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Mitigating the Impact of UAV Fluctuations on
Air-to-Ground Wireless Communications in the

Presence of Channel Aging
A. Regilane L. Paiva, Walter C. Freitas Jr, Yuri C. B. Silva, Roberto P. Antonioli, and Gábor Fodor

Abstract—Recent works have pointed out that uncrewed aerial
vehicle (UAV) platform fluctuations due to jittering, wobbling and
shaking degrade the performance of air-to-ground wireless sys-
tems. Similarly, recent works have shown that the air-to-ground
wireless channel suffers from the effect of channel aging due to
the high mobility of UAVs. Delays inherent to the network, high
Doppler frequencies and hardware impairments accentuate this
effect, as well as fluctuations in the UAV platform. Unfortunately,
the literature still lacks appropriate channel models that take into
account the influence of UAV fluctuations on the channel aging
autocorrelation function, which is an essential requirement for
channel prediction-based mitigation solutions. Therefore, in this
paper, we develop autocorrelation functions that are appropriate
for evaluating and mitigating the impact of UAV fluctuations on
the performance of the air-to-ground channels. We demonstrate
that the UAV fluctuations affect the time autocorrelation function
of the channel, and consequently the coherence time, exacerbating
the effects of channel aging. Furthermore, this effect is accentu-
ated with an increasing distance between the antennas and the
centroid of the UAV, and with increasing the carrier frequency.
We propose a channel predictor based on an extended Kalman
filter and develop autocorrelation functions to mitigate the impact
of channel aging with UAV fluctuations on the spectral efficiency
(SE). Then, we observe that considering statistical models of UAV
fluctuations in the channel predictor design can improve SE.

Index Terms—channel aging, channel prediction, extended
Kalman filter, jittering, uncrewed aerial vehicle

I. INTRODUCTION

A. Background

Recently, the industrial and academic communities have
focused efforts on the research and development of wireless
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communication systems that serve the digital airspace, includ-
ing broadband connectivity services to uncrewed aerial vehi-
cles (UAVs) [1]. As the literature points out [1], [2], [3], [4],
to meet the connectivity demands imposed by digital airspace
services provided by UAVs, including autonomous delivery,
monitoring and inspection, precision agriculture, emergency
assistance, surveillance, security, and more, there is a need for
improved command, control, and data specifications in com-
munication between UAVs and the serving base stations. These
requirements concern factors such as long range, high energy
efficiency, low latency, low interference, bandwidth, reliability,
security, and others. Meeting these requirements presents chal-
lenges for traditional ground-to-UAV communication. Sixth
generation (6G) networks serving UAVs offer solutions to meet
these requirements [5], [6]. However, due to its characteristics
of distributed or co-located massive multiple-input multiple-
output (MIMO), an essential requirement for this integration is
the acquisition of instantaneous air-to-ground wireless channel
state information (CSI) [6], whose inaccuracy impacts the
overall performance of the network.

Several factors contribute to errors or imperfections in
CSI during the training and estimation stages in massive
MIMO systems. For example: spatially uncorrelated channel,
reception noise, high mobility, high carrier frequencies and
interference [7], in addition to antenna disturbances [8] and
scatterers, hardware impairments [9] and delays [10]. Factors
such as mobility, antenna disturbances and hardware impair-
ments, prevalent in air-to-ground wireless communications,
result in continuous variations of the channel on a small scale,
causing the channel samples to decorrelate gradually over
time. This gradual decorrelation leads to a mismatch between
the CSI and the instantaneous channel response, resulting in
the phenomenon of channel aging [11].

For UAV communication, antenna disturbances are fluc-
tuations on the UAV platform caused by jittering, wobbling
and shaking, due to wind gusts, adverse weather conditions,
interference in the control system, malfunctioning sensors or
vibrating rotors/propellers during movement, hovering, takeoff
and landing [12], [13], [14]. When antennas are installed
on the UAV platform, axis fluctuations (pitch, yaw and roll)
induce random attitude variations in the antenna array, making
its expected response inaccurate.

Unlicensed millimeter wave (mmWave) bands and hybrid-
beamforming architecture have been explored to achieve high-
performance as well as low-latency connectivity in network-
connected UAVs [1], [15], [16], [17]. However, when com-
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pared to microwaves, mmWave communication links have
shorter wavelengths, therefore being more susceptible to loss
due to absorption, scattering, and blocking, as well as to
variations due to mobility and disturbance of antennas and
scatterers. Therefore, it is reasonable to expect that jitter-
ing/wobbling will have a significant impact on mmWave
communication in network-connected UAVs.

B. Related work

Recent studies, motivated by the inevitable UAV platform
fluctuations [12], [13], [14], have evaluated the impacts of
jittering/wobbling on UAV communication [18], [19], [20],
[21], highlighting that these effects significantly interfere in
network management and optimization operations, such as:
energy efficiency, power allocation, security, channel esti-
mation, beam management and sensing. These observations
motivate research into modeling and analyzing the effects of
jittering/wobbling on the correlation function of aerial wireless
channels.

In [22], the authors conduct an analytical study of UAV-
based mmWave line of sight (LoS) links under hovering
Gaussian fluctuations. They employ antenna directivity gain
and beam misalignment as a strategy to mitigate UAV fluctu-
ation errors. Correlation function models based on geometry-
based stochastic model (GBSM) achieve greater accuracy by
integrating simplified ray-tracing with statistical scatterer dis-
tributions. This combination enables a comprehensive frame-
work for channel analysis, encompassing variations in multi-
path components (MPCs), spatial correlation, path clustering,
directivity, and scatterer densification. GBSM analysis was
employed in [23] to assess the impact of UAV rotation
relative to the pitch axis, modeled with a deterministic periodic
function. However, the authors constrained the placement of
the UAV, user equipment (UE), and antennas, thus preventing
the evaluation of the location of the antenna relative to the
UAV platform on jitter, as well as hindering the reusability
of these models for network channel prediction methods. In
[24], random jittering/wobbling on the pitch axis is modeled as
a Wiener and sinusoidal process, where the distance from the
antenna to the centroid of the UAV is considered. In [25], jitter
analysis in air-to-air communication is done similarly to [23]
and [24]. Since the sources of disturbance are not only wind,
but can also come from internal vibrations and instabilities, the
authors in [26] propose to consider the effects of jitter on the
three axes: pitch, roll and yaw. In [27], 3D jittering/wobbling
is also considered, but with Gaussian distribution and LoS
link, where beam training that reduces the impact of jitter is
proposed for UAV mmWave communications. Finally, it is also
worth highlighting the study in [28] on jittering/wobbling that
takes into account the radial velocity component of the UAV.

C. Novelty and Contributions

The existing literature provides evidence of jitter as an
important criterion for optimizing solutions for UAV com-
munication. However, their models are simplified for study
purposes and are not generalizable to wireless communica-
tion networks. Furthermore, the literature lacks methods for

mitigating jitter, and, as far as we know, there are no CSI
prediction solutions aimed at mitigating 3D jittering/wobbling
along with the effect of conventional channel aging. Based on
these studies, observations and background, we are motivated
to analyze and mitigate the impact of 3D jittering/wobbling
in air-to-ground wireless communications, focusing on ad-
dressing channel aging inherent to network-connected UAVs
with space-time CSI Bayesian prediction, where general space-
time correlation functions considering the jitter effect are
necessary. The main related works with their characteristics
and configurations are listed and compared with those of the
present paper in Tab. I (at the top of next page).

This work addresses the following questions, which form
the main contributions:

� How does jittering/wobbling imply channel aging? From
the perspective of GBSM, variations in antenna attitude
cause small-scale changes in path length, thereby affect-
ing the phase of signal replicas. Since angular variations
can lead to beam misalignment and phase shifts can alter
the interference profile of MPCs, we demonstrate that
random fluctuations in the UAV platform can have a
significant impact on channel aging.

� Is it possible to model the channel using a steering vector
while considering the effects of jittering/wobbling? The
steering vector-based channel model offers advantages
for analyzing and implementing channel estimators, pre-
coders, or receivers, as it allows for the separation of
the channel model into the antenna array model and
the fading model. We demonstrate that this separation
remains viable with GBSM.

� Does the placement of antennas on the UAV platform
affect the impact of jittering/wobbling on the channel
aging? We demonstrate that the further the antennas are
positioned from the UAV centroid, the more pronounced
the jitter becomes. This is attributed to the widening
angular aperture of the UAV’s swinging motion, leading
to greater variations in path length.

� Can the integration of channel correlation function with
jittering/wobbling into Bayesian channel predictor de-
signs compensate, even partially, the effects of chan-
nel aging on spectral efficiency (SE)? The answer is
yes. To demonstrate this, we develop general autocor-
relation functions (ACFs) considering jitter and observe
its impact on the downlink rate of single-user multi-
stream communication between an access point (AP) and
UAV, operating with mmWave bands, uniform planar
array (UPA) and hybrid precoders under non-isotropic
scattering conditions, typical of small cells and cell-
free environment [29]. Next, we propose a directional
CSI predictor based on extended Kalman filter (EKF)
[30], P -order autoregressive (AR) process, or AR(P ) and
the ACFs determined to mitigate its impact. Then, we
show, through numerical simulation, that the effect of
fluctuations on the downlink data rate can be partially
overcome using an EKF predictor.

This paper is structured as follows. Section II describes the
proposed system model and theorems, the proofs of which
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TABLE I: Summary of state of the art related to jittering analysis.

Reference UAV Fluctuation Analysis Mitigation UAV Communication
& Application Architecture

Mohammad et al. [22]
– 3D hovering fluctuations
– Gaussian deviation model
– 3D LoS channel

Adjustment of antenna
directivity gain

– UAV-assisted network
– Point-to-point
directive communication
– BS-to-UAV
– UAV-to-UAV

ULA mmWave

Zhangfeng et al. [23]

– 1D rotations
– Nonrandom
– Simplified 3D GBSM channel
– Space-time-frequency CF

no
– Point-to-point
directive communication
– UAV-to-UE

ULA sub-6 Ghz

Morteza Banagar et al. [24]

– 1D wobbling
– Wiener and sinusoidal process
– Simplified 3D GBSM channel
– Time ACF

no – UAV-to-UE Single antenna
sub-6 Ghz

B. Yang and W. Zhang [25]
– 1D wobbling
– Space-time CF
– Simplified 3D GBSM channel

no – UAV-to-UAV ULA sub-6 Ghz

Xiaobo Yan et al. [26]

– 3D wobbling
– Sinusoidal process
– Simplified 3D GBSM channel
– Time ACF

no – UAV-to-UE Single omni.
Antenna sub-6 Ghz

W. Wang and W. Zhang [27]
– 3D wobbling
– Gaussian deviation
– 3D LoS channel

Beam training scheme
Assisted by navigation

Information

– BS-to-UAV
– Point-to-point
directive communication

UPA mmWave

Songiiang Yang et al. [28]

– 1D wobbling
– Gaussian process
– 3D LoS channel
– Time ACF
– Radial velocity

no – BS-to-UAV Single omni.
Antenna mmWave

Present paper

– 3D wobbling
– Wiener process
– General 3D GBSM channel
– Space-time CF

Channel prediction
based on EKF-AR(P )

– Network-connected UAV
– AP-to-UAV
– Point-to-point MIMO
– Channel aging

UPA mmWave

are presented in Appendices A and B. Section III explains
in details the proposed predictor. Section IV presents the
main numerical results and discussions. Finally, Section V
summarizes the main insights and concludes our research.

(�)y and (�)> denote the Hermitian transpose and transpose
of a matrix/vector, respectively. j � j, k�k and k�kF the absolute
value of a scalar, the norm of a vector and the Frobenius norm
of a matrix, respectively. [A]n;m and [a]n denote the (n;m)-
th element of the matrix A and (n)-th element of the vector
a, respectively. f(�) and f [�] denote continuous and discrete
argument function, respectively. E[�], diag(�), h�i and .

x denote
the statistical expectation, diagonal of the matrix, inner product
and first order derivative, respectively.

II. SYSTEM MODEL

Let us consider a single user MIMO system, where the AP
and UAV are equipped with a UPA of NA = Nx�Ny antenna
elements and NRF radio frequency (RF) chains in a fully-
connected hybrid beamforming (HBF) architecture, with NS

streams multiplexing capability, such that NS � NRF < NA.
The AP is connected to a central processing unit (CPU) via
error-free fronthaul link [31]. We consider a single frame
divided into �S time-slots. The communication is divided into
two phases: uplink training and downlink data transmission
[32]. The downlink channel is considered to be reciprocal to
the uplink channel, an assumption that holds true in time
division duplex (TDD) mode [33]. The system model is
discrete and described as a function of the time-slot index
n. We consider that a time-slot contains a resource block and

that the channel aging delay is one time-slot. The duration of
a time-slot is defined based on the symbol period Ts.

A. Space-Time Channel Model

A UPA is installed on the UAV platform at a relative
distance from the UAV centroid, experiencing periodic fluctua-
tions in attitude due to sources of adverse instability. Consider
the local coordinate system (LCS) of the antenna elements
transmitter (superscript T) with uniform spacing �T

A0p =

24 0:5�T
�
NT
x � 2px + 1

�
0:5�T

�
NT
y � 2py + 1

�
0

35 (1)

and of the receive antenna elements (superscript R) with
uniform spacing �R

A0q =

24 0:5�R
�
NR
x � 2qx + 1

�
0:5�R

�
NR
y � 2qy + 1

�
0

35�CUAV0 ; (2)

where CUAV0 = [cx; cy; cz]
> is the relative position of the

centroid of the UAV platform. Assume that the UPAs are
mounted in the xy-plane. We define the global coordinate
system (GCS) with respect to the origin O as:

Ap = R(0)A0p (3)

and

Aq(t) = R(t)A0q ; (4)

where R is the global rotation matrix defined in (5) (top
of the next page), 	X 2 [��; �], 	Y 2 [��=2; �=2] and
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	Z 2 [��; �] represent the roll, pitch and yaw rotation angles,
respectively. Here we represent the indices of the antenna
element of a UPA by vectors p = [px; py] and q = [qx; qy],
and we map each vector to a scalar, such as p! p and q ! q,
when convenient.

We adopt spherical coordinates in the convention where
� 2 [��; �] (azimuth) and � 2 [��=2; �=2] (elevation). AP
and UAV locations are represented in relation to the global
origin by distance vectors DAP and DUAV, respectively. We
assume that the transmission is from the AP to the UAV, and
the LoS angles are determined with respect to the transmitter.
We also define the following types of distance vectors: from
the transmitter T to the scatterers cluster S, denoted by DTS;
from the receiver T to the scatterers cluster S, denoted by
DRS; and from the transmitter T to the receiver R, denoted
by DLoS. Likewise, we add the subscript ls to the distance
vectors DTS and DRS to denote the s-th intra-path of the l-th
cluster. The mobility of the UAV is represented by the velocity
vector vUAV. Lastly, we define the unit propagation vector as
follows:

k(�; �) :=
D

kDk2
=

24 cos� cos �
sin� cos �

sin �

35 ; (6)

where D is an arbitrary distance vector. The superscripts AP,
UAV, LoS, TS and RS are used in the other channel path
parameters for the same definitional purpose.

Simplified channel models based on steering vectors are
prevalent in the literature [34]. These models provide a
framework for designing channel estimators and minimum
mean square error (MMSE) receivers. Consequently, it is
crucial to assess the applicability of such models in the context
of air-to-ground wireless channels, accounting for the effects
of UAV platform fluctuations and their potential impact on the
correction function. To this end, we introduce the following
theorems (our model was inspired by 3D-GBSM papers [35],
[36], [37], [38]):

Theorem 1. The air-to-ground channel response, single-
bounced at the Tx side (SBT), with antenna attitude fluctu-
ations can be approximately expressed in terms of complex
gain and steering vector:

HSBT
ls (t) � gSBT

ls (t)aUAV

�
�RS
ls ; �

RS
ls ; t

�
ayAP

�
�TS
ls ; �

TS
ls

�
;
(7)

where

HSBT
pq;ls(t) � gSBT

ls (t)aq
�
�RS
ls ; �

RS
ls ; t

�
a*
p

�
�TS
ls ; �

TS
ls

�
; (8)

such that the non-line of sight (NLoS) complex gain is

gSBT
ls (t) =

q
�SBT
ls exp

�
� j

2�

�

�
kDTS

ls k2 + kDRS
ls k2

��
� exp

�
j

2�

�
tfSBT

d;ls

� (9)

and spatial signature is

a(�; �; t) =
1p
NA

[a1(�; �; t); a2(�; �; t); : : : ; aNA(�; �; t)]
>
;

(10)

with

ap(q)(�; �; t) = exp

�
� j

2�

�
Ap(q)(t)

>k(�; �)

�
: (11)

Proof. The proofs are developed in Appendix A.

Corollary 1. The LoS air-to-ground channel response with
antenna attitude fluctuations can be approximately expressed
in terms of complex gain and steering vector:

HLoS(t) � gLoS(t)aUAV

�
�LoS; �LoS; t

�
ayAP

�
�LoS; �LoS

�
;

(12)

such that the complex gain of the channel is

gLoS(t) =
p
�LoS exp

�
� j

2�

�
kDLoSk2

�
exp

�
j

2�

�
tfLoS

d

�
:

where fLoS
d = hkLoS;vUAVi and DLoS = DUAV �DAP.

B. UAV Platform Fluctuations

Assumption 1. Changes in the elevation (roll), orientation
(yaw) and inclination (pitch) of the UAV array antennas occur
due to engine vibration and turbulence occur periodically.

Consider that 	 is any of the three angles: 	Z (yaw), 	Y

(pitch) and 	X (roll). The UAV platform fluctuations can
be modeled by a sinusoidal process with amplitude A	 and
frequency F	, such that:

	(t) = 	(0) +A	 sin(2�F	t) : (13)

Parameters A	 and F	 can be deterministic [23] or random
[26] in relation to time. The linear approximation for a time-
shift �t around an arbitrary w-axis is:

cos (	(t+ �t)) � cos 	(t)� sin 	(t)
.
	(t)�	�t ;

sin (	(t+ �t)) � sin 	(t) + cos 	(t)
.
	(t)�	�t ;

(14)

then

RW (t+ �t) =

24 + cos 	(t+ �t) 0 + sin 	(t+ �t)
0 1 0

� sin 	(t+ �t) 0 + cos 	(t+ �t)

35
�

24 + cos 	(t) 0 + sin 	(t)
0 1 0

� sin 	(t) 0 + cos 	(t)

35
+

24 � sin 	(t) 0 + cos 	(t)
0 0 0

� cos 	(t) 0 � sin 	(t)

35 .
	(t)�	�t

= RW (t) +
.
RW (t)�	�t ;

(15)

where

RW (t) =

24 + cos 	(t) 0 + sin 	(t)
0 1 0

� sin 	(t) 0 + cos 	(t)

35
and

.
RW (t) =

24 � sin 	(t) 0 + cos 	(t)
0 0 0

� cos 	(t) 0 � sin 	(t)

35 .
	(t) :
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R(t) = RZ(t)RY (t)RX(t)

=

24 + cos 	Z(t) � sin 	Z(t) 0
+ sin 	Z(t) + cos 	Z(t) 0

0 0 1

3524 + cos 	Y (t) 0 + sin 	Y (t)
0 1 0

� sin 	Y (t) 0 cos 	Y (t)

3524 1 0 0
0 + cos 	X(t) � sin 	X(t)
0 + sin 	X(t) + cos 	X(t)

35 :
(5)

For sinusoidal processes as in (13), it follows that:
.
	(t) = 2�A	F	 cos(2�F	t) and �	�t = �t :

Assuming that A	 and F	 are random, the matrices
.

RX(t),.
RY (t) and

.
RZ(t) are also random. Considering that �	�t is

very small and therefore �	2
�t � �	3

�t � 0, we can extend
it to a 3D model:

R(t+ �t) = RZ(t+ �t)RY (t+ �t)RX(t+ �t)

� R(t) +
.
R(t)�	�t ;

(16)

where
.
R(t) =

.
RZ(t)RY (t)RX(t) + RZ(t)

.
RY (t)RX(t)

+ RZ(t)RY (t)
.
RX(t) :

Note that the
.

R(t) matrix contains the jitter in the three axes,
each of which can have different amplitudes and frequencies,
as also indicated in (5).

C. Autocorrelation Function

To comprehend how fluctuations in antenna attitude may
influence the channel coherence time, and consequently, the
extent of channel aging, we formulate the following theorem
concerning the time ACF.

Theorem 2. The time ACF of an intra-cluster air-to-ground
channel of the SBT type with UAV platform fluctuations can
be approximated by:

ACFl(t;q; �t) � �SBT
l E

"
exp

�
j

2�

�
�thkRS

ls ;v
UAVi

�

� exp

�
� j

2�

�
�	�tA

0 >
q

.
R>(t)kRS

ls

�#
;

(17)

where the expectation is related to the distribution of scatterers
and UAV fluctuations.

Proof. The proofs are developed in Appendix B.

Considering the assumption that the LoS component is
deterministic and thus its wave vector kLoS is a non-random
variable, the following corollary arises:

Corollary 2. The time ACF of an LoS air-to-ground channel
with UAV platform fluctuations can be approximated by:

ACF(t;q; �t) ��LoS exp

�
j

2�

�
�thkLoS;vUAVi

�
� E

"
exp

�
� j

2�

�
�	�tA

0 >
q

.
R>(t)kLoS

�#
;

(18)

where the expectation is related to the UAV fluctuations.

Consider the relative coordinates of the antennas in (2).
Replacing A0q within (17), we have the following expectation:

E

"
exp

�
� j

2�

�
�	�tA

0 >
q

.
R>(t)kRS

ls

�#

= E

"
exp

�
� j

2�

�
�	�t

24 0:5�R
�
NR
x � 2qx + 1

�
0:5�R

�
NR
y � 2qy + 1

�
0

35> .
R>(t)kRS

ls

�

� exp

�
j

2�

�
�	�tC

UAV0 > .
R>(t)kRS

ls

�#
;

where it is observed that the distance CUAV0 influences the
phase of the signal replicas and, consequently, the ACF. The
same applies to the LoS component. Therefore, we define the
following corollary:

Corollary 3. The location of the UAV antenna A0q (2) in-
fluences the air-to-ground channel ACF with UAV platform
fluctuations.

III. EKF-BASED PREDICTOR

Channel prediction can be approximated using parametric
functions and correlation functions. The model incorporates
channel correlations with jitter through AR processes. This ap-
proximation enables the implementation of parametric channel
estimators and reduces training overhead [39], [40]. For small
antenna arrays, we neglect the correlation difference between
MIMO subchannels, as demonstrated in the Theorem 1. This is
achieved by separating temporal correlation from spatial corre-
lation. In this way, temporal correlation can be generated using
one-dimensional AR models based on Theorem 2 without the
need for cross-correlation, making it more practical. Therefore,
in this section, we propose a Bayesian predictor of directional
CSI based on EKF and AR(P ) that takes into account the ACF
of the channel with jitter. Using this directional CSI predictor,
it is possible to mitigate the effects of channel aging due to
jittering/wobbling and Doppler shift.

A. Propagation Parameter Transition Model

Consider a time-slot delay between the moment when the
channel is estimated and the moment when the precoder is
applied. Assuming that the ACF is known and given by The-
orem 2, the small-scale gain for each independent dominant
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path1 l at the n-th time-slot can be estimated by

b�l[n] =

PX
p=1

al;pb�l[n� p] + ub�[n] ; (19)

where P is the filter order, al;p 2 C are the filter coefficients
and ub� � CN (0; �2b�;l) is a circular complex white Gaussian
noise (with uncorrelated real and imaginary components). The
coefficients al;p are determined via the Yule-Walker equations
[41].

The stochastic model for the azimuth � and elevation �
components of the angle of arrival (AoA) (subscript A) and
angle of departure (AoD) (subscript D) at the n-th time-slot
are represented by a Gaussian random walk [42]:b�A(D);l[n] = b�A(D);l[n� 1] + u�A(D)

[n] ;b�A(D);l[n] = b�A(D);l[n� 1] + u�A(D)
[n] ;

(20)

where u�A(D)
� N (0; �2

� ) and u�A(D)
� N (0; �2

�), so that �2
�

and �2
� control the angular temporal variation. In this paper,

we assume that these angular variations are sufficiently small
to not influence the ACF. This assumption holds true for short
periods of time.

B. EKF State Model

Consider the following variables in the time-
slot n: �D[n] =

hb�D;1[n]; : : : ; b�D;L[n]
i
, �A[n] =hb�A;1[n]; : : : ; b�A;L[n]

i
, �D[n] =

hb�D;1[n]; : : : ; b�D;L[n]
i
,

�A[n] =
hb�A;1[n]; : : : ; b�A;L[n]

i
, �Re[n] = R

��b�1[n]; : : : ;b�L[n]
��

and �Im[n] = I
��b�1[n]; : : : ; b�L[n]

��
, where R(�)

and I(�) are the real and imaginary components, respectively.
We define the state vector x[n] of order P as:

x[n] = [�A[n];�D[n];�A[n];�D[n];�[n]]
> 2 RDx�1 ;

(21)

where

�[n] = [�[n];�[n� 1]; � � � ;�[n� P + 1]]
> 2 R2LP�1;

and
�[n] = [�Re[n];�Im[n]]

> 2 R2L�1 ;

such that x[n] has dimension Dx = 4L+2LP . Given a channel
time evolution model defined by (19) and (20), the EKF state
transition equation is given by:

x[n+ 1] = Ax[n] + ux[n+ 1] ; (22)

where x[n+1] is the a posteriori prediction and A is the state
transition matrix given by:

A =

�
A1 04L�2LP

02LP�4L A2

�
2 RDx�Dx ; (23)

1The term ”dominant paths” is commonly used in the mmWave channel
models due to its sparse nature. Although the literature does not explicitly
define the origin of these paths, it often considers those with greater gain as
dominant. For instance, these dominant paths could encompass the LoS, a
signal reflected from the ground, or a cluster. If the cluster originates from
a local dispersion, it can be perceived as a single path by the receiver, as
the delays, AoAs, AoDs, and Doppler frequencies of its intra-paths are very
close, which can be represented by the average of its intra-paths, for example.

such that

A1 = I4L 2 R4L�4L ;

A2 =

266664
A2;1 A2;2 � � � A2;P�1 A2;P

I2L 02L � � � 02L 02L

02L I2L � � � 02L 02L

...
...

. . .
...

...
02L 02L � � � I2L 02L

377775 2 R2LP�2LP ;

and

A2;p =

�
R (A2;p) � I (A2;p)
I (A2;p) R (A2;p)

�
2 R2L�2L ;

where A2;p 2 CL�L is the coefficient matrix of the channel
generator AR filter. For uncorrelated channels, it follows that
A2;p = diag (ap) = diag ([a1;p; � � � ; aL;p]). The vector ux is
the innovation process given by:

ux[n] � N (0;Quxux
) 2 RDx�1 ; (24)

such that

Quxux
= BQuxux

B
> 2 RDx�Dx ;

where Quxux
is the covariance matrix of the process noise to

the state vector

bx[n] = [�A[n];�D[n];�A[n];�D[n];�[n]]
> 2 R6L�1;

and
B = [I6L;06L; � � � ;06L]

> 2 RDx�6L :

C. EKF Observation Model

It is possible to train up to N2
RF beam pairs simultaneously

per symbol. Consider an RF beamforming codebook B of size
B = jBj. If the training beamsets FRF 2 CNA�BF and WRF 2
CNA�BW , such that [FRF]:;i � B, [WRF]:;j � B, BF � B and
BW � B, are used for transmission and reception respectively,
the sets can be divided into NF = d BF

NRF
e and NW = d BW

NRF
e

unique parts, like FRF = [FRF;1; � � � ;FRF;NF ] and WRF =
[WRF;1; � � � ;WRF;NW ], then �p = NFNW pilot symbols are
allocated inside each time-slot. The collection of all received
beamforming pilots is given by:

Y[n] =
p
%pFyRFHUL[n]WRF + UUL 2 CBF�BW ; (25)

where %p is the uplink effective power and UUL is the noise
matrix with noise power �2

UL [40].
Building upon Theorems 1 and 2, our parametric model

for estimating the channel of a path l within a specific quasi-
stationary interval [23] starting at t is given by:

bHUL;l[n] = �lb�l[n]aAP

�b�A;l; b�A;l; t
�

ayUAV

�b�D;l; b�D;l

�
; (26)

where bHUL is calculated with the backpropagated predicted
state variable from the EKF as its argument, �l is the time-
invariant total gain and n is the time-slot starting at time t.
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The non-linear observation model based on beamsearch
training is given by:bY[n] = FyRF

bHUL[n]WRF 2 CBF�BW : (27)

However, it is necessary to linearize the observation model
(27) for EKF implementation. A linear approximation is made
by calculating the Jacobian matrix C[n] 2 CDy�6L of bY[n],
so that:

C[n] = [ci;j(bx[n])]1�i�Dy; 1�j�6L ; (28)

with

ci;j(bx[n]) =
@byi(bx[n])

@bxj ; (29)

where byi(bx[n]) is an element of the matrix function bY[n],
Dy = BFBW and i the linear index.

D. EKF Gain

The EKF gain K 2 RDx�Dy is given by:

K[n] = P[n]C>[n]
�
C[n]P[n]C>[n] + Quyuy

��1
; (30)

where P 2 RDx�Dx is the covariance matrix of the a
posteriori prediction error of the state variable x, which is
initialized based on ACF knowledge, and Quyuy

2 RDy�Dy

is the covariance matrix of the measurement noise.

E. Prediction

We assume a channel aging model as in [10], so that
the CSI ages continuously every unit of time, and there is
a delay, inherent to the network, between the training block
and the data transmission block. This delay, influenced by
propagation and processing time, represents the time needed
for each transmitter in the network to update its precoder and
begin data transmission. It is more pronounced in ultra-dense
networks with coherent transmission [11], such as cell-free
networks [29], operating in mmWave band [9]. Then, the
channel is forecasted for one time-slot into the future, enabling
the design of the corresponding precoder without aging based
on the predicted channel. For this purpose, EKF is configured
in prediction mode, so that the filter output corresponds to the
parameters in the time-slot n+ 1.

F. Order of Complexity

Following the concept of asymptotic complexity, the com-
putational cost of the problem treated with the EKF lies in the
inversion of the filter gain matrix:�

C[n]P[n]C>[n] + Quyuy

��1
;

where its dimension Dy � Dy depends on the number of
spatial measurements of the channel BF and BW throughout
training. Therefore, the asymptotic computational complexity
of the EKF, determined based on the matrix inversion op-
eration, number of arithmetic operations and Gauss—Jordan
elimination, is O

�
D3

y

�
.

IV. NUMERICAL RESULTS

In this section, we numerically evaluate the impact of UAV
platform fluctuations on the ACF, specifically 3D jittering, and
demonstrate the benefits of an EKF-based channel predictor
on downlink rate. We evaluate the influence of wavelength,
distance from the centroid, and jitter amplitude on the ACF. To
calculate the correlation functions (17) and (34), we adopted
random jitters, whose probability density functions (PDFs) are:
A	 � U(��A; �A) and F	 � U(F1; F2), with �A repre-
senting the maximum amplitude [24], [26]. For simplicity, we
assume that jittering occurs with the same intensity in all three
axes. The standard simulation setup is presented in Tab. II.

TABLE II: Default simulation setup.

Type Parameter

Numerology
[43]

fc = 28:0 GHz (FR2),
Bandwidth = 200:0 MHz,

Ts = 8:335 + 0:59 = 8:925 �s,
slot = 14 symb., �S = 80 slots,

delay = 1 slot.

Channel
[44], [45], [46]

KR = 0 (NLoS scenario), L = 4,
Path Loss = 120:0 dB

�� = �� = 0:005�, NS = 2,
�AP = 3, �m;AP = �=4, RAP = 30:0 m,

NA = 16, NRF = 8,
Ideal array total gain = 24:0 dB,

Noise power spectral density N0 = −173:8 dBm,
Noise figure = 7:0 dB,

Downlink data effective power %d = 17:1 dB.

Positioning
[23], [26], [24]

DAP = [0; 0; 15:0]>, DUAV = [0; 0; 50:0]>,
vUAV = [0; 0; 0]> m/s (hovering UAV),

ΨAP = [110:0�; 20:0�; 20:0�],
CUAV0 = [0:4; 0:4; 0:4]>,
t = 0 s, �A = 10:0�,

F1 = 5:0 Hz, F2 = 25:0 Hz.

Figs. 1–3 represent parameters that influence the phase shift.
In the ACF, the phase shift is calculated as the ratio of the path
length between the transmitting and receiving antennas to the
wavelength. Therefore, it is expected that the correlation drops
more quickly for shorter wavelengths, as shown in Fig. 1.
However, it is important to note here that mmWave suffers
much more from the increased effect of jittering, making
the adoption of a solution to mitigate UAV fluctuations in
mmWave systems essential. The amplitude of jitter and the
distance from the antenna to the centroid introduce variations
in the path lengths, as depicted in Fig. 4. These variations
can be significant to induce a shift in the signal phase,
consequently altering the ACF, as suggested by Theorem 2.
Fig. 2 provides insights into the reduction in coherence time
due to jitter, indicating that the interval in which the channel
maintains 70:0% correlation for �A = 3:0� is three times
greater than that for �A = 10:0�. Additionally, we observe
from Fig. 3, where c = cx = cy = cz , that the distance
from the antenna element to the centroid has an impact on the
ACF by increasing the variation in path lengths during jitter.
Therefore, the ACF may vary due to jittering, even if the UAV
is hovering in the air. Furthermore, jittering can also influence
the Doppler shift due to the radial velocity component that
arises from the rotational movement [28].

The variation in the correlation of the LoS path is notably
slower compared to that of the multipath, primarily due to the
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f
c
 = 2.4 GHz

f
c
 = 28 GHz

f
c
 = 39 GHz

Fig. 1: Influence of the carrier frequency on
jittering’s impact on the normalized ACF.

A
A
A
A

Fig. 2: Impact of the jittering amplitude on
the normalized ACF.

c = 10cm
c = 40cm
c = 60cm
c = 80cm

Fig. 3: Influence of the distance to the cen-
troid on jittering’s impact on the normalized
ACF.

UAV pla�orm centroid

UAV antenna

wing reference axisji�ering

sca�erer

path

Fig. 4: Path length variation due to jitter.

absence of overlapping phase-shifted signals. In Fig. 5, we
examine the influence of the linear factor KR on jittering. We
observe that the absolute value of the ACF for the LoS path
(KR = 1) with jittering doesn’t remain constant over time,
unlike the ideal scenario. This variance stems from the phase
shift’s fluctuations over time caused by random changes in
the antennas’ attitude due to jitters. Additionally, we noticed
that jittering has a lesser impact on LoS in comparison to
NLoS, although it remains significant. This implies that the
robustness of LoS can mitigate the influence of random jitter
to some extent.

We now evaluate the performance of the proposed EKF
for a moving and jittering UAV. We set the UAV velocity to
vUAV = 10:0k(45:0�; 7:5�) m/s. We adopt the spatially sparse
precoding proposed in [47], along with the associated rate
equation, considering an overhead of 10% for the simulation
setup in Tab. II with a single discrete Fourier transform (DFT)
codebook for uplink training and downlink data transmission.
We consider L = 4 dominant paths2. Then we evaluate the
rate as a function of the effective training signal-to-noise ratio

2In a LoS scenario, we consider one LoS path and three NLoS paths.

K
R
 = 0

K
R
 = 1

K
R
 = 2

K
R
 = 5

K
R
 = 15

K
R
 = Inf

Fig. 5: Influence of the Rician factor on jittering’s impact on the
normalized ACF.

(SNR)3 for projected precoders concerning: ideal CSI (without
estimation errors and aging), aged CSI (without estimation er-
rors) in one time-slot, CSI predicted with EKF–AR(2) consid-
ering ACF with jittering (EKF-J), and without jittering (EKF).
From Fig. 6 we can see an improvement of approximately
5:0 Mbps between the EKF-J and EKF solutions. Also, it is
observed that even in poor SNR conditions, the EKF-J can
still provide good performance. Note that EKF-J is constructed
considering a more realistic ACF, thus not resulting in an
increase in computational cost. Therefore, utilizing a more
sophisticated ACF that incorporates the fluctuations of the
UAV platform is crucial and essential for rate optimization.

V. CONCLUSION

The presence of fluctuations during the hovering and move-
ment phases of a UAV can have significant implications for the
time ACF and, as such, must be carefully considered during

3We define the effective SNR as the one that incorporates array gain in its
calculation.
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Fig. 6: Analysis and mitigation of the effect of jittering on the
downlink rate.

SE optimization for ground-to-air communication. In practice,
it is important to note that these effects will not be consistently
intense but may occur suddenly with intensity due to factors
that destabilize the UAV, such as wind gusts. This may result
in data rate drops or even signal interruption, especially in
mmWave frequencies or when there are direct line-of-sight
obstructions. Mathematically, it is interesting to observe that
if the center of the antenna array coincides with the centroid
of the UAV platform, the variation in ACF due to UAV
fluctuations can be considerably reduced. However, it is crucial
to emphasize that, in practice, it may not always be feasible
to install the antenna array at the exact centroid position of
the UAV platform. This discrepancy between mathematical
idealization and practical limitations should be considered
when designing and implementing network-connected UAVs
to ensure the robustness and reliability of ground-to-air com-
munications. Finally, our proposal for an EKF-based channel
predictor, designed to mitigate channel aging accentuated
by UAV platform fluctuations, is viable and effective. The
solution proposed for single-user MIMO can be extended to
multi-user MIMO systems in small-cell and cell-free networks,
where the impact of channel aging is particularly strong.

APPENDIX A
PROOF OF APPROXIMATE CHANNEL MODEL

Proof of Theorem 1. Before proving it, we need to make some
assumptions.

Let us consider the SBT path type, that is, an indirect link
from the transmitter T to the s-th scatterer of the l-th cluster
around T , denoted by Sls, and from Sls to R. From Fig.
7 we deduce the vector relations that will be used in the
development of our GBSM. We define:

#   �
TR := DLoS = kDLoSk2kLoS ;
#       �
RSls := DRS

ls = kDRS
ls k2kTS

ls ;
#       �
TSls := DTS

ls = kDTS
ls k2kRS

ls ;

(31)

cluster

𝑅

O

T

𝑆𝑙𝑠

AP

UAV

sca�erers

Fig. 7: Vector diagram of the 3D-GBSM channel (top view).

and

kLoS := k
�
�LoS; �LoS

�
;

kTS
ls := k

�
�TS
ls ; �

TS
ls

�
;

kRS
ls := k

�
�RS
ls ; �

RS
ls

�
;

where �LoS
ls , �LoS

ls , �TS
ls , �TS

ls , �RS
ls and �RS

ls are the azimuth and
elevation components of the LoS path, AoDs and AoAs of the
NLoS paths, respectively, D is the distance vector between the
specified points and k � k2 is the Euclidean distance.

Assumption 2. For the LoS component and a given cluster
l, the distance D, power �(D�1) and Doppler frequency fd

of the link between the antennas change slowly enough to be
considered constant over the time intervals of interest, so that
there are variations only on a small scale:

�
LoSjSBT
pq;ls (t;D�1) � �LoSjSBT

pq;ls (0; D�1) := �
LoSjSBT
pq;ls

and Z t

0

f
LoSjSBT
d;pq;ls dt � tfLoSjSBT

d;pq;ls :

Assumption 3. For sufficiently long distances, the influence
of the size of the antenna array on the power and Doppler
frequency can be neglected, so that:

�
LoSjSBT
pq;ls � �LoSjSBT

ls ;

fLoS
d;pq �



DLoS;vUAV

�
kDLoSk2

= hkLoS;vUAVi ;

fSBT
d;pq;ls � fTS

d;ls + fRS
d;ls =



DRS
ls ;v

UAV
�DRS

ls


2

= hkRS
ls ;v

UAVi ;

where fTS
d;ls = 0 for the static AP.

Assumption 4. The distance from the antenna to the cluster is
sufficiently greater than the greatest distance from the antenna
element to the UAV centroid on the receiver side and greater
than the size of the antenna array on the transmitter side.

Consider a GBSM channel resulting from the overlap of
L dominant paths of the LoS and NLoS-SBT types, where
the latter can be a cluster of NS scatterers. Aiming only at
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the dimensions of space and time, the narrowband downlink
channel response between a transmitter antenna element p and
another receiver q is:

Hpq(t) =

r
KR

KR + 1
HLoS
pq (t) +

r
1

KR + 1

LX
l=2

NsX
s=1

HSBT
pq;ls(t) ;

HLoS
pq (t) =

q
�LoS
pq exp

�
j

2�

�

Z t

0

fLoS
d;pq(t)dt� j

2�

�
’LoS
pq (t)

�
;

HSBT
pq;ls(t) =

q
�SBT
pq;ls exp

�
j

2�

�

Z t

0

fSBT
d;pq;ls(t)dt� j

2�

�
’SBT
pq;ls(t)

�
;

where fd and ’ represent the Doppler and phase shift,
respectively, KR denotes the Rician factor, and � denotes the
power of each ray. In the equations above, we omitted the
initial phase of the signal in the LoS component, as well as
the phase noise in the NLoS components due to the effects of
non-coherent electromagnetic reflection and dispersion.

We have that
#          �
ApSls = � #      �

TAp +
#       �
TSls ) DTS

p;ls = DTS
ls �Ap

and
#          �
AqSls = � #      �

RAq +
#       �
RSls ) DRS

q;ls(t) = DRS
ls �Aq(t) :

To model a path whose direction starts from the transmitting
antenna p and ends at the receiving antenna q, we invert the
direction of the

#         »

AqSls vector, such that:

DRS
q;ls(t) = DRS

ls + Aq(t) :

Let us then consider that:

kDTS
ls k2 � kApk2 ; kDRS

ls k2 � kAq(t)k2 :

Using a linear approximation based on a first-order Taylor
series, we obtain:

kDTS
p;lsk2 � kDTS

ls k2 � hAp;k
TS
ls i

and

kDRS
q;ls(t)k2 � kDRS

ls k2 + hAq(t);kRS
ls i :

So, the phase shift of the channel response is:

’SBT
pq;ls(t) � kDTS

ls k2 + kDRS
ls k2 � hAp;k

TS
ls i+ hAq(t);kRS

ls i :

We can factorize the frequency response of the Hpq subchannel
into its transmitter and receiver components:

HSBT
pq;ls(t) =

q
�SBT
pq;ls exp

�
j

2�

�

Z t

0

fSBT
d;pq;ls(t)dt

�
� exp

�
� j

2�

�
’SBT
pq;ls(t)

�
�
q
�SBT
pq;ls exp

�
j

2�

�
tfSBT

d;ls

�
� exp

�
� j

2�

�

�
kDTS

ls k2 + kDRS
ls k2

��
� exp

�
� j

2�

�
hAq(t);kRS

ls i
�

exp

�
� j

2�

�
hAp;k

TS
ls i
�*

;

then our spatial signature can be simplified with the normal-
ized steering vector so that:

a(�; �; t) =
1p
NA

[a1(�; �; t); a2(�; �; t); : : : ; aNAN
(�; �; t)]

>
;

with

ap(q)(�; �; t) = exp

�
� j

2�

�
Ap(q)(t)

>k(�; �)

�
:

The downlink MIMO channel matrix can then be obtained by:

HSBT
pq;ls(t) � gSBT

ls (t)aq
�
�RS
ls ; �

RS
ls ; t

�
a*
p

�
�TS
ls ; �

TS
ls

�
;

and

HSBT
ls (t) � gSBT

ls (t)aUAV

�
�RS
ls ; �

RS
ls ; t

�
ayAP

�
�TS
ls ; �

TS
ls

�
;

such that the SBT complex gain is

gSBT
ls (t) =

q
�SBT
ls exp

�
� j

2�

�

�
kDTS

ls k2 + kDRS
ls k2

��
� exp

�
j

2�

�
tfSBT

d;ls

�
:

Assumption 5. For SBT path type and scatterers’ cylindrical
distribution of radius RAP, let us consider the following
distances:

kDTS
ls k2 = RAPj sec �TS

ls j ;

and considering that kDLoSk2 � kDTS
ls k2, it follows that

kDRS
ls k2 = kDLoS �DTS

ls k2
� kDLoSk2 �RAPj sec �TS

ls jhkTS
ls ;k

LoSi ;

such that DLoS = DUAV �DAP.

The LoS component test follows the same procedure as the
NLoS proof. These channel models can be simulated based on
sum-of-sinusoids (SoS) [38].

APPENDIX B
PROOF OF AUTOCORRELATION FUNCTION

Proof of Theorem 2. We adopt the following formula for each
cluster l:

Qpq;epeq(t; �t) = E
h
Hpq(t+ �t)H*epeq(t)

i
;

where the expectation is calculated relative to the scatterer s
from the cluster l. For the NLoS components, it turns out that:

HSBT
pq;ls(t+ �t)HSBT *epeq;ls (t) � gSBT

ls (t+ �t)gSBT *
ls (t)

� aq
�
�RS
ls ; �

RS
ls ; t+ �t

�
a*eq
�
�RS
ls ; �

RS
ls ; t

�
� a*

p

�
�TS
ls ; �

TS
ls

�
aep
�
�TS
ls ; �

TS
ls

�
:

(32)

Assumption 6. The number of scatterers (rays) within a
cluster is infinite and cylindrically distributed according to
the following independent PDFs:

pdf (�ls) =
e� cos(�ls���l)

2�I0 (�)
; �1 � �ls � �2 von Mises PDF

pdf (�ls) =
�

4�m
cos

�
�

2

�ls � ��l
�m

�
; �1 � �ls � �2 cosine PDF

(33)
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where I0(�) is the zeroth-order modified Bessel function of the
first kind, � and �m regulate the intra-cluster angular standard
deviation, while ��l and ��l denote the angular mean. For a
model without spatial restrictions, one can do: �1 = ��,
�2 = �, �1 = j�ls � ��lj and �2 = �=2.

In the case of scatterers distributed around the AP, we adopt
the following notation: �AP and �mAP. The PDFs above has
been used for both AoAs and AoDs [35].

We define:

aTS
pep;ls := ap

�
�TS
ls ; �

TS
ls

�
a*ep
�
�TS
ls ; �

TS
ls

�
aRS
qeq;ls(t;�t) := aq

�
�RS
ls ; �

RS
ls ; t+ �t

�
a*eq
�
�RS
ls ; �

RS
ls ; t

�
gSBT
ls (t;�t) := gSBT

ls (t+ �t)gSBT *
ls (t) ;

then, for a single cylindrical distribution, it follows that:

QSBT
pq;epeq(t; �t)

=
1

L

LX
l=1

lim
NS!1

1

NS

NSX
s=1

E
h
gSBT
ls (t;�t)aTS *

pep;lsaRS
qeq;ls(t;�t)

i
=

1

L

LX
l=1

Z �TS
2

�TS
1

Z �TS
2

�TS
1

Z
�	

gSBT
ls (t;�t)aTS *

pep;lsaRS
qeq;ls(t;�t)

� pdf (#	) pdf
�
�TS
ls

�
pdf

�
�TS
ls

�
d#	d�TS

ls d�TS
ls ;

(34)

where in the last equality, the Law of the Unconscious
Statistician and the assumption that the number of scatterers
is infinite were applied. The �	 is the space of parameters
#	 of the random process (13), which refers to the attitude
fluctuation models considered within the product of the array
response aRS

qeq;ls(t;�t). Note that �RS
ls and �RS

ls must be written
as a function of �TS

ls and �TS
ls . Furthermore, the independence

between �ls and �ls is valid for the cylindrical scattering
model. In the case of spherical models, joint PDFs must be
considered. The expression in (34) does not have a closed
form, but can be solved numerically.

Regarding the array’s response, it turns out:

aq(�
RS
ls ; �
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ls ; t+ �t)

= exp
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�jA>q (t+ �t)kRS

ls

o
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�
� j

2�

�
A0 >q R>(t+ �t)kRS
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�
= exp

�
� j

2�

�
A0 >q

�
R(t) +

.
R(t)�	�t

�>
kRS
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�
= exp

�
� j

2�

�
A0 >q R(t)>kRS

ls

�
� exp

�
� j

2�

�
�	�tA

0 >
q

.
R(t)>kRS

ls

�
:

Then:

aRS
qeq;ls(t;�t) = exp

�
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2�

�
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�
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�
j

2�

�
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�
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�
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q

.
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2�

�
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�
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�
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�
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q

.
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�
:

Regarding the gain, neglecting the variation in distance due
to the UAV movement in a small time interval �t, we have:

gSBT
ls (t;�t) = �SBT

ls exp

�
j

2�

�
fSBT

d;ls �t

�
:

For p = ep or q = eq, it results in ACF:

E
h
gSBT
ls (t;�t)aRS

qq;ls(t;�t)a
TS *
pp;ls

i
= �SBT

l E

"
exp

�
j
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�
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ls ;v
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�
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�
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2�

�
�	�tA

0 >
q

.
R(t)>kRS

ls

�#
:

The demonstration for the LoS path follows the same
procedure.
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