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Abstract— Unmanned aerial vehicles (UAVs) and millimeter-

wave frequencies play key roles in supporting 5G wireless 
communication systems. They expand the field of wireless 
communication by increasing the data capacities of 
communication systems and supporting high data rates. However, 
short wavelengths, owing to the high millimeter-wave frequencies 
can cause problems, such as signal attenuation and path loss. To 
address these limitations, research on high directional 
beamforming technologies continue to garner interest. 
Furthermore, owing to the mobility of the UAVs, it is essential to 
track the beam angle accurately to obtain full beamforming gain. 
This study presents a beam tracking method based on the 
unscented Kalman filter using hybrid beamforming. The 
simulation results reveal that the proposed beam tracking scheme 
improves the overall performance in terms of the mean-squared 
error and spectral efficiency. In addition, by expanding analog 
beamforming to hybrid beamforming, the proposed algorithm can 
be used even in multi-user and multi-stream environments to 
increase data capacity, thereby increasing utilization in new-radio 
multiple-input multiple-output orthogonal frequency-division 
multiplexing systems. 

Keywords— cellular-connected system; cumulative 
distribution function; coordinated beam selection; fingerprint 
database; signal-to-interference-plus-noise ratio; unmanned 
aerial vehicle. 

 

I.  INTRODUCTION 
In new-radio multiple-input multiple-output orthogonal 

frequency-division multiplexing (NR MIMO-OFDM) systems, 
the use of unmanned aerial vehicles (UAVs) is increasingly 
attracting attention as they play crucial roles in 5G NR systems 
because of their high-altitude, flexibility, and mobility 
characteristics. Various types of UAVs are currently used in 
different situations. For example, a high-level UAV platform 
can extend the range of the radio area to be serviced, whereas a 
relatively low-level platform can help easily access time-
sensitive systems. In addition, in hotspot areas where network 

usage is increasing rapidly, if the data capacity can be increased 
using a UAV as the base station (BS), the problems of excess 
data traffic can be solved [1], [2]. The massive multiple-input 
multiple-output (m-MIMO) technology, which increases data 
transmission and reception efficiency through multiple antennas, 
is also a promising approach that supports high data rates in NR 
MIMO-OFDM systems [3]. Moreover, if UAVs and millimeter-
wave frequencies can be integrated into NR MIMO-OFDM 
systems, the wireless communication area coverage can be 
expanded by increasing the data capacity, thus enabling high 
transmission speeds of 5G systems.  

However, short wavelengths resulting from high millimeter-
wave frequencies can cause problems, such as signal attenuation 
and path loss. To overcome these drawbacks, researchers have 
increasingly focused on high-directionality beamforming 
techniques [4]. Given the full beamforming gain and high 
mobility of UAVs, it is essential to obtain accurate beam angles. 
Furthermore, accurate beam tracking techniques are essential in 
UAV-enabled NR MIMO-OFDM systems. Therefore, in this 
study, we propose an unscented Kalman filter (UKF)-based 
beam tracking method using hybrid beamforming. 

II. SYSTEM MODEL AND CHANNEL MODEL 

A. Cellular downlink systems 
In this study, we considered a downlink UAV-enabled NR 

MIMO-OFDM system where a UAV-BS served as the ground-
user equipment (G-UE). 

The zenith and azimuth angles in the transmitter are denoted 
by  (zenith angle of departure, ZOD) and  (azimuth angle of 
departure, AOD), respectively, and the corresponding angles in 
the receiver are denoted by  (zenith angle of arrival, ZOA) and 
  (azimuth angle of arrival, AOA), respectively. The angle 
notations follow the definitions specified in the 3GPP TR 38.901 
v16.1.0 [5]. 
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Both the transmitter-side UAV-BS and receiver-side G-UE 
had antenna arrays in the form of a uniform planar array (UPA) 
placed evenly on the xy-plane, as shown in Fig. 1. The 
beamformer and combiner vectors are given by  ( ∈
()×)  and  ( ∈ ()×) , respectively. When a 
transmission signal   is transmitted, the received signal is 
given by (1). The notation  ( ∈ ()×()) represents 
a 3D channel between the UAV-BS and G-UE in the ℎ 
transmission time interval (TTI). Moreover,  is additive white 
Gaussian noise that follows a normal distribution given by 
~(0, ) and is applied in the ℎ TTI.  

 =  + . (1) 

 
Fig. 1. Uniform planar antenna array used for the transmitter and receiver. 

B. Channel model 
In the NR MIMO-OFDM communication system proposed 

herein, we considered a slow-varying channel model where the 
channels did not change within a given TTI but did between 
TTIs [6]. However, this cannot explain the rapid movement of 
the UAV, so finding another beam tracking method by 
considering this characteristic will be a future research task. We 
express the -scatterer channel model in (2) by applying the 
antenna array response vector ((,, ,)) at the transmitter 
and receiver sides. Here, the path gain is represented by , and 
is calculated using (3). Further, the attenuation degree of the 
signal is ,,  and   represents the distance between the 
transmit antenna and receive antenna along the path l, as shown 
in Fig. 1. The antenna array response vectors of the uniform 
square planar array configurations of both the transmitter and 
receiver can be modeled as shown in (4) [7]. Here, the antenna 
indexes of the elements along the horizontal and vertical axes in 
the antenna array are represented as   (0 <  <  −
1) and  (0 <  <  − 1), respectively, and the total number 
of antennas is  . 

 =  ,(, , , ) (, , , ),



 (2) 

, = ,
 , (3) 

(, ) =


√ (1, … ,  (  () ()  () (), 

      … ,  (()  () ()()  () ()]). 
(4) 

  

However, most millimeter-wave frequency signals cause 
signal losses owing to obstacles, such as buildings and people. 
Consequently, most of the signal power transmitted from the 
UAV-BS to the G-UE is from the line-of-sight (LOS) path [8], 
[9]. Therefore, in the UAV-enabled NR MIMO-OFDM 
proposed in this study, only the LOS path was considered. The 
channel vector can be expressed as in (5), where the variables 
have the same meanings as noted previously. 

 = (, ) ( ,  ),  (5) 

 

III. UNSCENTED KALMAN FILTER-BASED BEAM TRACKING 
USING HYBROD BEAMFORMING 

A. Hybrid beamforming 
Beamforming is a technology that allows multiple antennas 

to be arranged at regular intervals to create an antenna beam in 
a specific direction by changing the amplitude and phase of the 
signal supplied through each antenna to transmit and receive 
strong signals. In particular, in the case of 5G systems that use 
high-frequency millimeter waves, the wavelength is small; thus, 
the separation between antennas can also be reduced, enabling 
integration of m-MIMO technology in antennas with high 
densities. Therefore, the application of beamforming techniques 
through square planar antenna arrays to the NR MIMO-OFDM 
system in this study can lead to expanded cell coverage and 
increased transmission speeds. 

Beamforming technologies can be divided into analog, fully 
digital, and hybrid beamforming. Analog beamforming involves 
the application of a beam generator to the radio frequency (RF) 
stage. This method has a relatively low implementation 
complexity, but it is difficult to implement an arbitrary 
beamforming matrix. Further, it has the disadvantage of being 
limited to one user and a single transmission and reception flow. 
In the case of fully digital beamforming, the beamforming 
generators are applied to the baseband. Beamforming can be 
applied by allocating different frequency resources to each user 
in the cell, thus forming a beam for multiple users 
simultaneously. In addition, an arbitrary beamforming matrix 
can be implemented using digital signal processing to facilitate 
interference and power control between the users. However, 
implementing this method consumes extensive hardware 
resources. It also has the limitation of high processing 
complexity. Therefore, in this study, we used hybrid 
beamforming to apply beam generators to both the RF stage and 
baseband. In other words, we used analog and electronic 
beamforming simultaneously.  
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B. UKF-based beam tracking 
This section introduces the UKF-based beam tracking 

scheme [4], [10]. In this study, the channel angle vector is 
defined as shown in (6); for convenience, this is called as a state 
vector. Here, the state vector variation equation follows (7), and 
 ( ∈ ×)  represents the Gaussian noise. Additionally, 
 follows the normal distribution (0, ), and  ( = ) 
is a 4 × 4 matrix of channel angle variance () that indicates 
how fast the channel changes. In a real system, the channel angle 
variance depends on the ZOD( ), AOD( ), ZOA(), and 
AOA(  ). However, for computational convenience, we 
assumed the same values for these in the study. 

 = [       ], (6) 

 =  + , (7) 

The signal received by the proposed UKF-based beam 
tracking scheme is represented through (8). Since   and  are 
complex forms, (8) can be redefined as (9) and (10). The 
nonlinear measurement function is expressed using 
() and (), as shown in (11). 

 

 =  +  =
 (, )( ,  ) + , 

(8) 

 =  ()
  () =  (    + )

  (    + ), (9) 

 = [ ()   ()], 

 ~ (0, ), 

 = 

 , 

(10) 

() = (), 

() = (), 
(11) 

The initial state vector and covariance were calculated using 
(12) and (13): 

  = [], (12) 

 = [( −  )( −  )], (13) 

To predict the next state vector, the previous state vector was 
used. Therefore, the state vector and covariance were predicted 
using (14) and (15), respectively. Here, the state index is 
represented as , which is an integer greater than or equal to 1. 

 
 =  , (14) 

 =  + , (15) 

The UKF-based beam tracking method proposed herein 
tracks angles by estimating the motion state of the UAV as a 
Gaussian distribution by substituting several sample points 
called sigma points into a nonlinear measurement function. 

Here,   represents the (2n + 1) sigma points, as shown in 
(16), where the value of  is 4, the dimension of the state vector, 
as shown in (6). 

  = [      …   ], (16) 

Each element of   can be calculated through (17). Here, 
the -th column vector of the matrix shown in (15) is represented 
as ()(), and the weights in (17) can be calculated through 
(18). Here,  is a scaling variable, and α is a constant indicating 
the degree to which the sigma points are spread around the 
predicted state vector ( 

). Here, the constant α is usually set to 
a small positive value within the range 10 ≤ α ≤ 1 and was 
calculated as 10  in this study. The constant   represents a 
quadratic scaling variable and was calculated as (3 − ). 

  =  
, 

  =  
 +  

()
,  = 1, … , , 

  =  
 −  

()
,  =  + 1, … , 2, 

(17) 

 = √ + , 

 = ( + ) − , 
(18) 

As in the process of (19), the previously calculated sigma 
points were substituted into the non-linear measurement 
function, and the result is expressed as  ( =
[    …  ]). 

 = [( )  ( )],  = 0, … , 2, (19) 

The state vector and auto-covariance can be estimated from 
the Gaussian distribution using the output value ( ) of the 
nonlinear measurement function. (20) represents the process of 
estimating the state vector, and (21) shows the process of 
estimating the auto-covariance. The weights used for each 
calculation are expressed in (22). When estimating the 
distribution of the state vector (), the value   was set to 2 
because the estimated distribution followed a Gaussian 
distribution. 

 = ∑ 


 , (20) 

() = ∑ 
[ − ][ − ]

 + , (21) 

 = 
, (22) 
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 = 
 + (1 −  + ), 


 = 

 = 
(),  = 1, … , 2, 

The cross-covariance between the state vector (  
 ) 

previously predicted through (14) and state vector (  ) 
estimated through (20) can be calculated using (23). 

() = ∑ 
[  −  

][ − ]
 , (23) 

The UKF Kalman gain () can be calculated using (24) with 
the previously calculated auto-covariance (() ) and cross-
covariance (()). Additionally, using the calculated Kalman 
gain values, we modified the state vector ( 

) and covariance 
() predicted in (14) and (15). (25) denotes the final estimate 
of the current channel angle vector ( ), and (26) represents the 
final covariance of the channel angle vector (). Both values 
were used for beam tracking in the following state. The UKF-
based beam tracking scheme is summarized in the flow chart in 
Fig. 3. 

 = ()()
 , (24) 

  =  
 + [ − ], (25) 

 =  − (). (26) 

IV. SIMULATION RESULTS 

A. Simulation setup 
Table I outlines the simulation system parameters. The 

simulations were performed based on the UAV-enabled NR 
downlink MIMO-OFDM system, which was configured to have 
a system bandwidth of 100 MHz in the frequency band of 30 
GHz. 

Table I. System parameters. 
Parameter Values 

Carrier frequency (GHz) 30 
System bandwidth (MHz) 100 
Sub-carrier spacing (kHz) 60 
Modulation/demodulation 

method QPSK 

UAV-BS antenna configuration UPA : 16 × 16 
G-UE antenna configuration UPA : 4× 4 

Number of RF chains 8 / 16 
Antenna spacing 0.5 

Initial ZOD/AOD/ZOA/AOA 

4 

Number of streams 1 
 

B. Performance evaluation 
An existing work on comparative analysis proposes a UKF-

based beam tracking technique using analog beamforming [10], 
so our study compares and analyzes the case of using analog and 

hybrid beamforming to evaluate the performance improvement 
by the proposed technique. The mean square error (MSE), frame 
error rate (FER), throughput, and spectral efficiency (SE) were 
used as the performance indicators. In addition, all the 
performance indicators were based on AOD. In the case of MSE, 
it was calculated using (27). Because the remaining ZOD, AOA, 
and ZOA showed similar patterns to the AOD, only the AOD 
components have been covered in this study. 

  = [   −    ]. (27) 

 

 
Fig. 2. Comparison of beam tracking performances based on the UKF 
according to beamforming type (MSE). 

Fig. 2 shows the simulation results and comparison of the 
performances with respect to MSE based on the beamforming 
type. When the UKF-based beam tracking was performed using 
hybrid beamforming, it was found that the MSE improved to a 
greater extent than when analog beamforming was used. 

 
Fig. 3. Comparison of beam tracking performances based on the UKF 
according to the number of RF chains (MSE). 

Fig. 3 shows the simulation results for comparison of the 
MSE performances according to the number of RF chains when 
using hybrid beamforming. The simulations were conducted for 
8 and 16 RF chains. As seen in Fig. 3, the performance was 
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improved when the number of RF chains was 16 instead of 8. 
Thus, in the following simulations, when hybrid beamforming 
was used, the experiments were conducted with 16 RF chains. 

Fig. 4 shows the results of analyzing the MSE performances 
of the UKF-based beam tracking algorithm when using hybrid 
beamforming at different signal-to-noise ratios (SNRs). As the 
SNR increased, the estimated MSE of the AOD gradually 
decreased. In this case, the channel angle variance () was set 
to (0.5°) to perform the simulations. 

 
Fig. 4. Comparison of beam tracking performances based on the UKF 
according to signal-to-noise ratio (SNR) (MSE). 

Fig. 5 shows the simulation results of analyzing the MSE 
performance of the proposed algorithm according to channel 
angle variance (). As the value of the channel angle variance 
increased, the channel changed rapidly and beam tracking based 
on the UKF became difficult. Consequently, as can be seen in 
Fig. 5, the MSE of the AOD increased. The SNR was set to 20 
dB. 

 
Fig. 5. Comparison of beam tracking performances based on the UKF 
according to the channel angle variance (MSE). 

 
Fig. 6. Comparison of beam tracking performances based on the UKF 

according to the beamforming type (FER). 

 

 
Fig. 7. Comparison of beam tracking performances based on the UKF 

according to the beamforming type (Throughput). 

 

 
Fig. 8. Comparison of beam tracking performances based on the UKF 

according to the beamforming type (SE). 

Figs. 6, 7, and 8 show the FER, throughput, and SE, 
respectively, based on analog and hybrid beamforming. When 
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simulating the SNR in intervals of 5 dB, from 0 dB to 40 dB, it 
was observed that for hybrid beamforming, the performance 
improved compared to that of analog beamforming.  

Analog beamforming is a method of adjusting the phase by 
generating only one beam at a time using one RF chain. 
Although this approach is good in terms of hardware 
implementation, it has the disadvantage of being too expensive 
as well as limited to one user and one stream. On the other hand, 
hybrid beamforming is a method of simultaneously adjusting the 
phase of the baseband using multiple RF chains and digital 
signal processing of the baseband, and analog and digital 
beamforming are applied at the same time. Since a small number 
of phase regulators can be used to adjust the balance between the 
spectral and hardware efficiencies, we can predict better 
performance than with analog beamforming. 

V. CONCLUSION 
This study proposes a UKF-based beam tracking method 

using hybrid beamforming in a UAV-enabled NR MIMO-
OFDM system. The proposed algorithm uses a nonlinear 
measurement function at several sample points called sigma 
points to estimate the motion state of the UAV as a Gaussian 
distribution while tracking the beam angle. In addition, by 
utilizing hybrid beamforming, the proposed method can be 
applied to multi-user and multi-stream environments over 
existing algorithms that are limited to single-user and single-
stream environments, thus increasing the data capacity and 
utilization in 5G systems. The simulation results confirm that the 
proposed algorithm can track channel angles accurately with 
high spectral efficiency at the transceiver. The future research 
challenges include evaluating the performance of the algorithm 
by applying it to multi-user and multi-stream environments [11]. 
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