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Improving Wideband Massive MIMO Channel
Estimation With UAV State-Space Information

Evangelos Vlachos
Kostas Berberidis

Abstract—In this paper, we focus on the estimation of
massive Multiple-Input Multiple-Output (mMIMO) channels in
high-frequency point-to-point wireless communications between
a terrestrial multi-antenna base station, realizing fully digital
beamforming, and a multi-antenna Unmanned Aerial Vehicle
(UAV), capable of only analog combining via a single reception
Radio-Frequency (RF) chain. A wideband channel model,
incorporating selectivity which is usually referred to as beam
squint and is particularly relevant in high frequency bands, such
as millimeter waves and terahertz, is considered. To account for the
UAV’s limited capability to collect long training sequences, due to
its single-RF reception architecture, and the beam-squint effect at
both communication ends, we present a novel channel estimation
approach that exploits information provided by the control module
of the UAV, namely its state-space vector. The proposed approach
comprises a hybrid parametric and non-parametric estimation op-
timization framework that is efficiently solved through an iterative
algorithm using the alternating direction method of multipliers.
Our extensive performance investigations, including comparisons
with benchmark schemes, showcase that considerable gains can be
achieved if state-space information from the UAV’s control module
is appropriately incorporated in the channel estimation process.

Index Terms—Channel estimation, massive MIMO, UAV, THz,
millimeter wave, alternating method of multipliers, state-space
information.

1. INTRODUCTION

HE integration of Unmanned Aerial Vehicles (UAVs) into
T wireless communications systems has been an active re-
search area in recent years [1]. In the frame of 5G and the upcom-
ing 6G networks and respective applications, UAVs may have
a twofold role, namely, being part either of the network itself,
by providing communication services as Base Stations (BSs) or
relays, or of the intended application by exploiting the available

Received 26 August 2024; revised 8 February 2025 and 23 April 2025;
accepted 3 May 2025. Date of publication 12 May 2025; date of current version
17 October 2025. The work was supported by the EU project IoT-ECO under
Grant 101083018, and project EUSOME under Grant 101187121. The review
of this article was coordinated by Prof. Mugen Peng. (Corresponding author:
Evangelos Vlachos.)

Evangelos Vlachos is with Industrial Systems Institute, ATHENA Re-
search and Innovation Centre, 26504 Rio-Patras, Greece (e-mail: evlachos@
athenarc.gr).

Christos Mavrokefalidis and Kostas Berberidis are with the Department of
Computer Engineering and Informatics, University of Patras, 26504 Rio-Patras,
Greece (e-mail: maurokef @ceid.upatras.gr; berberid @ceid.upatras.gr).

George C. Alexandropoulos is with the Department of Informatics and
Telecommunications, National and Kapodistrian University of Athens, 15784
Athens, Greece (e-mail: alexandg @di.uoa.gr).

Digital Object Identifier 10.1109/TVT.2025.3569350

, Member, IEEE, Christos Mavrokefalidis
, Senior Member, IEEE, and George C. Alexandropoulos

, Member, IEEE,
, Senior Member, IEEE

communication services [2], [3], [4]. To fully exploit the capabil-
ities of UAV-based communications, acquiring precise channel
state information is crucial for optimizing various physical-layer
functions such as beamforming and resource allocation. This
is particularly challenging in high-frequency communication
scenarios, such as millimeter-wave (mmWave) and sub-terahertz
(THz) bands, especially when utilizing massive multiple-input
multiple-output (mMIMO) systems [5]. However, mMIMO,
when employed in the mmWave and THz ranges for utilizing
larger bandwidths, raises yet another challenge related to the
so-called beam-squint effect, due to measurable propagation
delays manifesting along the deployed large antenna arrays [6],
[7]. The above challenges lead to more elaborate channel models
that require more sophisticated signal processing operations to
be designed at the communication ends [8].

A. Motivation

The integration of UAVs into wireless networks capitalizes
on their distinctive features and capabilities. UAVs depend on a
sophisticated control module for seamless operation, overseeing
and regulating crucial parameters such as the UAV’s position and
velocity, which are encapsulated in state-space information [9].
The key features and capabilities that make UAVs attractive
for high-frequency mMIMO also introduce several challenges.
Specifically, due to the 3D movement of UAVs, their high
elevation, and the presence of water vapor at altitude, there
is an increase in pathloss and attenuation, impacting signal
quality and reliability over long distances. Thus, the inherent
nonstationary nature of the channel, arising from UAV mo-
bility and environmental factors, poses significant challenges
for accurate and timely channel estimation. Additionally, the
transceiver mounted on the UAV must be designed with lim-
ited beamforming complexity to ensure low computational and
power requirements.

In this paper, the problem of estimating the high-frequency
mMIMO channel between a fully digital multi-antenna BS and
a multi-antenna UAYV, realizing only analog combining via a
single reception Radio-Frequency (RF) chain, for the case of
multicarrier modulation is studied. The number of parameters to
be estimated is quite large and, at the same time, due to the UAV’s
single-RF analog combining capability, the number of collected
training sequences is short. In particular, due to the beam-squint
effect, the mMIMO channel is different per subcarrier, hence, it
needs to be estimated on a per-subcarrier basis. Therefore, only
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one training block is received at the UAV’s baseband unit per
time update for channel estimation.

To alleviate the issue of short training sequences, the pro-
posed technique relies on the cooperation of the communication
and the control modules at the UAV side. The latter feeds an
estimated state vector, consisting of the UAV’s position and
velocity, into the communication module that then performs the
estimation of the channel parameters; specifically, the spatial pa-
rameters of the Line-of-Sight (LoS) channel component and the
channel matrix with the contributions of the Non-LoS (NLoS)
channel paths. In this way, the additional side information used
can be exploited for improving the estimation performance in
view of the limited availability of training sequences.

B. Literature Review

In this context, effective channel estimation techniques are
expected not only to take into account the peculiarities of the
involved channels as presented previously. There exist various
channel estimation techniques, whether UAVs are explicitly
mentioned or implied by more general system model assump-
tions, that take into account the effect of beam squint, however,
the involved channels have been usually assumed as time in-
variant. For example, [10] and [11] presented a random spatial
sampling structure leading to improved channel estimation per-
formance for cases with short training sequences, and discussed
a possible extension that takes into account the beam-squint
effect.

The channel estimation techniques in [12], [13], [14], [15],
[16] capitalized on sparsity arguments and proposed channel
estimation algorithms based on compressive sensing, off-grid
sparse Bayesian learning, and block sparsity, respectively. The
effect of beam squint was also tackled in [17] by considering
a spectrum-based estimation algorithm which was applied on a
per frequency subband basis, instead of the whole bandwidth.
In [18], the proposed technique adopted a tensor-based for-
mulation and a non-iterative solution was presented. Finally,
in [19], a channel estimation algorithm for a communication
link between a UAV and a reconfigurable intelligent surface [20]
has been studied, however, without considering the effect of
beam squint and, similarly, a sparse Bayesian approach was
described in [21]. In contrast to the previous works, a channel
tracking approach has been presented in [22] that employs com-
pressive sensing arguments, however, without considering the
beam squint effect. On the other hand, [23] proposed a channel
estimation scheme for a UAV-based system, which considers
not only the time varying nature of the involved channels but
also the beam squint effect. In the same spirit, [24] presented an
efficient iterative estimation algorithm for the time varying case.
However, in both cases, the adopted channel model captures
a single transmission path and only a multi-element antenna
array at one end of the communication link was considered,
which simplified considerably the requirements for the training
sequences. In [25], a channel estimation technique based on
tensor decomposition has been proposed for hybrid mmWave
massive MIMO in high-mobility scenarios, taking into account
the beam squint effect.
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There are also recent works that consider the integra-
tion/collaboration of the communication system and the control
module at the UAV side and present relevant channel estima-
tion approaches. A review of the autonomous coordination and
communication of swarms of UAVs is provided in [26] with
a focus on applications where the UAVs are considered as
end-users, like agriculture, remote sensing, and disaster manage-
ment. Information available from the UAV’s control module was
leveraged in [27] for channel tracking in a single-UAV scenario,
while [28] considered the beam-squint effect and extended the
approach to trajectory design and resource allocation, among
others, when multiple UAVs cooperate. Finally, a channel es-
timation technique that capitalizes on the knowledge of UAV’s
velocity, as provided by its control module, was proposed in [29].
However, in all above investigations, the adopted channel mod-
els considered only the LoS component, thus, hindering their
generalization to more challenging scenarios.

C. Contributions

The contributions of this paper are summarized as follows:

® The challenge of estimating frequency selective mMIMO
channels is addressed, arising from the large antenna aper-
ture sizes and the utilization of large bandwidth at high
frequencies (i.e., mmWave and THz). It is noted that the
investigation of the beam-squint effect when both the trans-
mitter and receiver sides are equipped with Uniform Planar
Arrays (UPAs) has been limited in the current literature.

® A single reception RF chain is employed at the UAV
side, which is selected for its reduced complexity and
compatibility with most of the available UAV implementa-
tions. This limits significantly the number of the received
sequences per transmission interval, as it has also been
discussed in [23].

® The proposed estimation framework leverages state-space
information from the UAV’s control module to address the
challenge of estimating under-determined channels. To ad-
dress estimation errors in the state-space, a Kalman-based
filter is implemented. Compared to [27], our approach
presents a versatile channel model that takes into account
multiple propagation paths, enhancing its applicability and
robustness.

® A new hybrid optimization algorithm, combining paramet-

ric and non-parametric techniques based on the Alternating
Direction Method of Multipliers (ADMM), is introduced
to address the joint control and communication challenge.
This approach leverages a direct two-way connection be-
tween the UAV’s control module (state vector) and the
communication module (channel estimation).

It is noted that this work builds upon our prior contribu-
tion [29], by: i) extending the problem formulation to a more
general scenario including the beam-squint effect at both the
UPA-equipped transmitter and receiver sides; ii) considering that
the UAV implements analog combining with a single reception
RF chains; and iii) adopting a more general channel capturing
multiple signal propagation paths. Thus, the resulting problem
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TABLE I
THE MATHEMATICAL NOTATIONS OF THIS PAPER

a,a, and A | Scalar, vector, and matrix
(-)* | The complex conjugate of the input
j 2 /=1 | The imaginary unit
AT and A" | Matrix transpose and Hermitian transpose
A1 | Matrix inverse and pseudo-inverse

The i-th element of vector a and at the
i-th row and j-th column of matrix A

[a]i and [A]iyj

In and O | N X N identity and matrix with zeros
X and ® | Scalar and Kronecker products
R and C | The sets of real and complex numbers
x ~CN(0,0%) | x is a zero-mean complex Gaussian
random variable with variance o2
E{x} | Expectation of random variable x
= 1o I les 1< ll2s || - lle | Nuclear, €1, €2, and Frobenius norms

vec(A) | A function to vectorize an M x N
matrix into an M N x 1 vector

by stacking its columns

The inverse operation of vec(A)

vec 1(A)

becomes more challenging, leading to a novel problem formu-
lation centred around a joint control-communication mecha-
nism and a new solution approach. The proposed mechanism
incorporates the tracking of the UAV’s state within the channel
estimation problem to improve it.

D. Notation and Paper Organization

The notation used throughout this paper is outlined in Table I.
In Section II, the communication system under consideration
and the adopted channel model are described. In Section III,
preliminaries on channel estimation in the presence of the
beam-squint effect are provided, while Section IV presents the
problem considered in this paper along with the description of
the proposed channel estimation algorithm. In Section V, the
experimental evaluation of the algorithm is included and, finally,
the paper’s conclusions are drawn in Section VI.

II. SYSTEM AND CHANNEL MODELS

We consider a high-frequency mMIMO point-to-point com-
munication system comprising a terrestrial BS and a UAV user,
which are both equipped with UPAs of N £ N; x N. j antenna
elements each. Without loss of generality, the BS is located at
the center O(z9, Yo, 20) of the common coordinate system. The
UPAs of both the BS and the user are mounted horizontally on the
xy plane. This assumption will result into simpler expressions
in our analysis, however, a generalisation to the case where the
two UPAs are not in parallel is easy to obtain for the reasonable
case where the control module of the UAV provides an accurate
estimation of its orientation [9].

A. Received Signal Model

The BS implements Orthogonal Frequency Division Multi-
plexing (OFDM) transmissions with P subcarriers and band-
width B. To this end, the transmitted signal is represented by
the complex-valued N X 1 vector s(¢, p) for time instance ¢ and
subcarrier p (p = 1,2,..., P), with ||s(¢,p)||3 = 1. The user
is assumed to be equipped with a single reception RF chain
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where the received signals from all its N antenna elements are
combined, thus, realising an analog combiner f € CV*!, with
|[f]n] = 1forn =1,2,..., N. The received signal at the output
of the user’s single RF chain can be mathematically expressed
Vt=1,2,...,T and Vp as:

y(t,p) = £"H(p)s(t,p) + nc(t), (1

where H(p) denotes the complex-valued N x N channel matrix
at each p-th subcarrier and nc(t) ~ N(0,02) represents the
Additive White Gaussian Noise (AWGN). We have assumed
that the channel remains constant every 7' time slots and that
the AWGN is the same over all P subcarriers per transmission
time interval. Note that in the following sections, we omit the
subcarrier indexing p in the channel matrix expression H(p), as
the estimation is performed per subcarrier.

In the rest of the paper, we simplify the notation in (1) for the
received pilots at each p-th subcarrier by removing the subcarrier
index, i.e., we rewrite each received pilot s(t) as:

y(t) = (s"(t) @ £)h + nc(t), @)

where h £ vec(H) € CV B By gathering 7' time instances
with the same beamformer, we build the received vector y £
[y(1)y(2) - y(T)]' € CT*!. Thus, the measurement model
for channel estimation can be compactly expressed as follows:

y = ®h 4 nc, (3)

where ® € CT*N” s defined as:
P2s()@fsQ)ef - s(T)af]" 4)
[s(1)s(2) - s(D)]" @ £ )

and nc = [nc(1)nc(2) -+ ne(T)|T € CT1,

B. High-Frequency Channel Model With Beam Squint

In cases where the sizes of the BS/UAV UPAs are significantly
smaller than the distances between the nodes, i.e., in the far-field
regime, the total separation between each k-th BS transmit
and each [-th UAV receive antenna (k,l = 1,2,...,N) can be
expressed as the sum of the distance from the first transmit
antenna to the first receive antenna via each ¢-th propagation
path (¢ =1,2,...,L), denoted as Dy, and the additional dis-
tance attributed to the signal’s propagation on the apertures of
the BS and UAV antenna arrays, denoted as drx ¢ and drx ¢,
respectively, yielding the expression:

dps-ue,e = D¢ + drx ¢ + drx - (6)

Each dgrx ¢ can be expressed as follows [30]:

drx,e = dosinfrx,e (n; — 1) cos grx,e + (nj — 1) sin grx ) ,
(7

Z¢ is the antenna separation spacing with A, = <

where, dy £ :

is the carrier wavelength (c: speed of light and f.: carriet
frequency), Orx ¢, Prx,¢ € [—, 7] are the elevation and azimuth
physical angles of arrival, respectively; n; and n; denote the
planar antenna element index number over the ¢-th and j-th axes
of the common coordinate system. Similarly, we can define drx ¢

employing the corresponding angles fyx ¢ and ¢rx .
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Following the geometry-based Rayleigh channel model of L
propagation paths, the channel gain between each [-th UAV and
k-th BS antenna elements, i.e., each (I, k)-th element of H(p),
is expressed as follows:

L-1
[H]l,k _ Z aeewazfpefwde,zfp efwdrx,efp7 (8)
=0

where w = 527 /A, a denoting the random complex gain over
each ¢-th propagation path with ay ~ N(0,72,), and f, 2 (14
pAf/f.) with Af £ £ indicating the subcarrier separation for
M subcarriers and bandwidth B.

For the considered high-frequency communications, the vari-
ance of each channel gain o, depends on the distance dgs.ug,¢
as well as the carrier frequency f. via the following expression:

» a PrxGo 1

(7

e*/C(fc)’ 9)

dEZS-UE,Z
where Pry is the BS transmit power, Gy is used to capture the
antenna gains and depends on the number of antenna elements, &,
represents the pathloss exponent and /C( f) is the function of the
atmospheric attenuation that depends on the carrier frequency
and becomes more severe in THz bands [31].

III. CHANNEL ESTIMATION AT HIGH-FREQUENCY BANDS

Channel state information can be expressed either in a para-
metric manner, necessitating the estimation of the spatial param-
eters of elevation and azimuth Angles-of-Arrival (AoAs) as well
as the respective complex channel gains, or non-parametrically,
requiring the estimation of the full mMIMO channel matrix.
Although parametric approaches demand small training lengths,
their performance is significantly deteriorated when multiple
propagation paths are present. On the other hand, non-parametric
approaches target the estimation of the N x N mMIMO channel
matrix, thus, its N2 elements are unknowns. Although this num-
ber of unknowns can be lowered by exploiting the unique proper-
ties of high-frequency channels, such as sparsity, non-parametric
approaches still require a significant amount of training symbols.

In the following, we briefly describe the rationale for ex-
plicit and parametric channel estimation approaches for high-
frequency mMIMO wireless communication systems.

A. Low-Rank Channel Estimation

The estimation of the N x N channel matrix H (for each
p-th subcarrier used for pilot transmission) via the measurement
model in (3) requires the estimation of N? unknowns through
the IV available measurements in vector y. This approach leads
to the under-determined channel estimation problem:

OPy : min [ly — ®h|j3,

which performs unsatisfactorily with fewer than N? training
symbols. Obviously, for satisfactory performance with large
UPAs at the BS and UAV, a massive number of training symbols
is required.

To improve upon the previous issue, the inherent low-rank
property of H in high-frequency communication systems can
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be exploited in the channel estimation formulation [10]. This
property indicates that the number of the propagation paths is
much lower than the dimensions of the channel matrix, i.e., L <
N for our case. To this end, the low channel rank constraint can
be merged into the channel estimation problem, specifically into
the cost function, via the semi-convex nuclear norm, yielding the
optimization formulation:

OP, : win [H]. + |y - &hl3,

where the nuclear norm is defined for a matrix X as follows:
X[« £ 3, ¢:(X) with ¢;(X) being its i-th singular value. This
problem can be efficiently solved via the ADMM algorithm [10].
In fact, if one replaces the nuclear norm with the term ||FHHF ||
with F being the N x N discrete Fourier transform matrix, then
the problem becomes an ¢;-minimization aiming to exploit the
inherited channel sparsity in the beamspace channel representa-
tion domain.

B. Parametric Channel Estimation

Capitalizing on the geometric channel model in Section II-B,
it suffices to estimate the complex-valued gains and the angles
of arrival and departure for all L channel propagation paths
to acquire the channel state information. However, this implies
that the total number of the resolvable channel paths is known
or accurately estimated. This approach is known as paramet-
ric channel estimation and includes a much smaller number
of unknowns than the N2 ones considered in the previously
described channel estimation approach. Let us use (8) to express
the channel matrix for each p-th subcarrier as follows:

L-1

H= " ape ™I/ apy (Orx 1, rx 0, )@t (Orx.e, 1x.0, D).
=0
(10)

To estimate the channel parameters, the following optimization
problem needs to be solved:

L—1
OP;5 : min lly — Z(IT ® aft
{oue 01, 0,0rx, 0,07X, 0, PRX, €} 1= =0

x arx (Orx, ¢, Brx.0, P)A%x (01,0, d1x,05 P))S |2, (11)

where arx and agx are the steering vectors for the transmitter
(TX) and the receiver (RX), respectively. The n-th entry of the
TX steering vector is defined as follows:

[aTX]n A e—w((ni—l)sin«%x,g cos ¢prx, e+ (nj—1) sinOrx ¢ sin drx ¢)
(12)
with n =1,2,..., N. However, due to its nonlinear nature

and sensitivity to even small measurement noise, this problem
requires a well-chosen starting point to ensure convergence to a
solution [29].

IV. PROPOSED STATE-ASSISTED CHANNEL ESTIMATION

To address the challenge of mMIMO channel estimation with
reduced training data, we introduce a novel parametric and non-
parametric (hybrid) optimization approach that integrates the
state space information from the UAV’s control module. Recall
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that, the beam-squint effect along with single reception RF chain
at the UAV impose a significant challenge when the number
of training pilots needs to be limited. It is worth noting that,
employing multiple OFDM subcarriers for training becomes
impractical when beam squint is present, since, in this case,
each subcarrier p encounters a distinct channel matrix H(p).

A. State-Space Information

Given the limited number of training pilots observed in our
scenario, we aim to leverage the space-state information pro-
vided by the UAV’s controller during the channel estimation
process. This approach aligns with recent strategies that integrate
control and communications at the physical layer, as highlighted
in recent work by Zhao et al. [28]. Furthermore, we extend this
concept by establishing a direct two-way link between these
modules, enhancing the synergy between control and commu-
nication functionalities.

Let the UAV with mass m operate in the 3-Dimensional (3D)
space with p € R¥>*!, p € R**!, p € R**! denoting its posi-
tion, velocity, and acceleration, respectively. These quantities,
representing the UAV’s state, are actively tracked by its control
module using state-vector estimation techniques. To achieve
this, the plant (i.e., the physical dynamics model) must first be
represented in a suitable format. In this paper, we focus on a
double integrator model, whose output is the second integral of
its input. This plant is a cornerstone system within motion con-
trol applications, describing translational and rotational motion
with a single degree of freedom [32]. The mathematical model
of the double integrator plant is:

x(k +1) = Ax(k) + Bu(k) € R®!, (13)
where for each control time instant k:
a (03 I3 66
A= {03 03} e R>®, (14)
B2 [0] m'I}]" e R™S, (15)

and u(k) € R3*! is the control vector related to UAV’s acceler-
ation. In addition, the state vector x(k) is defined as:

x(k) 2 [p(k) (k)" € R,
while x(k + 1) represents its derivative, i.e.,
x(k+1) 2 [p(k) p(k)]" € R

Let us consider the case where only the position p(k) is observ-
able. Then, the measurement equation is expressed as:

z(k) = Cx(k) + ny(k) € R (16)

where

C £ [I;,05] € R™, (17)

is the measurement matrix and nt (k) ~ N{03, 0213) represents
the measurements’s AWGN. It is important to highlight that this
noise encompasses a range of dynamic disturbances originating
from both internal and external factors. Internally, it includes
effects such as vehicle jittering and mechanical vibrations. Ex-
ternally, it arises from environmental influences like wind gusts,
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sensors,

UPA
actuators
AoAs channel
p; ®0,00 N proposed \ _ m?;t{nx \
optimization
state 7 N .
D3 training~
space
data y

V4

Fig. 1. Data flow diagram of the proposed mMIMO channel approach incor-
porating the availability of UAV state space.

turbulence, or other random perturbations, which collectively
contribute to small yet unpredictable fluctuations in the UAV’s
movement [33].

In Fig. 1, we present the data flow diagram illustrating our
proposed approach, showcasing the direct two-way links be-
tween the control and communications (comm.) modules. The
optimization process is initiated with received training symbols
from the communications module, as defined by (3), alongside
the state vector containing position/velocity estimations from
the UAV’s controller, as will described by (16). The outputs of
this optimization include the estimated channel matrix, which is
subsequently relayed back to the communications module. Ad-
ditionally, the optimization provides estimations of elevation and
azimuth angles of arrival (AoA), enriching the state vector and
enhancing observability as part of control unit operations [9].

B. Problem Formulation

The provided state-space information from the UAV con-
troller in (16) measures the vehicle’s relative distance from the
BS. This distance can be linked with the elevation and azimuth
AoAs for the LoS path, namely 6y and ¢, are related with
according to the following expression [9]:

[cos ¢ cos By, cos ¢ sin O, sin ¢g| = m,
[pue(k) — pBSHZ(IS)

where pgs € R3*! represents the fixed position of the BS, which
is reasonably assumed to be perfectly known.

Given that the BS is located at the centre of the global
coordinate system, i.e., pgs = 03, the quantity z(k) represents
the BS’s distance from the UAV, thus, using (18) yields:

k
[cos ¢ cos By, cos ¢ sin B, sin o] = L, (19)
|z(k)]]2
2¢(k) NN
Lh(k)

where, to simplify the notations in the subsequent analysis,
we introduce the vectors & € R**! (a nonlinear function of
the unknown elevation and azimuth AoAs) and b € R3*! the
normalized UAV position vector given by the vehicle’s control
unit measurements.

We will next focus on explicitly estimating the spatial angles
related to the LoS path, whereas the angles of the NLoS paths
will be incorporated in the estimation of the channel matrix H .
Thus, we only need to estimate the values of O1x o, Orx,0, #1x,0
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and ¢rx 0. Moreover, when the BS and UAV UPAs are placed
in parallel, we have that f1x o = rx,0 and ¢7x,0 = Orx 0. Thus,
the problem simplifies into the estimation of the angles 6y and
¢o. Additionally, the consideration of identical UPA antennas
in this parallel setup results in identical steering vectors at both
the transmitter and receiver, i.e., a £ arx = agrx. To this end,
one can decompose the mMIMO channel matrix given by (10)
into its LoS and NLoS components, yielding the following
representation:

H= doa(907 ¢0)p)aH(907 ¢0,p)

£H,

~

-1

+ aa(Orx e, P05 p)aH(GTX,b orx,0, D),
1

(20)

~
I

£H,

with rank(Hy) = 1 and rank(H;) < L — 1.

Putting all above together, we now formulate the proposed
hybrid optimization problem that combines parametric and non-
parametric channel estimation. Our formulation employs the
following three objectives which are combined into a weighted
cost function:

min

H, | + — ®vec(H)|2 + ||€ — b2
in - [H .+ ly — vec(H) 3+ € — bJ3

st. H = apaa + H,. (1)

The first objective deals with the rank of the NLoS part of
the overall matrix, i.e., H;. Given that the parameter L (num-
ber of non-negligible NLoS components) is typically within
[1,10] [34], the rank of the N x N matrix H; will be low.
Utilizing the nuclear norm of the channel matrix eliminates
the necessity to know estimate L precisely. Finally, the second
objective refers to the least squares’ estimation error using the
received pilots, while the third one represents the same error
from the UAV controller’s measurements.

C. ADMM-Based Solution

To solve (21), we adopt an ADMM approach that exhibits
favourable convergence properties while being capable to effi-
ciently handle large-scale optimization problems with structured
sparsity constraints. To this end, we re-express (21) as follows.
The constraint describing the channel structure can be incorpo-
rated into the second term in the objective function:

ly — @vec(H)|[3 = [y — ®vee(Ho + Hy))|3
= |ly — ®vec(Hy) — ®vec(H;)|3. (22)

Then, following the standard ADMM procedure, we introduce
the auxiliary variable Q € CV*¥ to re-write (21)’s overall cost
objective as the sum of independent terms, yielding:

3

min pst. Hy = €, 23
a0790,¢0,H179;j ! (23)

where we have introduced the cost functions:
Ji = [ Hil., (24)
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I 2 ly — &()'i'vec(aRXaI%X) — ‘I)Vec(Q)H%7
Tz £ ||€ —b|3.

Note that, the introduced variable 2 substitutes H; in 7>, de-
composing the cost function into a sum of three terms involving
distinct unknowns. Then, the augmented Lagrangian function is
expressed as

(25)
(26)

3
L,=) Ji+ e {u(Z"(H, - )} + 5[[H - QI @7
i=1
where p > 0 represents the dual update step length and Z €
CN*N is the dual variable.

At each i-th ADMM iteration step with ¢ = 1,2, .. ., the fol-
lowing separate sub-problems need to be solved for the unknown
set XY 2 {Hy, Q, 0, do, g }:

XD = arg min £,, (28)

Z(+) — 7() 4 p(HgiJrl) — QUHD) (29)

with the following initializations: zM) =M =0 NxN-

1) Solution for H,: We remove from £, the terms which are
not affected by H,, yielding the minimization:

. i i 14 i
min [, | +Re {ir (2)"(H,-0)) }+ )15, - 202,

which by completing the square, i.e., adding the term \/% Z, the
following optimization problem is formulated:

2 ) .
; z _ (i) _ Pg@)) 2
in [H .+ S — (20— 520) [ G0

This problem is a strictly convex and can be solved via Singular
Value Thresholding (SVT) on the matrix Qo — gZ(i) [35],
yielding the iteration:

H{*D = SVT, (Q(“ - gz@)) 31)

with 7 being a pre-defined thresholding value that is related with
the rank of matrix H;.
2) Solution for 2: Let us first introduce the variable:

b2y — ol Bvec (a0, o)a" 0 o).

Then, by removing from £, the terms being unaffected by €2, it
leads to the following optimization problem:

. _ 2 Hpyp(i+l)
min |l — ®vec(Q)]5 + Re {tr (Z (H; Q))} +
+ S - al. (32)

Equivalently, by vectorizing the second and third terms and
substituting with the vector w 2 vec(Q):

min |11 — @w|f3 — Re {vec(2)"w} + £lvec(H[) — w3
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This problem can be obtained in closed form by taking the partial
derivative over w, which ends up to:

WD = (pfp)! (‘IM/H—Re {vec(Z(i))}+§veC(H$i+1))) .
(34)
Finally, the inverse of the vec(-) function needs to be computed
to obtain the iteration Q! = vec! (w(it1),
3) Solution for ap: We now focusing on the minimization of
the J> term:

min [y —ag” @vec(a(ty” ¢y )a (6, ¢5")) — Bvec(H) 3.
This problem has the closed-form solution (35) shown at the
bottom of this page.

4) Solution for 6y: By expressing the cost functions 7; and
J> via 0y, the initial problem can be equivalently restated as
follows:

al"t @vec(a(o, ¢o)a® (o, o)

min [y —

— ®vec(H))[[3 + ||€(6o, o) — b|3.  (36)

The objective of this problem has a non-linear dependence on
6o, thus, a closed-form solution is not possible. To deal with this,
we deploy the iterative Newton’s method:

oL 0°L

(i) _ pli)
O0" =0 - 6y’ 962°

(37

where £ £ 47, + 7, with v € (0, 1) is a predefined parameter
for the weighting between communications and control. Let us
define the variable ¢ £ vec(a(6p, ¢o)a (6, ¢o)). By employing
differentiation by parts, yields:

oL ac\" o o\ o
= _ C Ji + i £7 (38)
06, 06y E)C 000 93
where
9% _ ivec(aa ) = vec a—a +a oa’
890 890 890 890

e e (222)} = o (o).

£ _jzfpﬂ—do(ligJ ® IJJQ,Z) with
to,1 = (ne—1) cos by cos ¢ and prg, = (ny—1) cos Oy sin ¢o

We have used the notations p

forn; =1,2,...,N;andn; = 1,2,..., N;. Then, it follows:
0 0 i
(8;)) a‘? = vec ((pg 0 a)aH)T (g —al T ®0).
(39)
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The second part of the derivative (38), which concerns the input
b from the UAV’s controller, is given by:
€os ¢ sin O, cos ¢y cos Oy, 0] (€ — b).

B
00y 85

(40)
Note that, for Newton’s method, the following second partial
derivative is needed in (37):

oL
a6,

5) Solution for ¢y: A similar procedure to deriving 6, can be
followed for the ¢ solution, where the problem:

. _(i+1
min |g — ag @[3 + 1€ — b,

= |aw[*vec ((pg © a)aH)T D" ®vec ((pg o a)a”) (41)

(42)

can be iteratively solved employing the Newton’s step per
ADMM iteration, i.e.:

O = o 25 /2L 43)
o’ 0%
The first derivative can be calculated as follows:
C)Taj] H\T H 7(7;+1)
— | —— =vec ca)a’') ® —Q ®(),
(44)
where
o = =52 fpmdo(py, @ Be),

with pr ;£ —(ny—1)sin g sin ¢ and gy, £ (n,—1)sin by
cosggforn; =1,2,...,N;andn; = 1,2,..., N;. Concerning
the derivative of the control input part, we have:

(%) %
0po) 06
— sin ¢ sin by, cos(¢o)] (€ — b).

Finally, the second derivative needed in (43) can be expressed
similar to (41) by replacing the vector gy with g,

= 2 [— sin ¢y cos by,

(45)

D. Complexity Analysis

The proposed hybrid mMIMO channel estimation algorithm
applies iteratively the previously described ADMM steps. It ter-
minates after a maximum of I, iterations, a number considered
sufficient for convergence. For analyzing its complexity, we next
examine separately each ADMM sub-problem appearing per
iteration in Algorithm 1.

Step 1 (line 3) of the proposed ADMM-based solution calls
for the solution of (31) which is achieved via SVT, and es-
sentially, the Singular Value Decomposition (SVD) algorithm
that requires the calculation of the singular vectors and values
of the N x N matrix H;. In general, SVD’s complexity is of

vee (a6}, o)t (6, 68)) " (@) (y — Brec(H)))

oy =

vee (a0, o4 )at (0", 0")) " (@V)1@vec (a(0)”, ofat (0}, o))

(35)

Authorized licensed use limited to: University of Patras. Downloaded on January 06,2026 at 13:31:03 UTC from IEEE Xplore. Restrictions apply.



15942

Algorithm 1: Proposed State-Assisted Channel Estimation.

Input: y, s, b, p, and 7.

Output: a(()j"‘“‘), 9(()]"‘“‘), ¢(()I"‘“‘), and Hma)
1: Initialize Z(V = A = 0.
2: fori=1,2,..., . do
3: Set H+tD = SVT, (AW — 2Z()),
4:  Obtain wtY) via (34).
5: Reverse the vectorization function to get QU+,
6 Compute a(“+1) using (35).
7 Compute the first and second derivatives in (38) and
41).
Update 9(()2) using (37).
Compute the first and second derivatives in (44) and
similar to (41).
10: Update gb(()z) using (43).
11: Perform the dual variable update in (29).
12: Ti+1 = Ti/z
13:  end for
14:  Obtain

HUnw) — a(()lmax)aRX(a(()Imax)7 (()Imax))a¥X + QTmax)

° x

the order O(N?). To address large-scale problems appearing
in mMIMO systems, recent research proposes improvements
that exploit parallel processing [36], dropping the complexity
order to O(N?/Neores ), Where Neores is the number of the parallel
cores.

Step 2 (lines 4 — 5) requires inverting the matrix ®"® €
CN**N*_ This inversion has complexity of the order O(N®).
Fortunately, since matrix ®® is composed of fixed training
symbols (independent of the iterations), its inversion needs to
be calculated only once. Additionally, computing (34) involves
the derivation of matrix-vector products with a cost of O(T'N);
recall that 7" is the length of the training symbols. Notable,
the structure of @ allows for more efficient matrix inversion,
yielding the derivations:

(@)~ = (([s(1)...s(T) T ([s(1)...s(T)]" @ 1))~

Ls(D)" @ &%)

Ls()N) e (897

(46)
Following this approach, the inversion of the initial matrix ends

up with the inversion of two rank one matrices, which can be
derived very efficiently as follows:

ﬂ-'H

((I)H'I)y1 = (SSHY1 ® (fo)zv

(47)

with S £ [s(1)...s(T)]. Therefore, the complexity of Step 2
can be reduced to O(N?) + O(TN).

In Steps 3 and 4 (lines 6 — 11), the Newton’ steps for the angle
derivation are included. To reduce computational complexity,
we perform only one Newton step per ADMM iteration using
a pre-defined step size y. This simplification primarily involves
matrix-vector products. By exploiting Kronecker properties, we
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Fig.2. Example illustration of the differences between two subsequent OFDM
subchannels due to frequency selectivity (i.e., the beam-squint effect). The
considered 196 x 196 MIMO system operates at the carrier frequency 150 GHz
over a bandwidth of 10 GHz.

can express the product ®@® as vector outer products in (39)
and (41), yielding a complexity of the order O(NN?). Putting
all above together, the total complexity order of the proposed
channel estimation algorithm is:

Cootal = O(N?) +20(N?) + O(TN). (48)

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we present performance evaluation results for
the proposed state-assisted mMIMO channel estimation algo-
rithm, along with comparisons against baseline schemes for both
parametric and non-parametric channel estimation. We focus on
a symmetric point-to-point system comprising a ground base
station (BS) and a UAV. The N x N channel matrix for each
OFDM subcarrier is estimated at the UAV’s reception unit after
a period of 7' time instances, during which a certain number
of received pilots are collected. The BS transmitter implements
fully digital beamforming using /N transmission radio frequency
(RF) chains.

A. Frequency Selectivity and Training Length

While bandwidth and subcarrier configurations for
millimeter-wave (in 5G New Radio’s FR2) bands and THz
frequencies are not yet standardized, bandwidths ranging from
10 to 30 GHz are generally deemed acceptable for carrier
frequencies approaching 100 GHz. Due to this large deployed
bandwidth and the possibly large UPAs, each p-th subcarrier
(withp = 1,2, ..., P) during channel estimation experiences a
different channel matrix H(p). In Fig. 2, we present an example
illustration of the normalized difference between the subsequent
subcarrier channels H(1) and H(2) for the case of an 196 x 196
MIMO system operating at the carrier frequency 150 GHz over
a bandwidth of B = 10 GHz. The results demonstrate that even
subsequent subcarriers exhibit significant channel differences,
necessitating individual channel estimation per subcarrier.

As the UAV moves beyond a distance equivalent to a wave-
length, the channel undergoes significant temporal changes,
leading to intersymbol interference. For instance, at a carrier

Authorized licensed use limited to: University of Patras. Downloaded on January 06,2026 at 13:31:03 UTC from IEEE Xplore. Restrictions apply.



VLACHOS et al.: IMPROVING WIDEBAND MASSIVE MIMO CHANNEL ESTIMATION WITH UAV STATE-SPACE INFORMATION

10%

28GHz
98GHz
150GHz

10° £

T

I

I

I

I

i

1

I

I
sl i
L
L

i

I

1

I

Dry
Wet (Water Density 7.5g/m3) |3

/| ||

I

I |

-
i

10} / ./ -

0 50 100 150 200 250 300
Frequency (GHz)

Atmospheric Gases Attenuation (dB/km)

Fig. 3. Atmospheric losses versus the carrier frequency f. in GHz for a
path distance of 100m, 15 °C of environmental temperature, and atmospheric
pressure of 1013.25kPa.
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Training time 7'
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Fig. 4. Consecutive M OFDM symbols within the channel coherence time
Teoh- Colored slots are used for training data transmissions, while the rest are
used for actual data communication.

frequency of 28 GHz, any movement exceeding half of the wave-

length (% =57 = 0.0054 meters or 5.4 millimeters) will cause
previous channel estimates to become inaccurate. Similarly, at
a carrier frequency of 150 GHz, the minimal distance becomes
approximately 0.001 meters. Using this distance and considering
typical UAV speeds ranging from 25 to 50 km/h (or |v| = 36
km/h or 10 m/s), we can estimate the channel’s coherence time.
For f. =28 GHz, the coherence time (7¢on) becomes 0.054
seconds, and for f. = 150 GHz, it becomes 0.001/10 = 10~*
seconds.

Given that each subcarrier experiences a unique channel re-
sponse among the P subcarriers, it is essential to collect training
data consistently from specific subcarriers across consecutive
OFDM symbols within the channel’s coherence time. However,
for training purposes, only a subset of the consecutive OFDM
symbols, typically around 20%, will be utilized. To visualize
this strategy, we have designed Fig. 4 that includes OFDM
symbols with duration 7}, for each subcarrier p = 1,2,..., P.
Given that A/ OFDM symbols can be transmitted within the
channel coherence time 7o, a portion of these symbols will
be designated for training purposes. This subset is visually
represented in the figure by colored OFDM symbols, where
each color corresponds to a different subcarrier. It is important
to clarify that the 20% of the total A/ OFDM symbols will be
allocated for training purposes. The remaining symbols within
the coherence time will be utilized for payload transmission.

For vehicle communications, reducing the number of sub-
carriers is advisable to manage complexity and latency. In our
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TABLE II
PARAMETERS USED IN THE SIMULATION RESULTS
Carrier Frequency | f. = 150 GHz
Bandwidth | B = 10 GHz
Number of multi-paths | L =3
Antenna spacing | Ac. = A¢/2
Transmit power | Prx = 1 dBW
Antenna gains | G = 5 dBi
Number of subcarrier | P = 200
Subcarrier spacing | Af = B/P = 10% Hz
Maximum BS-UAV distance | 5 < dgs.yg < 100 m
Environment temperature | 15° C
Atmospheric pressure | 101.3 kPa
Path loss exponent | o =2,& =3 ford=1,2,...,L
Control unit sampling rate | 50 Hz
Maximum number of iterations | Im,x = 50
Initial SVT threshold value | 71 =1
C&C weighting | v =10"%
ADMM step size | p = 10"4

scenario, we adopt a configuration with P = 200 subcarriers.
Consequently, the duration of each OFDM symbol can be
calculated as T, = P/B = 108 seconds. Then, we have at
most Tion /Tp = 10* available OFDM symbols, thus at most
T = 2000 could be used for the training of each subcarrier.
However, in case of mMIMO systems with large antenna ar-
ray sizes, this upper bound for the training symbols limits the
performance of the estimator, especially in terms of achieving
satisfactory least-squares performance. Specifically, to recover
N? parameters within a training duration of 7" = 2000, the
antenna array size should bounded to N < VT =~ 45.

B. Simulation Parameters and Setup

The bandwidth of the transmitting channel was setto B = 10
GHz with the BS-UAV communication taking place at the carrier
frequency f. = 150 GHz. In outdoor applications involving
aerial vehicles flying over significant distances from the BS,
potential high vapor levels need to be accounted for, which can
affect performance. On this premise, the atmospheric attenuation
K(f.) in our channel model (9) was derived using the MATLAB
function gaspl(-) for a wireless link of 100m distance, a tem-
perature of 15 °C, and an atmospheric pressure of 101.3 kPa. In
Fig. 3 we plot the losses over f, for water vapor of 7.5 g/m? and
for dry air (zero water vapor density). Within the figures, we also
highlight with vertical dashed lines potential 5G NR FR2 carrier
frequencies, namely, 28 GHz, 98 GHz, and 150 GHz [37]. To
mitigate channel losses at the maximum BS-UAV distance of
100 m, the transmit power is set to Prx = 1 dBW. The rest of
the parameters used in the simulations for the channel as well
as the implementation of Algorithm 1 are included in Table II.

In the following evaluation results, the signal-to-noise ratio is
employed, which is defined as:

PrxGo

2 I
n

SNR £

(49)

where Prx is the BS transmit power, which varies across wireless
systems based on application, environment, and regulations.
In BS-UAV communication, key factors include free-space
path loss and atmospheric attenuation. For cellular BSs (e.g.,
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LTE/5G), typical transmit power ranges from —10 dBW to 10
dBW, depending on deployment conditions. Depending on the
specific case under investigation, o2 may represent either the
AWGN variance in communication models or the variance in
control measurement models.

To evaluate the performance of the proposed algorithm and
compare with benchmarks, we have simulated the Mean Squared
Error (MSE) weighted over a number R of independent Monte-
Carlo (MC) realizations. At each realization, a new channel
is observed with randomly selected elevation/azimuth angles
of arrival and instantaneous gain for all propagation paths. In
particular, the MSE of the mMIMO channel matrix estimation
was computed via the following normalized form:

1 — H|j;
MSE 2
Z H[E

where H represents the estimated channel matrix.

The considered baseline schemes are the following:

a) Low-rank and ¢; minimizations using CVX to solve the
problems presented in Section III-A, which serve as non-
parametric techniques.

b) AoA estimation via MUItiple SIgnal Classification (MU-
SIC) using second order statistics or perfect channel
knowledge (Genie-aided MUSIC). These techniques aim
to recover only the LoS elevation and azimuth angles
disregarding the NLoS paths.

¢) The standard least squares’ channel estimation given by:

vec(Hpg) = &'y (50)

C. Convergence Behaviour of Algorithm 1

Before evaluating the proposed channel estimation algorithm,
we will investigate its convergence behaviour through the eval-
uation of the MSE for the channel parameter estimation with
respect to the number of ADMM iterations I,,x. We have
considered a channel with L = 3 propagation paths, and SNR of
20 dB for both control and communication measurements. The
distance between the BS and UAV was set to 1m and the water
vapor density was set to zero.

In Fig. 5, considering a 49 x 49 mMIMO channel matrix, the
MSE values of the estimations for: the elevation and azimuth
angles ) and ¢(?), respectively, the instantaneous LoS channel
gain a(?), the LoS channel matrix H((f) as well as its NLoS part

Hgi) , and the auxiliary variable Q@ are illustrated. The training
data length was set to 7' = N = 49 with a single RF chain.
The proposed technique demonstrates exceptional convergence
speed across all parameters. Specifically, both o) and ¢(*) con-
verge within just two iterations of the ADMM steps. However,
it should be noted that reducing the number of training sam-
ples T' can result in increased convergence errors. Interestingly,
this issue can be mitigated by exploiting available information
from the UAV’s control module. This is illustrated in Fig. 6,
where we have considered a 36 x 36 mMIMO channel matrix
with 7" = 3N = 108, with SNR= 20 dB for both control and
communication measurements. As shown, when the proposed
algorithm is executed without and with control information,
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Fig. 5. Convergence behaviour of the proposed Algorithm 1 for estimating
the parameters of a 49 x 49 mMIMO channel matrix using 7’ = N = 49 pilots
and single RF chain, with SNR= 20 dB for both control and communication
measurements, after 1000 Monte-Carlo realizations.
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Fig. 6. Convergence behaviour of the proposed Algorithm 1 for estimating the
parameters of a 36 x 36 mMIMO channel matrix using 7" = 3N = 108 pilots,
with SNR= 20 dB for both control and communication measurements, after
1000 Monte-Carlo realizations.

the normalized MSE reaches lower levels. Specifically, for the
estimation of Hy, the LoS part of the channel, without control
information leads to the error of —20 dB, while with control
information this errors drops down to —30 dB. It also noted that
the normalized errors for the estimation elevation and azimuth
AoAs are also significantly reduced when control information
is used.

D. Results for the Communication Performance

The normalized MSE performance as a function of the oper-
ating SNR in dB for a 36 x 36 mMIMO channel, considering
a UAV with a fully digital combining architecture including
N = 36 reception RF chains as well as a UAV with a single
reception RF chain realizing analog combining, is depicted
in Fig. 7. For the case of the 36 RF chains, T'= N = 36
training instances are necessary to ensure convergence of the
non-parametric approaches, such as the least squares, CVX//¢;,
and the proposed algorithm. The BS-UAV distance was set
as dps.ug = 10 m and the parameter for the antenna gains as
G = 5 dBi. As shown in the figure, when the number of the RF
chains match the antenna size, the non-parametric estimation
schemes exhibit the same MSE values. Due to the presence of
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Fig. 8. MSE performance as a function of the number L of multipath channel
components for all investigated estimation approaches considering a 36 x 36
mMIMO channel and 7" = 36 pilot signals. The proposed technique can re-
cover the channel with minimal information from the Single-RF chain while
maintaining an acceptable error level.

multipaths, parametric techniques struggle to achieve acceptable
performance. Interestingly, for the single RF chain case, the
available training length reduces significantly per time instance
which impacts all estimation approaches. As observed, the pro-
posed state-space channel estimation technique achieves the best
performance, followed by CVX//; techniques that exploit the
channel structure. This superiority is attributed to the fact that the
proposed method incorporates the UAV’s state information into
the channel estimation process. In Fig. 8, we plot the normalized
MSE over the number of channel paths L. It is demonstrated
that, for the case of 36 RF chains, all non-parametric techniques
remain unaffected by the value of L, while the parametric
ones showcase significant reduction of the MSE with increasing
L. When the UAV deploys a single RF chain, the parametric
techniques outperform the parametric ones, due to the lack of
sufficient number of training data, e.g., 7" = 36. Remarkably,
the proposed hybrid channel estimation technique outperforms
all the considered baselines for all reduced training cases.
Finally, in Figs. 9 and 10, the achievable rate in Gbits/sec is
plotted as a function of the SNR in dB and the training length 7',
respectively, for all investigated estimation approaches. In both
figures, we have considered a 36 x 36 mMIMO channel, while

Fig.9. Achievablerate versus the operating SNR in dB for all investigated esti-
mation approaches considering a 36 x 36 mMIMO channel, L = 3 propagation
paths, and 7" = N = 36 pilot signals.
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Fig. 10. Achievable rate as a function of the training length 7" for all in-
vestigated estimation approaches considering a 36 x 36 mMIMO channel with
L = 3 propagation paths and SNR = 30 dB.

in the former, the training length was set as 7' = 36 and for the
latter case SNR was set to 30dB. In particular, the rate values
were obtained using the formula:

1
C = Bl det (I+ ————HHY 51
on, (46t (1+ g emmt') ) 0
[F—H|%

where o2 £ 5{‘ THT } represents the normalized MSE of
channel estimation. Ag it can observed, for the case of 36 RF
chains, all non-parametric approaches exhibit similar perfor-
mance, while the parametric ones provides smaller rates for SNR
values below O0dB. When a single RF chain is used at the UAV,
only the parametric techniques and the proposed state-assisted
estimation approach retain their data rates. Figure 10 showcases
that all non-parametric techniques, including the proposed state-
assisted one, converge to the same rate value when 7" increases.
Parametric methods do not exhibit significant improvements
with increasing training lengths, often achieving peak data rates
with relatively few training data points.

E. Impact of the UAV State Estimation

The measurement vector z(k) in (16) includes a noisy version
of the UAV s state, in our case, the vehicle’s position. To remove
the noise from this state vector, Kalman filtering is an efficient
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Fig. 11.  The three simulated scenarios with UAV trajectories. The blue circles
mark the vehicle’s true position, while the green stars indicate its position as
estimated by the Kalman filter. The evolution of the position estimation error
with the implemented Kalman filtering approach is also included. The derived
position from the Kalman filter, at each control time instance k, will feed the
proposed optimization problem via parameter b(k) in (19).

and broadly used approach, given by [38]:
x(k+1) = Ax(k) + Bu(k) + Ko (z(k) — Cx(k)),

plant model

(52)

correction term

where K, represents the observer gain matrix which can be
calculated recursively via a Kalman filter; recall that matrices
A, B, and C are defined in (14), (15), and (17), respectively.
Clearly, this model for predictive control, consists of two terms,
the plant model and a correction term. This term is minimized
by the observer gain K, which is defined as [38]:

Ko (k) £ AP(k)CT(031; + CP(K)CT)™',  (53)

where the predicted (k + 1)-th estimate of the 6 x 6 covariance
matrix P(k) is:

P(k+1) 2 A(P(k) — P(k)C" (011,

+CP(k)C")"'CP(k))A", (54)

which represents the predicted estimate covariance. It is noted
that the state-space model in (13) is free of any form of noise,
which is, however, included in the measurement model of (16).

In Fig. 11, three scenarios, each with a different UAV tra-
jectory, are illustrated for £k = 1,2,...,150 time instants. In
Scenario 1, the starting point of the UAV is at the point (0, 10, 5)
at the same height with the BS’s UPA, and the end point at
(—30,30, 15). In Scenario 2, the UAV starts at the point (0,10,5)
and stops at the point (0, 40, 15) remaining in the same y-plane,
while in Scenario 3, it starts at the point (10,10,10) and stops at
(40,40, 0), remaining in the same z-plane. Note that, the derived
position from the Kalman filter, at each control time instance k&,
will feed the proposed optimization problem via parameter b (k)
in (19). For the three 3D plots at the top of Fig. 11, the blue circles
indicate the true UAV position while the green markers resulted
from the Kalman-based position estimation via (52).

Given the Kalman-based position estimation, at each control
time instance k, the 36 x 36 mMIMO channel is estimated at
the UAV side via the proposed state-assisted approach. The
performance evaluation in terms of MSE is shown in Fig. 12,
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Fig. 12.  MSE performance of the estimation of the overall 36 x 36 mMIMO

channel matrix H versus the control time instants for the different UAV tra-
jectories in Fig. 11: (1) Scenario 1; (1) Scenario 2; and (1) Scenario 3. The
proposed channel estimation is able to track the channel at acceptable error
levels throughout all three scenarios.
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Fig. 13. MSE performance of the proposed estimation of the overall 36 x 36
mMIMO channel matrix H for different SNR values for communications (left)
and control (right). The single-RF case is significantly impacted by control or
communication errors when training is limited to just 7' = 36 symbols.

where the genie-aided MUSIC and the least-squares scheme are
also included in the comparisons. As it can be observed from
Fig. 12, the proposed technique, that exploits the angles’ esti-
mation via the previously described Kalman filtering approach,
outperforms all benchmark schemes. Evidently, the MSE of the
least squares increases with increasing BS-UAV distance. It is
also shown that the performance of the genie-aided MUSIC
depends on the specific trajectory scenario. For Scenario 2,
genie-aided MUSIC provides similar MSE performance with the
proposed approach, whereas, for Scenario 3, it fails to correctly
estimate the involved AoAs.

Finally, in Fig. 13, we compare the NMSE of the proposed
state-assisted mMIMO channel estimation Algorithm 1 for
different SNR levels in the models for communications and
control. Specifically, the left subfigure includes the results for
the communications model, considering the control noise fixed
at 30 dB, whereas the right subfigure presents MSE results
for varying control SNR with fixed communication noise at
30 dB. The training length was set to T'= N = 36, for the
single-RF and 36 RF chains. At the left subfigure, the impact
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of the communications noise is evaluated, when the control
noise is fixed at 30 dB. With 36 RF chains, the impact of the
control noise does not affect the channel estimation. However,
in the single-RF case, having only 7" = 36 training symbols is
insufficient to overcome the control errors.

Considering the impact of the control noise into the channel
estimation (Figure 13, right subfigure), it primarily affects the
single-RF case. In fact, beyond 30 dB of control SNR, the
performance of this case reaches a lower error floor at —12 dB.
In contrast, the digital beamforming case is only affected by the
noise in the communications model. This is attributed to the fact
that the training symbols received with digital beamforming are
sufficient to mitigate the effect of noisy UAV position informa-
tion, thus, improving estimation performance. However, with
single-RF, a higher number of training symbols would required
to achieve the same error levels. Thus, the limited number of
training symbols in the single-RF case imply that the proposed
estimation relies more heavily on the additional UAV position
information.

VI. CONCLUSION AND FUTURE WORK

In this paper, a high-frequency point-to-point communication
system between a ground BS and a UAV is considered. Both
ends of the mMIMO communication link employed UPAs, the
BS realizing fully digital beamforming and the UAV single-RF
analog combining, and a wideband multipath channel model was
adopted that captures the impact of beam squint at both arrays.
A novel hybrid parametric and non-parametric optimization
algorithm, building upon ADMM, is proposed to solve the
joint control and communication problem, exploiting a direct
two-way link between the UAV’s control module (for the state
vector) and the communication module (for the actual chan-
nel estimation). The estimation performance and convergence
behaviour of the proposed state-assisted mMIMO channel es-
timation approach is extensively investigated via simulations
over a wideband sub-THz channel, showcasing its superiority
over benchmark schemes as well as the interplay of various
system parameters. Remarkably, simulation results show that
the proposed technique can recover the channel with minimal
information from the Single-RF chain while maintaining an
acceptable error level.
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