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Abstract—Reconfigurable intelligent surfaces (RISs) are ex-
pected to be a key component enabling the mobile network
evolution towards a flexible and intelligent 6G wireless platform.
In most of the research works so far, RIS has been treated
as a passive base station (BS) with a known state, in terms of
its location and orientation, to boost the communication and/or
terminal positioning performance. However, such performance
gains cannot be guaranteed anymore when the RIS state is not
perfectly known. In this paper, by taking the RIS state uncer-
tainty into account, we formulate and study the performance of
a joint RIS calibration and user positioning (JrCUP) scheme.
From the Fisher information perspective, we formulate the
JrCUP problem in a network-centric single-input multiple-output
(SIMO) scenario with a single BS, and derive the analytical lower
bound for the states of both user and RIS. We also demonstrate
the geometric impact of different user locations on the JrCUP
performance while also characterizing the performance under
different RIS sizes. Finally, the study is extended to a multi-
user scenario, shown to further improve the state estimation
performance.

Index Terms—5G New Radio, 6G, Fisher information, joint
calibration and positioning, reconfigurable intelligent surfaces

I. INTRODUCTION

Evolving from 5G to 6G, the wireless networks are trans-

forming into a ubiquitous, intelligent and multi-function ser-

vice platform with the support of several key technical en-

ablers, such as artificial intelligence, cognitive slicing, proac-

tive channel coding, and reconfigurable intelligent surface

(RIS) [1], [2]. Among them, the RIS technology is seen

as a promising transformative component to realize smart

connectivity, which also ties the three fundamental wire-

less applications, i.e., communications, localization and sens-

ing/mapping together [3]. Besides the potential benefits in

communications [4]–[7], RIS can also be effectively deployed

to construct a controllable and reconfigurable channel for

improved positioning performance with lower costs than, e.g.,

the ultra-dense deployments of 5G New Radio (NR) BSs [8].

Earlier works on RIS-enabled positioning include [9]–[21],

covering fingerprinting approaches as well as methods based

on geometric channel parameters (i.e., angles and delays).

For fingerprinting-based approaches, the utilization of RIS

has provided reduced computational complexity and improved

accuracy, as shown in [9], [10]. By employing the delay

and angle measurements obtained from radio signals, the

positioning performance with RISs as reflectors or scatters has
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Fig. 1: A graphical illustration of the considered RIS-integrated network for
joint RIS calibration and user positioning (JrCUP). Direct user-BS paths are
marked in cyan, while paths including the RIS are marked in yellow.

been studied in different situations, e.g., in the line-of-sight

(LoS) (with respect to the BS) [11]–[13], the corresponding

non-line-of-sight (NLoS) [14]–[17], in the downlink side [11]

or the uplink side [15], [18], and in indoor environments [19],

[20]. Finally, a comparison between 5G and 6G systems is

provided in [21].

An important limitation in all the above works is that the

RIS location and orientation were assumed to be precisely

known. With such assumption, RISs can therefore be treated

as secondary BSs or anchor points to improve the positioning

and/or communication performance. However, in reality, due

to potential deployment faults, external disturbances, and/or

improper installation, the state of RIS may not be perfectly

known, thus, needing further calibration. Towards this end, we

formulate and investigate the feasibility and performance of a

joint RIS calibration and user positioning (JrCUP) scheme in

this paper, where the state of RIS is not assumed to be perfectly

known. The contributions of this work are as follows:

• We formulate the JrCUP problem in the 3D scenario,

where the states of both users and the RIS need to be

jointly estimated;

• We carry out the Fisher information matrix (FIM) anal-

ysis, and compute the lower bound of the estimated

channel parameters and states of user and RIS, while also

http://arxiv.org/abs/2212.04258v1


address their dependence on the problem geometry;

• We propose a low-cost 2D searching-based initialization

method and devise an efficient snapshot-like joint state

estimation method in the general multi-user scenario;

• We provide an extensive set of numerical results, showing

that the lower bound can be achieved by the proposed

estimation method, while also demonstrating that the

multi-user scenario provides improved state estimation

performance compared to the single-user case.

II. SYSTEM MODEL

In this work, a 3D outdoor positioning scenario is consid-

ered and illustrated in Fig. 1, where there exists several users,

one RIS deployed on the surfaces of a building, and a BS.

The state of BS is known and used as the reference point in

the considered coordinate system, while the states of users

and RIS are to be estimated. Facilitating a network-centric

wireless system, the BS observes and processes the uplink

signals received from indirect paths via RIS and the direct

path from user(s) to BS.

A. Geometry Model

Without loss of generality, we start the system descriptions

by considering one arbitrary user and the RIS, while the

extension towards multi-user and multi-RIS will be treated

later. Specifically, a single-antenna user, an NR-element RIS

and an NB-antenna BS located at pU = [xU, yU, zU]
⊤,

pR = [xR, yR, zR]
⊤ and pB = [xB, yB, zB]

⊤, respectively, are

considered where pB is the center of the BS array defined as

the origin of the coordinate system (the BS is facing x-axis

by default). The direction vector from the BS to the user can

be expressed as

tBU = −tUB =





tBU,x

tBU,y

tBU,z



 =
pU − pB

dBU

, (1)

where dBU = ‖pU −pB‖ is the distance between BS and user.

Similar definitions apply to the RIS-user (RU) and BS-RIS

(BR) paths. Furthermore, the orientation of RIS is defined as

a 3D Euler angle vector oR = [o1, o2, o3]
⊤ (pitch, roll, yaw)

while the transformation from Euler angle vector oR to the

rotation matrix RR can be found in [22].

In terms of the angle of arrival (AoA) and angle of departure

(AoD), we denote ϕBU as the AoA from user to BS, ϕRU as the

AoA from user to RIS, ϕRB as the AoD from RIS to BS, and

ϕBR as the AoA from RIS to BS, where each ϕ = [φ, θ]⊤

consists of azimuth and elevation angle and is measured in

the local coordinate system. Since the BS is assumed to be

the coordinate origin, its local and global direction vectors are

identical. For the sake of clarity, we define the local direction

vector t̃ of the channel from BS to RIS as

t̃RB (ϕRB) = R⊤
R t =





cos(φRB) cos(θRB)
sin(φRB) cos(θRB)

sin(θRB)



 . (2)

B. Signal Model

We consider an OFDM-based uplink communication system,

where two radio paths are observed and processed at the

BS. The received frequency domain signal vector at the gth

transmission (one transmission means one OFDM symbol

transmission) and kth subcarrier can be formulated as [21]

yg,k = w⊤
B,g [hg,kxg,k + ng,k] , (3)

where wB,g ∈ CNB×1 is the combiner vector at the BS, and

ng,k ∈ CNB×1 refers to the additive white Gaussian noise

vector with a complex normal distribution CN (0, σ2INB
). The

channel Hg,k comprises two parts: the direct channel from

user to BS and the reflected channel via the RIS, i.e., hg,k =
hBU,k + hR,g,k.

The channel from user to BS is given by

hBU,k = αBUaBU(ϕBU)e
−j2π∆fkτBU (4)

where ∆f is the subcarrier spacing, τBU = dBU/c + β
represents the delay of BU path (including the synchronization

offset β). The speed of light is denoted as c. Additionally,

αBU = ρBU + jξBU is the complex gain of the LOS channel,

aBU(ϕBU) is the steering vector of the BS-user channel with

the bth element (1 ≤ b ≤ NB), expressed as

aBU,b(ϕBU) = ej
2π
λc

p
⊤

b t̃BU , (5)

and pb is the local position of the bth element with respect

to the array center. We note that pb,x is equal to 0 since a

uniform planar array (UPA) is assumed.

The RIS-relayed channel hR,g,k is defined as

hR,g,k = αRaBR(ϕBR)(aRB(ϕRB))
⊤ΩgaRU(ϕRU)e

−j2π∆fkτR

(6)

where αR = ρR + jξR is the complex channel gain of the RIS

path, τR = (dBR + dRU)/c+ β refers to the delay of the path

R, and Ωg = diag[ω1,g, . . . , ωNR,g] is the time-varying RIS

configuration, with |ωi,g| = 1, ∀i, g. Furthermore, aRB(ϕRB)
and aRU(ϕRU) are the steering vectors that can be obtained

from (5). We further define an intermediate steering vector at

the RIS as aR(ϕRB,ϕRU) = aRB(ϕRB)⊙aRU(ϕRU) and its rth

element can be obtained as

aR,r(ϕRB,ϕRU) = ej
2π
λc

p
⊤

r t̃R = ej
2π
λc

p
⊤

r (t̃RB+t̃RU), (7)

where t̃R = [ϑ1, ϑ2, ϑ3]
⊤ is the intermediate direction vector.

Remark: Considering that the first entry of the pb is 0 and

the fact that RIS does not perform any signal processing, the

following intermediate AoA measurements can be obtained:

ϑ2 = sin(φRU) cos(θRU) + sin(φRB) cos(θRB)

ϑ3 = sin(θRU) + sin(θRB).
(8)

In other words, there are overall four angle measurements

(φRB, θRB, φRU, θRU) involved and correlated with the RIS-

relayed channel. However, only two intermediate angles (8)

can be acquired and estimated, resulting in 8 measurements.

The fundamental purpose of this work is to estimate the RIS

location, the RIS orientation, the user location and the clock

offset simultaneously, based on these 8 measurements.



C. RIS Profile and BS Combiner Design

In this work, we assume that no prior information about the

RIS and UE states is available. In such a case, we use random

RIS profiles for each transmission, i.e., the coefficient of the

ith RIS element in the gth transmission, ωi,g , is assigned with

a unit amplitude |ωi,g| = 1 and a random phase following

a uniform distribution as ∠ωi,g ∼ U(−π, π). Similar random

coefficients are also considered for BS combiner vectors across

different transmissions. Such a method does not require any

prior information of the RIS or the user(s), nor any specifically

designed codebook, but necessitates a large number of trans-

missions, thus yielding increased latency. The optimization of

the RIS profile and the BS combiner with prior information

(e.g., iteratively obtained with localization feedback) will be

considered in our future work.

III. PERFORMANCE BOUND AND ESTIMATION

ALGORITHM

In this section, we outline and derive the lower bound of

the parameters of interest using the ubiquitous FIM. Thereafter,

we present the proposed initialization and snapshot estimation

methods for JrCUP.

A. From FIM to Lower Bound

In general, the analytical lower bound of the parameters of

interest can be obtained by computing the corresponding FIM

based on the observed measurements. Herein, the observed

measurements are the received signals at the BS, obtained

by collecting (3) over the considered transmissions and active

subcarriers, yielding Y ∈ CG×K where Y = [y1, · · · ,yG]
and yg ∈ CK×1, in which G is the total number of OFDM

transmission and K refers to the number of subcarriers. There-

after, the FIM of the channel parameters can be computed as

follows [23]

I(η) =
2

σ2

G
∑

g=1

K
∑

k=1

Re

{

(

∂µg,k

∂η

)H (

∂µg,k

∂η

)

}

(9)

where µg,k = w⊤
B,ghg,kxg,k is the noise-free version of the

observed symbol yg,k in (3). Moreover, the channel parameter

vector is denoted as

η = [ϕBU,ϕBR, ϑ2, ϑ3, τBU, τR, ρBU, ρR, ξBU, ξR]
⊤ (10)

where the last four are the nuisance parameters, in which ρ
and ξ refer to the real and imaginary parts of the channel gain.

The sub-indices (·)BU and (·)R refer to the gains of the user

to BS (BU) and the RIS-relayed (R) paths, respectively. More

importantly, the first 8 parameters1 are the geometry-related

measurements from which we extract the information of both

the user and the RIS states.

By performing Schur complement [24], an effective FIM

of (9) can be obtained with the nuisance parameters (i.e., the

1Note that ϕ = [φ, θ]⊤ defined in Sec. II-A contains both azimuth and
elevation angles, therefore, the overall number of available measurements is
8.

Algorithm 1: Proposed initialization and snapshot

estimation methods

1: Based on the direction induced by ϕ̂BU, find the

intersection with the area of user AU. This leads to a

distance range of [dmin, dmax] between BS and user.

2: For every candidate LoS distance ď0 ∈ [dmin, dmax]
3: Estimate the clock offset β̌ as β̌ = τ̂BU − ď0/c
4: Estimate the user location as p̌U = pB + t̂BUď0
5: Compute the distance of path (R) ďR = (τ̂R − β̌)c
6: Determine an ellipsoid (denoted by ER) with

focal points pB and p̌U and focal distance ďR

7: Intersect the ellipsoid ER and the line formed

by t̂BU(ϕ̂BR), to determine the RIS location p̌R

8: For every ǒ3 in the orientation prior OR

9: Predict the intermediate AoA measurements

ϑ̌2, ϑ̌3 (8) based upon ǒ3, p̌U, p̌R and pB

10: Compute the metric:

∆
(

ď0, ǒ3
)

= ‖[ϑ̌2, ϑ̌3]
⊤ − [ϑ̂2, ϑ̂3]

⊤‖
11: End

12: End

13: Determine the RIS orientation ô3 and the LoS

distance d̂0 by solving

[d̂0, ô3] = argmin
ď0,ǒ3

∆
(

ď0, ǒ3
)

14: Based d̂0, determine p̂U, β̂ and p̂R

15: Refine user location p̂U, clock offset β̂, RIS location

p̂R and orientation ô3 with a Gauss-Newton (GN)

method in (13)

channel gains) being removed. Thereafter, the FIM of the state

parameter vector can be calculated as

I(s) = J⊤
S Í(η)JS, (11)

where Í(η) is the effective FIM computed from (9), and

JS , ∂η/∂s represents the Jacobian matrix, essentially the

derivative of the channel parameters with respect to the state

parameters. In particular, the state parameter vector s ∈ R8×1

is defined as

s = [s⊤R , s⊤U ]
⊤ = [p⊤

R , o3,p
⊤
U , β]⊤. (12)

The derivation principles of I(η), I(s) and JS can be found

for example in [13].

The lower bound of parameters of the state vector can be

computed by taking the inverse of the FIM I(s), from which

the lower bound of RIS and user locations can be calculated

as
√

trace (I−1(s))[1:3] and
√

trace (I−1(s))[5:7], respectively.

Similarly, the lower bound of RIS orientation and clock offset

can be acquired as
√

I−1(s)[4] and
√

I−1(s)[8]. Corresponding

numerical examples will be provided in Section IV.

B. Proposed Initialization and Estimation Methods

In this subsection, we present an initialization method and

a snapshot estimation method for JrCUP with one or multiple
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Fig. 2: Visualization of different estimation lower bounds with different user locations: (a) User location error bound, (b) RIS location error bound, (c) RIS
orientation error bound. The BS is facing the positive direction of x-axis and RIS is facing the negative direction of y-axis.

users in the network. For the consistency of notation and

formulations, we present first the single-user case, followed

by the extension to the multi-user case.

Specifically, the step-wise initialization method is outlined

from step 1 to step 8 in Algorithm 1, where the outputs are

employed as the initial state of user (location and clock offset)

and RIS (location and orientation) before the final estimation.

In addition to the channel parameters η[1:8] from (10), the

inputs for the initialization contain the prior search area of

user, AU, within the considered environment and that of the

RIS orientation OR. Thereafter, with the searched user and RIS

state as the initial guess, the last step of JrCUP scheme can be

carried out using the iterative Gauss-Newton (GN) method [25,

Ch. 4], expressed as

ŝi = ŝi−1 + I−1(ŝi−1)J
⊤
S Í(η)

(

η̂[1:8] − η(ŝi−1)[1:8]

)

, (13)

in which i denotes the iteration index, while I−1(ŝi−1),
JS and Í(η) were given in (11). Moreover, the input mea-

surements η̂[1:8] are generated using the lower bound of

channel parameter, i.e., Í(η) that approximates a distribu-

tion N (η[1:8]; η̂[1:8], (́I(η))
−1). Finally, the predicted measure-

ments η(ŝi−1)[1:8] are evaluated using the estimated state of

the i− 1 iteration.

In the case of the multi-user scenario, the overall state vector

s can be redefined as

s =
[

s⊤R , s⊤1 , · · · , s
⊤
M

]⊤
, (14)

where sm = [p⊤
U,m, βm]⊤ is the state vector of the mth user.

The corresponding Jacobian matrix, measurement covariance

and measurement vector can all be extended accordingly, and

thereon applied in the GN algorithm in (13).

IV. NUMERICAL RESULTS

In this section, we present the achievable accuracy of the

proposed JrCUP scheme in a concrete example scenario at

the 28 GHz mmWave band, with the evaluation parameters

listed in Table I. In particular, the BS is located at [0, 0, 0]⊤

of the applied coordinate system, with antenna array facing the

positive of x-axis. The combiner matrix wB,g at BS is chosen

according to the employed codebooks which we will describe

TABLE I: EVALUATION ASSUMPTIONS AND NUMEROLOGY

Parameter Value

Carrier frequency, fc 28 GHz

Bandwidth, W 400 MHz

Number of transmissions, G 500

Number of subcarriers, K 128

Transmit power +30 dBm

Noise power spectral density, N0 −173.8 dBm/Hz

Noise figure of RX 10 dB

BS array size, NB 16 × 16

RIS array size, NR 20 × 20

Number of RF chains at BS/user 1

Number of GN iterations 30

Fig. 3: The cost function for user at the blind area (left plot, user located at
[5, 6,−5]) and non-blind area (right plot, user located at [9, 8,−5]) of Fig. 2.

in the next subsection. The whole area under consideration is

10 m × 10 m with a RIS located at [4, 10, 0]⊤. The user height

is set to 5 m below the BS to reflect a terrestrial user scenario.

Finally, the distance and orientation intervals are set to 0.1 m

and 0.1◦, respectively, which are adopted in both Algorithm 1

and the numerical simulations.

A. Performance Bounds at Different User Locations

We start with the heat map of different lower bounds,

obtained through the derivations in Section III-A, when user

is located throughout the whole map. In terms of the RIS

profile, we assume no prior information is available and apply

random RIS coefficients (unit amplitude and random phases)

for each transmission as discussed in Section II-C. The pattern



for clock offsets is approximately the same as that of user

location, therefore, is omitted herein for presentation brevity.

From the obtained pattern in Fig. 2, we see that except for

the two blind areas (observed in yellow), both the location

and orientation estimations achieve good performance over

the considered area as shown in Fig. 2, where the location

lower bound is in general under 1 m and the orientation

lower bound is under 2◦. In terms of the blind area, one is

around the locations that are in line with the RIS or BS array

planes, where accurate angle estimates cannot be obtained.

Another blind area is the parabola-style zone across the BS

and is symmetric to the norm of the RIS array. The reason

for such a parabolic blind area lies in the fact that there exist

other candidate state vectors that generate the same channel

parameters, resulting in ambiguous solutions.

We further evaluate the reason for the blind area in Fig. 3

from the perspective of the cost function that has been de-

scribed in Algorithm 1. It is interesting to see that a unique

solution exists on the right subplot when the user is located at

[9, 8,−5] (at the non-blind area), while ambiguous solutions

can be found on the left subplot when the user is located at

[5, 6,−5] (at the blind area). This finding indicates that there

exists an optimal area for solving the JrCUP problem.

B. Impacts of RIS Size and Known States

We continue by evaluating the performance bounds for the

different state parameters as functions of RIS sizes (i.e., the

overall number of RIS elements NR), while also considering

different special cases of known states. The state of BS and

RIS remain the same as in Fig. 2, while the user is set at

an example location of [8, 8,−5]⊤ in the non-blind area. The

lower bounds for user location, RIS location, and RIS orienta-

tion are respectively shown in Fig. 4, in which the benchmark

scenario (black curve) assumes the user location, clock offset,

RIS location, and RIS orientation are all unknown, yielding

overall 8 unknowns. Compared to the benchmark scenario, we

find that when one coordinate of RIS location (i.e., pR,y) is

known, the performance of all the state parameters is improved

as demonstrated by the red curves. In particular, the location

estimation performance shown in Fig. 4a and Fig. 4b benefit

more from this scenario than the orientation estimates, shown

in Fig. 4c. As of the green curve scenario when the RIS

orientation is assumed to be accurately known, the achieved

performance is on a similar level as the red curve scenario

because there are overall 7 unknowns in these two cases.

Moving next towards the blue curve scenario, when the

user acts as a calibration agent within the system, i.e., the

user location pU is known, the lower bound of the RIS state

is vastly improved. In this case, the location lower bound

and orientation lower bound drop to around 0.3 m and 0.5◦

individually with overall 400 RIS elements. It can also be

clearly observed that the performance in all different scenarios

becomes better as the RIS size NR increases. This is intuitive

since a large RIS size directs the signal power more efficiently

and provides a finer angular resolution. These observations

suggest that reliable and accurate information on the state of
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Fig. 4: Lower bounds as functions of RIS size NR.

either the user or the RIS as well as a sufficiently large RIS

size undoubtedly improve the performance.

C. Proposed Estimator Performance vs. Bounds

Finally, we assess and compare the performance of the

proposed estimator against the corresponding lower bounds,

while also varying the number of the involved users. The

obtained results are shown in Fig. 5 where the dashed lines

with different colors represent the accuracy of initial state,

which is calculated using the searching method described in

Algorithm 1. Such accuracy can be considered as a reference

benchmark. Moreover, the solid lines are the lower bounds

of different state parameters, whereas the star markers rep-

resent the proposed estimator RMSE over 100 trials. The

user locations are randomly generated in each trial with

an orthogonal frequency division multiple access (OFDMA)

resource allocation scheme where each user possesses equal

bandwidth and the same physical height. Learning from the

performance pattern in Fig. 2, we assume that the users are

uniformly sampled in a 3 × 3 m2 area AU with the start

point located at [6.5, 5.5,−5]⊤. In such a way, the blind area

in Fig. 2 where the positioning solution cannot be uniquely

identified is avoided. From the numerical results presented

in Fig. 5, we can see that with more users in the network,
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the joint estimation performance improves due to stronger

geometric restraint and more information obtained from more

measurements. In other words, the stronger geometric con-

straint formed by more users enhances the accuracy of RIS

state, which in turn helps the user states after the iterations via

GN approach. It can be observed that the performance of the

iterative GN method can approach the corresponding analytical

lower bound. The proposed method can thus be considered as

an efficient estimation solution for JrCUP.

V. CONCLUSION

In this paper, we investigated the problem of joint RIS cali-

bration and user positioning, called JrCUP, towards intelligent

6G wireless communication systems. The ultimate objective

was to jointly estimate the state parameters of both the users,

in terms of clock offsets and 3D positions, and the RIS, in

terms of array orientation and 3D position. To this end, we

first expressed and computed the lower bound for all the state

parameters. We then formulated signal processing methods for

state initialization and iterative estimation. Our numerical re-

sults showed that the geometric impact can be detrimental and

therefore needs extra attention and evaluation in the network

planning phase. More importantly, we have found and shown

that multi-user scenario in general outperforms the single-

user case, demonstrating the potential benefits of deploying

multiple users in the system. Moreover, the accuracy of the

proposed estimation methods was shown to approach the lower

bound, indicating that the proposed methods are efficient, and

that the JrCUP problem is efficiently solvable. Our future

research topics include the development of computationally

efficient joint state tracking methods with moving users as

well as the optimization strategy of RIS phase profiles and BS

combiners.
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