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Abstract—Reconfigurable intelligent surface (RIS) can effec-
tively improve the performance of 6G communication systems
by providing additional LoS paths. Although the beam align-
ment is necessary in 6G communication system due to the
user mobility, the deployment of RIS increases significantly the
complexity of beam tracking, making it impractical to apply
directly conventional schemes. To this end, we study a time-
varying RIS-aided millimeter wave (mmWave) system, a robust
complex-valued extended Kalman filter method is proposed
to tackle the beam alignment problem. More specifically, the
proposed scheme achieves 17% performance gain compared to
conventional training-based method. The impact of the number of
RIS elements is investigated, there exists corresponding optimal
number of RIS elements in terms of the minimum of the mean
square error of the estimated beam angle. A simple but efficient
algorithm to obtain the optimal number of RIS elements is
presented. Simulation results demonstrate that, by employing
the RIS in mmWave communication systems, the performance
of beam tracking can be enhanced by 37% with proposed
algorithms.

Index Terms—Beam tracking, reconfigurable intelligent sur-
face, mmWave, mobility.

I. INTRODUCTION

IT is foreseeable that the sixth generation (6G) commu-
nication system will utilize millimeter wave (mmWave)

and/or terahertz (THz) bands to satisfy the increasing demand
for data rate [1]. Because of the poor penetration of high
frequency signals, 6G communication is heavily dependent
on the existence of line-of-sight (LoS) paths to retain high-
quality communication performance. However, when many
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obstacles, e.g., urban buildings, exist in the communication
system, LoS paths cannot always be available. To this end, the
reconfigurable intelligent surface (RIS) is introduced recently
as an cost-effective and energy-efficient device to construct
LoS paths for mmWave signals [2]. In general, RIS is a
metamaterial surface with a large number of passive reflect ele-
ments. With the proper deployment of RIS, LoS paths between
the transmitter and RIS, as well as those between the RIS
and receiver, can be efficiently utilized. Thus, RIS provides a
novel method to solve the wireless channel fading impairment
and interference problems, and potentially offers huge gains
compared with traditional wireless communications [3].

There are extensive literatures of RIS-aided mmWave com-
munication systems, e.g., [4]–[7] and the references therein.
It is shown that the use of the mmWave frequency band can
provide high data rate in a variety of communication scenarios.
However, the beams of mmWave signals are typically narrow,
making it difficult to ensure alignment with mobile receivers
[8]. While the RIS can provide additional LoS links, the
deployment of RIS in mmWave systems further increases the
difficulty of beam alignment [9]. To keep the alignment of
the beam between the transceivers and maintain the existence
of LoS paths, novel beam tracking schemes for the RIS-aided
system need to be designed.

Conventional beam tracking schemes can be divided into
two categories [10]–[15]. The first one is the codebook-based
scheme that has been employed widely in mmWave commu-
nications [10], [11]. Each codeword represent a possible beam
direction. To select the best beam direction from the predefined
codebook, the training process is typically performed between
transceivers [12]. While the codebook-based scheme can track
mobile users and resolve blocked LoS paths in slow time-
varying systems, larger delays might exist when dealing with
large antenna array systems. The second type of beam tracking
scheme is dependent on the model of the user mobility. For
example, the user mobility is assumed to follow the first-order
Gauss-Markov model, and an Extended Kalman Filter (EKF)
method is used to track the optimal beam [13]. To further
enhance the accuracy of beam tracking, a kinematic model is
employed to model the user mobility, and a modified unscented
Kalman filter (UKF) is used to track precisely the channel
beam [14]. Furthermore, a robust beam tracking algorithm us-
ing least mean square (LMS) and bidirectional LMS methods
is proposed for mobile mmWave communication systems [15].
However, the designs discussed above are limited to end-to-
end communication systems and high precision phase shifting
of the RIS entails significant hardware costs.
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Fig. 1. System diagram of RIS-aided mmWave communication system

To obtain the optimal beam direction in the RIS-aided
system, it is necessary to design a beam tracking scheme
that has low training cost and does not require complex
channel estimation. To fill this research gap, we propose a
robust complex-valued EKF method to design a beam tracking
algorithm for the RIS-aided millimeter wave mobile system.
The main contributions of this paper include:

• We study a time-varying RIS-aided mmWave commu-
nication system with a multi-antenna BS and an UE.
We present a robust complex-valued EKF based beam
tracking scheme and derive the Jacobian matrix of the
measurement model.

• To investigate the performance of the proposed track-
ing algorithm, we present a comparsion to conventional
training-based method, achieving 17% performance gain.
We employ mean square error (MSE) to study the impacts
of the number of RIS elements NRIS. We propose a sim-
ple but efficient algorithm to obtain Nopt

RIS with different
values of SNR and process noise to minimize the MSE. It
is shown that the performance can be improved by 37%
compared with the mmWave system without RIS [13].

Notations: Boldface lower-case and capital letters represent
column vectors and matrices, respectively. (·)T and (·)H
denote the transpose and transpose-conjugate operation, re-
spectively. E represents statistical expectation, C denotes the
set of complex numbers, IN is the N×N size identity matrix,
[a]i denote the i-th element of vector a and [A]i,j represent
the (i, j)-th element of matrix A.

II. SYSTEM MODEL

We consider a time-varying mmWave system in Fig. 1. An
NBS-antenna BS transmits signals to an NUE-antenna UE with
the aid of an NRIS reflect elements RIS. We consider that the
LoS path is blocked [16]. At time slot n, the received signal
at UE is given by

y [n] = H [n]ΘGs+w, (1)

where s ∈ CNBS×1 are the transmitted symbols with
E
{
sHs

}
= 1, G ∈ CNRIS×NBS is the channel between

the BS and the RIS, H [n] ∈ CNUE×NRIS is the chan-
nel between the RIS and the UE at time slot n, Θ =

diag
{
ejϕ1 , ejϕ2 , . . . , ejϕNRIS

}
∈ CNRIS×NRIS is the diagonal

reflect matrix of the RIS, ϕn ∈ [0, 2π) is the phase shift of
the n-th reflecting element, and w ∼ CN (0, INUE) ∈ CNUE×1

is the additive white Gaussian noise.
We consider that the antenna arrays of the BS, the RIS

and the UE are uniform linear arrays (ULA). Meanwhile, the
mmWave channel is commonly assumed to be sparse [13].
The sparsity of the channel allows different multipaths to
be separated from each other, and only one path is in the
main beam direction, while the other paths are considered to
be in the side lobe direction. Tracking a single path allows
beam alignment between the transceivers, and the tracking
algorithm can be similarly extended to tracking multiple paths.
For simplicity, the channel model with a single main path
is employed. The general multi-path channel model can be
obtained from the angle-of-arrival (AoA) and the angle-of-
departure (AoD) of the main path [16]. The channel state
information between the BS and the RIS is known, since the
locations of both the BS and the RIS are fixed. Specifically,
we can express the BS-RIS and the RIS-UE channel as

G = ρga (θg)a
H (ϕg) , (2)

H [n] = ρh [n]a (θh [n])a
H (ϕh [n]) , (3)

respectively, where ρg and ρh [n] are channel coefficients.
Steering vectors of the corresponding channels are given as

[a (θg)]i =
1√
NRIS

ej
2π
λ dRIS(i−1) cos(θg), (4a)

[a (ϕg)]j =
1√
NBS

ej
2π
λ dBS(j−1) cos(ϕg), (4b)

[a (θh [n])]k =
1√
NUE

ej
2π
λ dUE(k−1) cos(θh[n]), (4c)

[a (ϕh [n])]i =
1√
NRIS

ej
2π
λ dRIS(i−1) cos(ϕh[n]), (4d)

where λ is the wavelength, i ∈ {1, . . . , NRIS}, j ∈
{1, . . . , NBS}, and k ∈ {1, . . . , NUE} denote the element
indexes of respective steering vectors, θg , ϕg, θh [n] and ϕh [n]
are the AoA of RIS, AoD of BS, AoA of UE and AoD of RIS,
respectively. dBS, dRIS and dUE are antenna spacing of BS,
RIS and UE, respectively.

A. Single-antenna UE Case

A special case of a single antenna UE can obtain meaningful
insights, e.g., the optimal RIS configuration. Meanwhile, the
algorithm proposed in this paper is suitable for any number of
antennas. We consider that the NBS-antenna BS transmits sig-
nal to a single-antenna UE through beamformer f ∈ CNBS×1.
The received signal at UE can be rewritten as

y [n] = α [n]aH (ϕh [n])Θa (θg)a
H (ϕg) fs+ w ∈ C, (5)

where α [n] , ρgρh [n] is the composition channel coefficient
of the BS-RIS-UE channel, w ∼ CN

(
0, σ2

w

)
is the additive

white Gaussian noise, and σw is the variance of the noise. We
consider that f = a (ϕg) / |a (ϕg)|. The AoD of the BS can
be obtained by AoD estimation algorithms [10]. The received
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signal can be written as

y [n]=
α [n]√
NRIS

NRIS∑
ℓ=1

ej[ϕℓ− 2π
λ dRIS(ℓ−1)(cos(ϕh[n])−cos(θg))]s+w.

(6)
At time slot n, the optimal RIS configuration can be

obtained by maximizing the received SNR, i.e.,

Θopt = argmax

∣∣∣∣α [n]aH (ϕh [n])Θa (θg)a
H (ϕg) f

σ2
w

∣∣∣∣2 .
(7)

Substituting (6) into (7), the optimal configuration of ℓ-th
principal diagonal element of RIS matrix can be given as

ϕℓ =
2π

λ
dRIS (ℓ− 1) (cos (ϕh [n])− cos (θg)) , (8)

where ℓ ∈ {1, 2, . . . , NRIS}.

III. BEAM TRACKING ALGORITHM

We apply the EKF in our beam tracking algorithm, because
the EKF can provide excellent performance for nonlinear esti-
mation with low complexity. The EKF operates in a “predict-
update” loop. After receiveing the signal as expressed in (1),
the EKF updates the estimate and the uncertainty of the current
state with the received signal. We consider that an AoA/AoD
estimator is used at the starting point to output estimates for
the proposed beam tracking algorithm. The optimal initial RIS
configuration Θopt [1] can be obtained using (8).

A. State Evolution Model and Measurement Model

The state vector is defined by

x [n] = [R (α [n]) , I (α [n]) , ϕh [n] , θh [n]]
T
, (9)

where α [n] = R (α [n]) + jI (α [n]) is the composition
channel coefficient of the BS-RIS-UE channel. We consider
that α [n] follows the first-order Gauss-Markov model, the
state extrapolation model of is α [n] given by

α [n+ 1] = ρα [n] + ζ [n] , (10)

where ρ is the correlation coefficient, ζ [n] ∼ CN
(
0, 1− ρ2

)
,

and α [0] ∼ CN (0, 1). We assume that a common extrap-
olation model for the AoA/AoD is followed by a Gaussian
process noise and the AoA and AoD are independent of each
other and α [n]. The state evolution model can be written as

x [n] = Fx [n− 1] + u [n− 1] , (11)

where F = diag {ρ, ρ, 1, 1}, u [n] ∼ CN (0,Σu) with Σu =

diag
{
1− ρ2, 1− ρ2, σ2

ϕ, σ
2
θ

}
, σ2

ϕ and σ2
θ are the variance of

the Gaussian process noise.
The measurement model can be represented by the received

signal y [k] as

y [k] = h (x [k]) +w. (12)

B. Robust Complex-valued EKF Algorithm
Since the real and complex mixed numbers will make the

algorithm stop working and inaccurate when encountering
singular matrices. Therefore, we extended and adjusted each
iteration to improve the stability and accuracy. After deriving
the state evolution model and measurement model, the robust
complex-valued EKF recursion is given as

x̂ [n|n− 1] = Fx̂ [n− 1|n− 1] , (13a)

Kn = Pn|n−1J̃
T
k

(
J̃nPn|n−1J̃

T
n

)−1

, (13b)

x̂ [n|n] = x̂ [n|n− 1] +Kn {ỹ [n]− h(x̂ [n|n− 1])} ,
(13c)

Pn|n =
(
I−KnJ̃n

)
Pn|n−1, (13d)

Pn+1|n = FPn|nF
T +Qn, (13e)

where ỹ [n] = [R (y [n]) , I (y [n])], J̃n = [R (Jn) , I (Jn)]
with Jn = ∆xh|x=x̂[n|n−1] which is the Jacobian matrix of
measurement model. Assuming that x̂ [1|0] = x̂0, P1|0 = Σu,
and Qn = Σu does not change with time, where x̂0 is the
estimate from the AoA/AoD estimator.

The total required signaling of the proposed scheme at
each iteration has NUE symbols. Besides, the complexity of
Kalman filter is known to be O

(
N3

UE

)
[17], and the function

O (h (x [n])) could affect the complexity in EKF. Overall, the
complexity of the whole proposed algorithm can be expressed
as max

(
O
(
N2

RIS (NBS +NUE)
)
,O

(
N3

UE

))
.

C. Jacobian Matrix
The measurement model in (12) can be written as

h (x [n]) = H [n]ΘGs

= α [n]a (θh [n])a
H (ϕh [n])Geff ,

(14)

where α [n] , ρgρh [n] is the composition channel coeffi-
cient of BS-RIS-UE channel. For the convenience of rep-
resenting and calculating the Jacobian matrix, let Geff ,
Θa (θg)a

H (ϕg).
The Jacobian matrix of h is defined as an NUE × 4 matrix

as

J = ∆xh =

[
∂h

∂R (α [n])
,

∂h

∂I (α [n])
,

∂h

∂ϕh [n]
,

∂h

∂θh [n]

]
.

(15)
Substituting (14) into (15), the Jacobian matrix of h can be
obtained as

J =


a (θh [n])a

H (ϕh [n])Geff

ja (θh [n])a
H (ϕh [n])Geff

α [n]a (θh [n])
∂aH(ϕh[n])

∂ϕh[n]
Geff

α [n] ∂a(θh[n])
∂θh[n]

aH (ϕh [n])Geff


T

, (16)

where[
∂aH (ϕh [n])

∂ϕh [n]

]
i

=
i− 1√
NRIS

2π

λ
dRIS sinϕh [n]

[
aH (ϕh [n])

]
i
,

(17a)[
∂a (θh [n])

∂θh [n]

]
k

= − k − 1√
NUE

2π

λ
dUE sin θh [n] [a (θh [n])]k ,

(17b)
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where i ∈ {1, . . . , NRIS} and k ∈ {1, . . . , NUE} denote
the elements index of steering vectors in (17a) and (17b),
respectively.

D. Optimal Number of RIS Elements

There exists corresponding optimal number of RIS elements
Nopt

RIS for the proposed algorithm to implement optimal per-
formance with different mmWave channel states. The optimal
number of RIS elements is defined as the number of RIS
elements that minimizes the mean square error (MSE) of
average time slot, which is given by

Nopt
RIS = argmin

1

Nslot

Nslot∑
n=1

E
[∣∣∣ϕ̂h [n]− ϕh [n]

∣∣∣2], (18)

where Nslot is the number of time slots. Optimization based
on binary search tree in [4] is given in Algorithm 1.

Algorithm 1 Algorithm for optimal number of RIS elements.
Input: Minimum number of RIS elements Nmin

RIS , maximum
number of RIS elements Nmax

RIS , initial number of RIS
elements N init

RIS and covariance vector p ∈ R1×2.
Nopt

RIS = N init
RIS,

while Nmin
RIS ̸= Nmax

RIS do
for NRIS = Nopt

RIS : Nopt
RIS + 1 do

for n = 1 : Nslot do
(13a), (13b), (13c), (13d),
index = NRIS mod Nopt

RIS,
[p](index)+1← [p](index)+1 +

1
Nslot

[
Pn|n

]
3,3

,
(13e),

end for
end for
if [p](NRIS+1 mod Nopt

RIS)+1 > [p](NRIS mod Nopt
RIS)+1 then

Nmin
RIS = Nopt

RIS, Nopt
RIS ← ⌊

Nopt
RIS+1

2 ⌋,
else

Nmax
RIS = Nopt

RIS, Nopt
RIS ← ⌊

Nopt
RIS+Nmax

RIS

2 ⌋,
end if

end while
Output: Nopt

RIS.

IV. NUMERICAL RESULTS AND DISCUSSION

Numerical investigations of the performance of the proposed
tracking algorithms are shown in this section. The MSE of es-

timated angle is defined by MSE [n] = E
[∣∣∣ϕ̂h [n]− ϕh [n]

∣∣∣2].

Each MSE curve is obtained by averaging over 103 Monte-
Carlo simulation loops. If not mentioned again, we set that
NBS = NRIS = 16, NUE = 1, the initial AoD is 45◦,
ρ = 0.995, and σ2

ϕ = (0.5◦)
2. The impact of SNR, the number

of RIS elements, and the comparison of mmWave mobility
systems with and without RIS [13] are considered.

A. Comparsion to Conventional Training-based Method

The comparsion of MSE performance between the proposed
scheme and training-based at different SNRs is shown in Fig.
2. Assuming that M training beams uniformly distributed in

0 5 10 15 20
SNR (dB)

2

2.5

3

3.5

4

4.5

5

5.5

6

M
SE

10-3

Fig. 2. Comparsion of MSE of proposed scheme with training-based method
versus different SNRs.

Fig. 3. MSE of AoD versus each time slot at SNR = 0 dB with different
number of RIS elements.

directions are transimitted in beam training step, the one with
the highest received signal power will be selected. It is noticed
that the proposed scheme achieves 17% performance gain in
MSE compared to the conventional training-based method.
The reason is that, with the angle variation caused by mobility,
more time is allocated to beam training step to track alignment,
which increases the AoD estimation error.

B. Impact of the Number of RIS Elements

Figure 3 shows the MSE of AoD at SNR of 0 dB. With
the increase of the number of RIS elements, the performance
of MSE is not improved as expected. However, when a larger
number of RIS elements, i.e., NRIS = 64, is configured, MSE
performance is even worse than that of NRIS = 4. The reason
is that the beams get narrower due to large number of RIS
elements, e.g., NRIS is greater than 16, which make the change
in the AoA/AoD becomes more sensitive to the changes in
AoA/AoD. However, while the beam become narrow enough
as in the NRIS = 64, the AoA/AoD is out of the range of
alignment due to the Gaussian process noise, which causes a
poor tracking performance, i.e., the increase of MSE. Small
number of RIS elements, e.g., NRIS is less than 16, is not
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Fig. 4. Optimal number of RIS elements with different σ2
ϕ and SNRs.
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Fig. 5. Tracking performance of the mmWave system with and without RIS.

sensitive enough to track the change of the Gaussian process
noise, while a large value of NRIS causes misalignment during
the signal transmission.

C. Optimal Number of RIS Elements

Nopt
RIS versus different σ2

ϕ and SNR is shown in Fig. 4. In
this simulation, it is assumed that Nslot = 100, Nmin

RIS = 1,
Nmax

RIS = 128 and N init
RIS = 64. As the SNR increases,

the optimal number of RIS elements becomes smaller, since
increasing the SNR can significantly improve the mmWave
channel conditions, and thus enhance the performance. As the
Gaussian process noise variance σ2

ϕ increases from (0.5◦)
2 to

(1◦)
2, the optimal number of RIS elements becomes smaller.

However, an accurate algorithm step is more difficult to
be implemented. The reason is that the mmWave channel
becomes hostile, a wider beam is needed to cover the range of
AoD changes. The wide beam will weaken the LoS path of the
mmWave channel between transceivers. Blindly improving the
performance may lead to the degradation of the performance
of the mmWave communication system.

D. Comparison to Prior Work in [13]

Figure 5 shows the comparsion of the performance between
the RIS-aided mmWave system and the mmWave system with-
out RIS [13] at SNR = 0 dB with different Gaussian process

noise. It is shown that the RIS-aided mmWave mobility system
has 37% smaller MSE during the transmission time slots
than no RIS system. With the assistance of RIS, the channel
condition between the BS and the UE is improved, while the
performance of the EKF is enhanced. Moreover, it is noticed
that, as the Gaussian process noise variance is small, i.e.,
σ2
ϕ = (0.25◦)

2, the gap between the two curves becomes tight,
the reason is that as the angle change is not so drastic, the two
systems have similar performance.

V. CONCLUSION

In this paper, we studied an RIS-aided mmWave mobility
system. A robust complex-valued EKF scheme was employed
to implement the beam tracking algorithm and the Jacobian
matrix of the measurement model was derived. We investi-
gated that the proposed scheme achieved 17% performance
gain compared with conventional training-based method. The
impacts of the number of RIS elements was explored. We
showed that there existed corresponding optimal number of
RIS elements to minimize the MSE of the calculated angle for
different mmWave channel conditions. Moreover, the optimal
number of RIS elements were quantified with different SNRs.
By comparing the mobile mmWave system with or without
RIS, we found that RIS improved significantly the beam
tracking performance by 37%.
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