal receptions
and estimations. Moreover, the initial particle distribution can
better encapsulate the error of the initial position estimation
(m̂) that initialises the filter.

VI. SIMULATION RESULTS

For the numerical results, we refer to the scenario depicted
in Fig. 1. We assume a carrier frequency fc = 60 GHz and
a system bandwidth B = 100 MHz. The positions of the BS
and the RIS are b = [0, 0]T and r = [30, 100]T respectively.
The MS is placed in a random position (mx ∈ [30, 60], my ∈
[50, 80]) with a random orientation (φ ∈ [−π/4, π/4]). The
number of antennas at the BS, RIS and MS are NB = 16,
NR = 64 and NM = 16, respectively with half-wavelength
antenna spacing, i.e., d = λ/2. The power spectral density of
noise is N0 = −174 dBm/Hz and the noise figure is 5 dB.
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Figs. 2 and 3 show the theoretical PEB and OEB for various
power split values between the BS and the RIS and varying
total power. Both scenarios of obstructed and non obstructed
LoS are considered. The beamforming matrix F consists of
two columns, one targeting the RIS and one targeting the MS,
while the RIS also targets the MS. The MS’s position needs to
be known for that configuration, highlighting that the CRLB
represents the best possible scenario. It is clear that the active
RIS outperforms the passive RIS (ϵ = 1), especially when the
direct link is obstructed.
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Fig. 4 shows the observed SNR when a fixed location is
targeted, both for an active and a passive RIS. The active RIS
implementation achieves higher SNR values and the signal
quality heavily depends on the MS’s position relative to the
RIS even when a LoS path is available. Fig. 5 shows the
results of the estimator using an initial position estimation
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Fig. 4. SNR in dB for the considered area. The beamformer & the RIS
are optimised for the presumed target position (red square). The BS & RIS
positions are represented by a green square & a black circle respectively.

and PF (ϵ = 0.5 for the active RIS, Ptotal = 10W , LoS not
obstructed) according to the procedure reported in Algorithm
1. The initial position estimations are taken randomly from
a 3m × 3m square around the MS. Although they may not
be precise (Fig. 5.E-F), they reduce the search area and the
computational requirements. The variance of the position error
for the active RIS (Fig. 5.A) is lower than the theoretical PEB
of a Passive RIS estimator for the same system parameters
(0.81 m - see Fig. 2), showing that the proposed procedure can
outperform an optimal passive RIS localization scheme. The
passive RIS approaches the PEB (Fig. 5.B). The orientation
estimation is more precise for the active RIS (Fig. 5.C-D).

VII. CONCLUSIONS

RISs are a promising technology and localization is to ben-
efit from their introduction into telecommunication networks.
However, the RIS reflected signal is significantly shadowed
by the direct link between the BS and the MS. Adopting
active RIS elements not only improves the system’s overall
performance in terms of observed SNR, but also brings the
reflected signal to a level comparable with the LoS reception.
In this paper, we discussed and analyzed the use of an
active RIS in a single-cell single-user localization scenario
showing with numerical results that this approach improved
the performance compared to the passive RIS case.
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APPENDIX A
GEOMETRY

The channel parameters are given below. c is the speed of
light and ∥·∥2 denotes the Euclidean norm.

τB,M = ∥b−m∥2 /c , τB,R = ∥b− r∥2 /c ,
τR,M = ∥r−m∥2 /c ∈ R+
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θB,M = arccos((mx − bx)/ ∥b−m∥2) ∈ (0, π/2)
θB,R = arccos((rx − bx)/ ∥b− r∥2) ∈ (0, π/2)
θR,M = arccos((mx − rx)/ ∥r−m∥2) ∈ (−π/2, 0)

ϕB,M = θB,M + π − φ ∈ (π/2, π)
ϕB,R = θB,R + π ∈ (−π,−π/2)
ϕR,M = θR,M + π − φ ∈ (π/2, π)

ρB,M = λ/(4π ∥b−m∥2), ρB,R = λ/(4π ∥b− r∥2)
ρR,M = λ/(4π ∥r−m∥2) ∈ R+

APPENDIX B
PARTIAL DERIVATIVESFirst we define,

β[n] = αH
t (θR,M )Ωαr(ϕB,R)α

H
t (θB,R)Fx[n]

Q = αr(ϕR,M )αH
t (θR,M )ΩΩHαt(θR,M )αH

r (ϕR,M )

D(θ) = diag{−(i− 1)j2π
d

λ
sin(θ)}

α̇(θ) =
∂α(θ)

∂θ
= D(θ)α(θ)

The partial derivatives can be thus written as

∂µ[n]

∂τB,M
=
√
Pn(−j2π

nB

N
)ρB,Me−j2πτB,M

nB
N ×

αr(ϕB,M )αH
t (θB,M )Fx[n]

∂µ[n]

∂θB,M
=
√
PnρB,Me−j2πτB,M

nB
N αr(ϕB,M )α̇H

t (θB,M )Fx[n]

∂µ[n]

∂ϕB,M
=
√
PnρB,Me−j2πτB,M

nB
N α̇r(ϕB,M )αH

t (θB,M )Fx[n]

∂µ[n]

∂ρB,M
=
√
Pne

−j2πτB,M
nB
N αr(ϕB,M )αH

t (θB,M )Fx[n]

∂µ[n]

∂τR,M
=
√
PnρB,RρR,M (−j2π

nB

N
)×

e−j2π(τB,R+τR,M )nB
N αr(ϕR,M )β[n]

∂µ[n]

∂ϕR,M
=
√
PnρB,RρR,Me−j2π(τB,R+τR,M )nB

N ×

α̇r(ϕR,M )β[n]

∂µ[n]

∂ρR,M
=
√
PnρB,Re

−j2π(τB,R+τR,M )nB
N αr(ϕR,M )β[n]

∂C

∂τB,M
=

∂C

∂θB,M
=

∂C

∂ϕB,M
=

∂C

∂ρB,M
=

∂C

∂τR,M
= 0

∂C

∂ϕR,M
=σ2

vρ
2
R,M [Dr(ϕR,M )Q−QDr(ϕR,M )]

∂C

∂ρR,M
=2σ2

vρR,MQ
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