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ABSTRACT Integration of unmanned aerial vehicles (UAVs) for surveillance or monitoring applications
into fifth generation (5G) New Radio (NR) cellular networks is an intriguing problem that has recently
tackled a lot of interest in both academia and industry. For an efficient spectrum usage, we consider a
recently-proposed sky-ground nonorthogonal multiple access (NOMA) scheme, where a cellular-connected
UAV acting as aerial user (AU) and a static terrestrial user (TU) are paired to simultaneously transmit
their uplink signals to a base station (BS) in the same time-frequency resource blocks. In such a case,
due to the highly dynamic nature of the UAV, the signal transmitted by the AU experiences both time
dispersion due to multipath propagation effects and frequency dispersion caused by Doppler shifts. On
the other hand, for a static ground network, frequency dispersion of the signal transmitted by the TU is
negligible and only multipath effects have to be taken into account. To decode the superposed signals at
the BS through successive interference cancelation, accurate estimates of both the AU and TU channels
are needed. In this paper, we propose channel estimation procedures that suitably exploit the different
circular/noncircular modulation formats (modulation diversity) and the different almost-cyclostationarity
features (Doppler diversity) of the AU and TU by means of widely-linear time-varying processing. Our
estimation approach is semi-blind since Doppler shifts and time delays of the AU are estimated based
on the received data only, whereas the remaining relevant parameters of the AU and TU channels are
acquired relying also on the available training symbols, which are transmitted by the AU and TU in a
nonorthogonal manner. Monte Carlo numerical results demonstrate that the proposed channel estimation
algorithms can satisfactorily acquire all the relevant parameters in different operative conditions.

INDEX TERMS Almost-cyclostationarity, channel estimation, circular and noncircular modulations, doubly
selective channels, Doppler diversity, 5G new radio (NR), modulation diversity, non-orthogonal multiple
access (NOMA), unmanned aerial vehicles (UAVs), uplink.

I. INTRODUCTION
ITH the development of unmanned aerial vehicles
(UAVs), computer vision, and sensor technology,
UAV systems have been increasingly employing in civilian
and commercial applications, such as surveillance and
monitoring, due to their ability to quickly cover large and
difficult-to-reach areas. The recently-introduced concept of

cellular-connected UAVs [1], [2], [3] represents a viable
strategy to integrate UAVs in fifth generation (5G) New
Radio (NR) networks, by allowing them to transmit data to
the cellular network as aerial users (AUs). 3GPP Release 18
is introducing 5G NR support to enhance the safe use of
UAVs for commercial and leisure applications. Nevertheless,
the integration of UAVs into cellular networks introduces
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two interelated basic challenges [4], [S]. First, existing 5G
cellular infrastructures are designed to serve terrestrial users
(TUs) and, thus, the antennas of the base stations (BSs) look
downward: such a tilting might cause AUs to be served by
the side lobes of the BSs and, consequently, they suffer from
a reduction in antenna gain. Second, due to their mobility
capabilities, AUs have more versatile movements than TUs,
thereby introducing Doppler (frequency) shifts, which result
in carrier frequency offset, inter-carrier interference, and
reduced channel coherence time.

The feasibility of using existing cellular networks to
support UAVs in the low-altitude airspace has been demon-
strated in [6], [7], [8]. Specifically, it has been shown that
the favorable line-of-sight (LoS) propagation conditions for
UAVs flying in the sky can compensate for the reduced
gain of antenna side lobes of the BSs, provided that UAVs
fly below 120 — 200 m. A first consequence of flying
at lower altitudes is that the AU-to-BS channel exhibits
multipath components (MPCs) consisting of an LoS link
with high probability and a cluster of reflected, delayed
paths [9]. Severe Doppler shifts are caused by the high
carrier frequency and high velocity of the UAV, and they
are influenced by the angular distribution of the scattered
components. Indeed, different MPCs may have largely
different Doppler shifts.

To support AUs in cellular networks, there are two possible
multiple access schemes. In the case of orthogonal multiple
access (OMA) [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], AUs and TUs are served using orthogonal resource
blocks (RBs). On the other hand, non-orthogonal multiple
access (NOMA) allows AUs and TUs to simultaneously share
the same spectrum through power-domain or code-domain
multiplexing: in this case, successive interference cancelation
(SIC) is used at the BS to separate the signals. In many cases,
NOMA ensures superior spectral efficiency with respect to
OMA [20], [21], [22], [23], [24], [25].

A. NOMA FOR CELLULAR-CONNECTED UAVS

Outage probabilities in downlink and uplink NOMA trans-
missions have been evaluated in [26] based on instantaneous
distinct signal power for devices including UAVs. In [27],
an aerial-ground NOMA scheme that pairs the AU and
TU for data and control links has been investigated, by
exploiting the asymmetric features of the channels and rate
demands of the AU and TU in the downlink communication.
The authors in [28] have proposed a cooperative downlink
NOMA scheme to cancel co-channel interference via SIC
in ideal two-cell networks. A cooperative NOMA scheme
that exploits existing backhaul links among BSs for SIC
operations has been proposed in [29]. An uplink NOMA
has been proposed in [30] to serve AU and TU, where AU
trajectory and its cell-association order are jointly optimized,
whereas the use of uplink NOMA for AUs and TUs has been
studied via stochastic geometry, where the mobility of the
AU s is taken into account. The probability that the achievable
data rate of both the AU and TU exceeds the respective target
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rates is calculated in [31], where the minimum height that the
AU needs to fly, at each transmission point along the given
trajectory, is also numerically determined in order to satisfy
a certain quality of service constraint. Finally, the authors
in [32] have derived the optimal precoding that maximizes
the uplink sum-rate of an AU and multiple TUs.

A common underlying approach of all the aforementioned
works [26], [27], [28], [29], [30], [31], [32] is that
Doppler shifts due to the UAV motions are a cause of
performance degradation rather than a source of diversity.
Indeed, it is tacitly assumed that large Doppler shifts have
been previously compensated for or, as in [31], that the
AU transmits its data to the BS by maintaining a fixed
position over selected points along a given trajectory (i.e.,
transmission during hovering flight). However, compensation
of Doppler shifts is a challenging task in multipath channels,
except for the case when the MPCs of the AU-to-BS channel
have a very similar Doppler shift, which is a situation
that may not be fulfilled in the low-altitude airspace [9].
Moreover, allowing the UAV to transmit only in the hovering-
flight state along its trajectory entails a waste of both
communication and power resources. Another shortcoming
of the aforementioned papers [26], [27], [28], [29], [30],
[31], [32] is that channel estimation issues have not been
accounted at all. In a NOMA setting, channel acquisition of
both the AU and TU channels is crucial to obtain accurate
SIC at the BS.

B. MODULATION FORMATS FOR DOUBLE-SELECTIVE
CHANNELS
The choice of the digital modulation format crucially
determines accuracy and signaling overhead of channel
estimation. Orthogonal time frequency space (OTFS) and
orthogonal frequency division multiplexing (OFDM) are
digital modulation formats designed to handle doubly (i.e.,
time-and-frequency) selective channels. OFDM modulation
directly places symbols in the time-frequency (TF) domain,
whereas OTFS is a modulation technique in which symbols
are transmitted in the delay-Doppler (DD) domain [33].
OFDM is immune to the frequency-selective nature of the
wireless channel. However, if frequency dispersion is also
introduced by the channel in the form of Doppler shifts, the
orthogonality of the subcarriers is destroyed, thus resulting
in intercarrier interference (ICI). On the other hand, OTFS
might cope with multipath fading and Doppler shifts more
effectively, but such a robustness comes at the cost of a
nonnegligible increase in signal processing complexity.
OTFS modulation has been used in [34] for the imple-
mentation of NOMA among users with different mobility
profiles: specifically, a high-mobility user is allowed to
share the spectrum with multiple low-mobility NOMA users.
Although the specific case of an AU is not explicitly
considered in [34], [35], their framework may be adapted
to the scenario of cellular-connected UAVs, by regarding
the high-mobility user as an UAV. However, perfect channel
knowledge is assumed in [34], [35].
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The accuracy and signaling overhead of channel estimation
techniques for OTFS modulation strictly depend on the
values assumed by the delays and Doppler shifts. Indeed, in
the case of integer delays and Doppler shifts, the received
symbol corresponding to a given channel path is well-
localized in the corresponding DD bin [34], [35], [36]. On
the other hand, for fractional delays and Doppler shifts,
each transmitted symbol spreads into adjacent bins, resulting
in received symbols interfering with each other [37]. Such
an inter-path interference (IPI) is a source of performance
degradation for channel estimation performed directly in
the DD domain. In the case of training-based channel
identification, which consists into placing pilot symbols in
the DD grid, one way to reduce the detrimental effects
of IPI is to introduce guard symbols [38]. However, the
guard interval of the pilots needs to include the entire
Doppler domain within the range of the maximum delay,
which results in a large pilot overhead. To avoid waste
of communication resources, cancelation procedures of IPI
might be carried out before channel estimation [37], [39],
which inevitably increase implementation complexity of
OTFS coherent reception.

Channel estimation for OFDM modulation is directly
performed in the TF domain and, with respect to OTFS,
it can face with fractional delays and Doppler shifts more
effectively. Moreover, OFDM was extensively used in many
standards of wireless systems, e.g., digital audio/video
broadcasting (DAB/DVB), Wi-Fi local networks, worldwide
interoperability for microwave access (WiMAX), long term
evolution (LTE) and LTE-Advanced, and, it has been adopted
in the 5G NR network. OFDM is still considered one
of the potential candidates for beyond-5G communication
systems. However, since OFDM is more sensitive to Doppler
shifts than OTFS, a higher level of estimation accuracy
is demanded. Despite the fact that channel estimation for
OFDM is a well-investigated topic, to the best of our
knowledge, there are no effective channel estimation methods
available yet for NOMA aerial and terrestrial OFDM uplink
channels.

C. CONTRIBUTION AND ORGANIZATION

We consider a NOMA uplink scheme, which is referred to
as sky-ground (SG) NOMA, where a flying AU is paired
with a static (i.e., fixed) TU. The AU and TU have different
propagation conditions and their received power can be
rather different at the BS, regardless of their transmit power:
indeed, the air-to-cellular (A2C) channel between the AU
and the elevated terrestrial BS is doubly selective with
significant Doppler shifts,! whereas the TU-to-BS channel
is predominately frequency-selective with negligible Doppler
effects. We propose to exploit the different mobile profiles of
the AU and TU rather than to counteract the Doppler effects
induced by the mobility of the UAV. In particular, the AU
is allowed to continuously transmit along all its trajectory.

IThe air-to-cellular channel is different from the air-to-ground one due
to the non-negligible height of terrestrial BSs.
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To counteract the frequency-selectivity of both channels,
the AU and TU resort to the OFDM transmission format. To
improve the user separation capability of the BS, we propose
to exploit a further source of diversity between the two users
in the modulation domain: in both training (or pilot) and
data phases, the TU transmits circular symbols, whereas the
AU employs noncircular modulation.

Acquisition of channel state information (CSI) in uplink
NOMA is a challenging task, since channel estimation in
current wireless data communications standards is mainly
based on training sequences sent from the users to the BS
that are orthogonal in either time or frequency domain.
Orthogonal RBs for training adversely affect spectral effi-
ciency and system performance, especially in the uplink. We
consider a nonorthogonal training scheme where the training
data of one user is contaminated by either the pilots or the
information-bearing data of the other user. In this challenging
scenario, we propose a two-stage approach: first, the channel
parameters of the AU are semi-blindly estimated by also
exploiting the almost-cyclostationarity (ACS) properties [40]
of the received signal that depend on the Doppler shifts
of the AU-to-BS channel (Doppler diversity), as well as
the different circular/noncircular features of the AU and TU
(modulation diversity); subsequently, capitalizing on the CSI
knowledge of the AU, the overall channel of the TU is
acquired with a pilot-aided improved widely-linear (WL)
estimator [41]. The performances of the proposed channel
estimation algorithms are validated through extensive Monte
Carlo numerical examples.

The paper is organized as follows. The system model of
the considered uplink SG-NOMA is described in Section II.
The proposed estimation strategies for the AU and TU
are developed in Sections III and IV, respectively. Monte
Carlo numerical results are reported in Section V in terms
of channel estimation accuracy. Finally, the main results
obtained in the paper are summarized in Section VI.

D. BASIC NOTATIONS

Upper- and lower-case bold letters denote matrices and vec-
tors; the superscripts *, T, H, and —1 denote the conjugate,
the transpose, the Hermitian (conjugate transpose), and the
inverse of a matrix; C, R and Z are the fields of complex,
real and integer numbers; C" [R"] denotes the vector-space
of all n-column vectors with complex [real] coordinates;
similarly, C**™ [R™™] denotes the vector-space of all the
n X m matrices with complex [real] elements; §(t) is the
Dirac delta; §, is the Kronecker delta, i.e., §, = 1 when
n =0 and zero otherwise; j = +/—1 denotes the imaginary
unit; max(x, y) [min(x, y)] returns the maximum [minimum]
between x € R and y € R; |x] rounds x € R to the nearest
integer less than or equal to x; the (linear) convolution
operator is denoted with x; % f is the complex derivative
of the real-valued scalar function f with respect to x* [42];
0,, O« and I,, denote the n-column zero vector, the n x m
zero matrix and the n x n identity matrix; J, is given by

VOLUME 5, 2024



IEEE Open Journal of the
€’ Communications Society

J é Onxn In
" Il’l Onxn

{a}, is the ¢th entry of a € C"; {A},, and trace(A)
denote the ¢th diagonal entry and the trace of A € C"*";
rank(A) is the rank of A € C"™; ® is the Kronecker
product; ||A| £ [tr(A AM11/2 denotes the Frobenius norm
of A € C™™ [43]; A = diag(ag,ai,...,ap,—1) € C™" is
diagonal; () represents infinite-time temporal averaging and
E[ - ] denotes ensemble averaging; [ - ]» stands for modulo-2
operation; finally, with denote with x(¢) and x[n] continuous-
time and discrete-time signals, respectively.

) c R(2n) X (2n) : (1)

E. SPECIAL FUNCTIONS AND MATRICES
The Dirichlet (or periodic sinc) function is defined as

sin(r xn)

Dy (x) £ eIz @

sin(7r x)
for each x € R. W, € C"™" is the unitary symmetric
n-point inverse discrete Fourier transform (IDFT) matrix,
27
whose (m + 1, p + 1)-th entry is given by %ﬁef " for
m,p€{0,1,...,n— 1}, and its inverse W, ! = WH is the
n-point discrete Fourier transform (DFT) matrix; F € RP*P
and B 2 FT € RP*P denote the forward shift and backward
shift matrices, whose first column and the first row are given
by [0,1,0,...,0]T and [0, 1,0, ..., 0], respectively.

Il. SYSTEM MODEL AND BASIC ASSUMPTIONS

The considered single-cell network scenario encompasses an
elevated BS, mobile AUs, and static TUs. The BS is located
within the cell at a fixed height Hgg, whereas the AU flies
at an altitude Ha above the ground.> We restrict ourselves
to uplink communications since advanced signal detection
algorithms of NOMA are more affordable at the BS [25].
A uniform linear array (ULA) is used at the BS with J
antennas. The AUs are represented by single-antenna UAVs
that are employed for surveillance or monitoring a given
area within a cell and transmit data to the corresponding BS
over given A2C links. According to 5G NR channel access
schemes for terrestrial cellular networks [44], we assume
that TUs transmit to the BS using the OMA scheme and,
hence, there is no interference among the TUs in the cell.
The extension of the proposed approach to the case in which
nonorthogonal RBs are assigned to TUs in the uplink is
discussed in Sections III-D and IV-B.

In this paper, we consider an uplink SG-NOMA protocol,
where single-antenna TUs share their RBs with the AUs.
As in [31], we assume that each AU is randomly paired
with a different static (i.e., fixed) TU (see Fig. 1). Hence,
the scenario of interest boils down to the case of a single
AU and a paired TU.? The two-user scenario represents the

2The proposed estimation algorithms can be straightforwardly modified
to account for the case where the AU varies its height along the trajectory.

3In principle, multiple AUs can be paired with a single static TU.
In this case, the proposed estimation framework might be extended
straightforwardly, provided that the superimposed AU signals exhibit
different ACS properties at the BS, i.e., the AU-to-BS channels are
characterized by different Doppler shifts.
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Base Station (BS)

LoS path ((( )))

Aerial User (AU)

FIGURE 1. Uplink sky-ground NOMA: the UAV and the terrestrial user transmit their
own uplink signals to the BS in the same RBs.

case of major practical interest for NOMA, since it results
in acceptable interference levels [45]. Moreover, we assume
that inter-cell interference (ICI) coordination techniques are
employed to mitigate terrestrial ICI [46], [47]. When the
UAV flies in the low-altitude airspace [6], [7], [8], the
LoS probability between the UAV and the neighboring co-
channel BSs may be very low and ICI coordination (ICIC)
only needs to involve a few BSs in a local region to
exchange control information via high-speed backhaul links.
In this case, the use of more sophisticated aerial-ground
interference mitigation/cancellation procedures [3] might be
avoided. Additionally, since each AU uses NOMA with a
paired TU in the same cell, terrestrial ICIC indirectly limits
aerial-ground interference between the UAV and co-channel
terrestrial communications. Thus, in this work, we focus on
the equivalent scenario with a single BS and a single AU-TU
pairing in a given cell, without ICIL.

A. TRANSMIT SIGNAL MODEL
Both users employ OFDM transmission to cope with the
time-dispersive nature of the channel.

The independent symbol streams emitted by the AU and
the TU (n € Z) are denoted with {sa[r]} and {st[n]},
respectively.4 We model {sa[n]} as a sequence of zero-
mean unit-variance independent and identically distributed
(i.i.d.) complex noncircular random variables [48], with
second-order moment E(si[n]) # 0. On the other hand,
{sT[n]} is modeled as a sequence of zero-mean unit-variance
ii.d. complex circular random variables, i.e., E(s%[n]) =0.
5G NR has been natively designed for circular modulation
schemes, such as phase shift keying (PSK) and quadra-
ture amplitude modulation (QAM). Noncircular modulation
schemes have been subsequently introduced for the uplink
data channel (physical uplink shared channel - PUSCH)
and control channel (physical uplink control channel -
PUCCH) transmissions [49], [50], [51], such as /2 binary
PSK (BPSK). These waveforms, when combined with an
appropriate spectrum shaping, enable low peak-to-average-
power ratio transmissions without compromising the error

4Throughout the paper, the subscripts A and T refer to the AU (i.e, UAV)
and the TU, respectively.
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rate performance, which is a desirable property for UAV
communications. We will show herein that exploitation of
the different second-order statistics (i.e., noncircular versus
circular) of the AU and TU signals is instrumental into
acquiring CSI in NOMA.
Both users share the same M orthogonal subcarriers. Let

[m][E] = stx[£ M + m] represent the symbol transmitted in
the £th data block on the mth subcarrler Wlth TX e {A, T},
the vector stx[n] 2 (sixlnl, sialnl, ..., s DT €
CM is subject to IDFT and cyclic preflx (CP) 1nsert10n
thus yielding urx[n] £ @[], ull(nl, ..., ulf )T =
Icp Wy stx([n], where Ip € RP*M models the insertion of
a CP of length Lep, with P £ M + Loy, and Wy is the
M-point IDFT (see Section I-D). The precoded data vector
urx[n] undergoes parallel-to-serial (P/S) conversion, and the
resulting data sequence {urx[f]} feeds a digital-to-analog
converter (DAC), operating at rate 1/7, = P/Ts, where
urx[€ P+q] = b4 [¢], for g € {0, 1...., P— 1}, the OFDM
symbol period is Ts, whereas T is the sampling period. The
baseband transmitted continuous-time signal at the output of
the DAC is given by

400 P-—1

xtx (1) = Z ZMTX 4] I/IDAC(Z‘ - qT

{=—00 q=0

for TX € {A, T}, where ypac(?¥) denotes the impulse
response of the DAC.

tT)  (3)

B. CHANNEL MODEL FOR TERRESTRIAL USER

The far-field channel between the TU and the BS is invariant
over a coherence time Teop 2 Neoh Ts, With Negn > 1,
wherein it can be modeled as a linear time invariant (LTI)
system with impulse response:

Kt
hy(7) = ZgT,k5(T — 7r.1) a(fri) “4)
k=1

where Kt is the number of paths between the terrestrial user
and the BS, whereas gt T1,k, and 6t denote the complex
gain, the time delay, and the angle of arrival (AoA) at the BS
of the kth path. Taking the first receive antenna as reference,
the vector a(@) € C’ in (4) denotes the response vector
of the BS in the direction 6 € [—mr/2, 7 /2] relative to the
boresight of the ULA and it is given by

2 (J-Dd s1n(9)) 5)

a() 2 <1, o Toami 5@

where d is the distance between two adjacent antennas and
Acarrier = C/fcarrier 1 the wavelength, with ¢ being the light
speed. From now on, we will set d = Acarrier/2 for simplicity.

Since each propagation path is approximately equal to the
sum of independent micro-scatterers contributions, having
same time delay and AoA, the channel gains {gT x} can thus
be modeled as independent zero-mean complex Gaussian
random variables (Rayleigh fading model), with variances
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of , £ E(lgrxl?. for k € {1,2, ..., Kr}. It can be adopted
for aTz’k the common propagation model (see, e.g., [52])

dT, " nt
GTzJ{ = a%ref P1GrGas,1 < = ) (6)

dr k
where O’T2 rof 1 @ unitless constant, Pr is the transmit power
of the TU, Gt and Ggs 1 represent the antenna gains of the
TU and the BS, respectively, dr  denotes the propagation
length along the k-th path, drer is a reference distance for
the antenna far field, and n is the path-loss exponent.

C. CHANNEL MODEL FOR THE AERIAL USER

For A2C link, we assume a two-ray channel model,’
which includes the LoS path and a scattered (i.e., non-
LoS) component [9] (see also Fig. 1). The non-LoS (NLoS)
component is physically due to many rays reflected or
scattered from closely-spaced terrestrial obstacles within the
vicinity of the BS, which are characterized by a very narrow
beamwidth [9] and appear grouped or “clustered” in delay
for sufficiently high elevation angles [54]. Henceforth, such
rays are expected to have a very similar Doppler shift, as
they all come from similar directions (narrow beamwidth),
and a very similar delay (high elevation angle). Assuming
that the UAV is moving (relative to the BS) at constant
radial speed v within the observation interval [0, 7p), with
To £ NoTs < Tcon, under the customary assumption that the
communication bandwidth B ~ 1/T, is much smaller than
the carrier frequency fearrier, the far-field low-pass equivalent
linear time-varying (LTV) time-delay impulse response of
the UAV-to-BS channel can be expressed as® (see, e.g., [53])

ha(t, 7) = gap e /AL (T — o) a(fa ) @)
+gan e/ TIAN S (T — 7z N) a(HaN)

where garL [ganN], OaL [0aN], TaL [taN], faL =
Jmax cos(PaL) [faN = fmax cos(PaN)] are the complex (i.e.,
amplitude and phase) path gain, the AoA at the BS, the time
delay, and the Doppler shift of the LoS [NLoS] component,
with 9a1 € [0, 7] [PaN € [0, w]] representing the angle
of departure (AoD) of the LoS [NLoS] ray relative to the
direction of motion of the UAV and fpax £ Jearrier V/¢ < B.
It is noteworthy that the LTV model (7) is justified by the
fact that the UAV is allowed to communicate with the BS
while it is flying and, hence, we do not constrain the UAV
to transmit only in the hovering-flight state as, e.g., in [31].

Since the speed and physical location of the UAV would
change much slower than the symbol period T, the UAV
related parameters gai. §AN, OAL, OAN, TAL, TAN, fAL,
and faNn can be assumed as unchanged within No < Ncon
OFDM symbol blocks. Local stationarity of the scattering

5The proposed estimation framework can be extended to the multi-
ray case for the A2C channel. However, for blind identification of the
corresponding channel parameters, the Doppler shifts of the different rays
have to fulfill a mild technical condition to avoid ambiguities [53].

6Throughout the paper, the subscripts L and N indicate parameters
referring to the LoS and NLoS components of the AU, respectively.
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geometry is widely used in the literature and experimentally
confirmed in [55]. Moreover, we consider an underspread
A2C channel, characterized by max{rar, TAN}fmax < 1,
which is true for many wireless channels [56].

The statistical characterization of (7) is herein determined
by assuming that the A2C channel is LoS with probability
one.” Specifically, the gain ga 1 is deterministic and takes the
value oa 1 ¢ ?AL. The parameter ¢a 1 € [0, 27) accounts for
a (possible) phase misalignment along the LoS path between
the UAV and the BS. On the other hand, the NLoS gain
gaN is modeled as a complex circular zero-mean Gaussian
random variable with variance U/iN £ (| gA,le). Similarly

to (6), for C € {L, N}, aﬁL and O'KN can be modeled as

d NA,C
dA,ref ) (8)

2 2
OAC = OpCret PAGA GBS AC ( o

where Ui,c,ref is unitless, P is the transmit power of the
AU, Ga and Ggsac represent the antenna gains of the AU
and the BS, respectively, da crer is a reference distance for
the antenna far field, da c denotes the propagation length
of path C € {L, N}, and nac is the corresponding path-loss
exponent. It should be observed that the UAV-to-BS channel
is described by a Rician fading model, whose corresponding
Rician factor is Ky £ crAL/aAN We underline that the
path C € {L, N} of the AU and the MPCs of the TU see
different BS antenna gains Gpsa,c and Ggs T, respectively,
which reflects the fact that the AU and TU may be served
by different lobes of the BS antennas.

D. RECEIVE SIGNAL MODEL BEFORE CP REMOVAL
Hereinafter, without loss of generality, the reported signal
models refer to the observation interval [0, Ty) of the TU
channel, which corresponds to the transmission of No OFDM
symbols. After filtering, for ¢ € [0, Tp) and j € {1,2,...,J},
the baseband received signal at the j-th antenna of the BS
can be written as

Vi) = gar e T xp (1 — tpp) /T DSN0OAL) (9

Fgan ¢! TN g (1 — toN) /70D SIN(EAN)
Kt

+ Z 8T,k xT([ — TT,k) e]ﬂ(]*])Sm(QT‘k) + W](I)
k=1

where wj;(¢) is the complex envelope of (filtered) noise
statistically independent of xtx(f), for TX € {A, T}.

If we denote with {¥apc(f) the impulse response of the
(anti-aliasing) filter at the input of the analog-to-digital con-
verter (ADC) at the BS, the impulse response of the cascade
of the DAC interpolation filter and the ADC antialiasing filter

is given by ¥ (1) = ¥pac(?) * Yapc(?), obeying ¥ (1) = 0

"It is shown in [31] that, by using the model and the parameters reported
in [57], [58], [59] and assuming a practical UAV altitude range of 25— 120
meters, the probability of occurrence of the LoS event between the UAV
and the terrestrial BS is equal to one when either the horizontal distance
of the UAV from the BS is smaller than about 75 meters or the elevation
angle between the UAV and the BS is greater than 20 degrees.
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for t & [0, Lfier Tc). The pulse 1 (¢) and its finite duration
Lier T are known at the BS. A very common assumption
in multicarrier applications is that Lgjer Tc + Tmax < Ts,
with Tax 2 max(TaL, TAN, TT,1, - - - » IT.Ky)- Moreover, we
customarily assume that the BS has been previously locked
to the multipath component at (approximately) the minimum
delay tmin £ min(taL, TAN, TT,1, - - -, IT,ky) and, without
loss of generality, we set Ty, = 0.

The signal (9) is sampled at t,,p £ nT, —i—pTC, for n €
Z and p € {0,1.. — 1}. Let y [n] = y](tnp) be the
discrete-time counterpart of (9), for ne {01, — 1},
one gets

y[P] [}’l] = gAL el 27TUA,L(H+%) X‘[{:]L[l’l] ejj'[(j—l) Sin(QAVL)
J g s

+8AN€] QJTUA,N(rH»%) x[:’]N[n] ejﬂ(ffl)Sin(gA,N,)

+Zngx

where vac e facTs € [—1/2,1/2) is the normalized
Doppler shift of the UAV relative to path C € {L, N},
whereas

[n] e/n(/ 1) sin(Or k) +WP [n] (10)

n P-1
el =" > ude

{=n—1q=0

apc[(n—OP+ (p—q) —dac] (1)

n P-1

x[{)]k[n] = Z Zu!rql[ﬂ]

{=n—1 q=0

ark[(n—OP+ (p — q) — dr ] (12)
where

aaclhl £ ¢ (h T — xac) (heZ) (13)
tac =dacTc + xac (14)
arilh] £ ¥ (hT. — x1.x) (15)
Tk =dri Te + X1k (16)

with integer delays dac and dr, and fractional delays
xac €10, T;) and xTx € [0, T¢), and w] [n] —w](tnp)

By gatherlng the obtalned samples of the received signal
into yjln] £ )yl )T e P and
accounting for (10) we obtaln the following vector model

yilnl = HAj[n] saln] + HAj[n] saln — 1]

=(0)
+Hry ¥ stln] + HTJ st[n — 1] + w;[n]

A7)

forne{0,1,...,

b)
Hy (]

No— 1} and je {1,2,...,J}, where

1>

SAL (DA,L T,(Ab,)L 9A)€]2HVA’LH ejrr(j—l) sin(fa,1)

+8A,N (DA,N TX],)N 9A>€j2nvA’Nn e]r[(]'fl) sin(QA,N)
(18)

H”(Fbi ZgT k(T( SZT)e]”(’ D sin(6r.) (19)
k=1
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for b € {0, 1}, with

2 2
Dac 2 diag(1, e/ 7Ae, . o FirclPD)

(20)
for C € {L, N}, whereas the (p + 1, q + 1)th entry of the
Toeplitz matrices T AC e RP*P and TT € RP*P i given
by aac[b P+ (p—q) —dacl] and OtT (bP+(p—q) —dral,
respectively, for p,q € {0, 1. — 1},

Qrx 2 I, Wy € CM (1)

and Wiln] £ ), willin), . Wi € €7 s a
zero-mean complex circular Gaussian random vector with
E(Wj, [n1Wp[n2]) = 0.2 8,y 8, Ip-

The 51gna1 model (17) before CP removal is used in
Section III-A to blindly estimate the Doppler shifts and the

time delays of the AU.

E. RECEIVE SIGNAL MODEL AFTER CP REMOVAL
Forne {0,1,...,Ngo— 1} and j € {1, 2, ..., J}, interblock
interference (IBI) in (10) can be perfectly suppressed through
CP removal, thus yielding, after DFT,

[n] WM Repyiln]

= Hy j[n]saln] + Htjst[n] + w;[n] (22)

provided that Lo, >

Litter + [Tmax/Tc), Where(o)ch €
S Wy R, Hy 0] €
CMXM and Hp; 2 WH R, H(O) e CMXM_ and, finally,

the noise contribution is wj[n] = W}‘{,, Rep wiln] € CM,
Moreover, accounting for (19), the matrix Hr; can be

RM*P performs CP removal, Hp Jlnl

T
“T,k[Lﬁlter]) e REfiert1
(29)

ari = (aril0] arill], ...,

On the other hand, the transmission of the AU is adversely
affected by ICI due to the presence of Doppler shifts: in
general, the channel matrix H j[n] cannot be diagonalized
through DFT.

By collecting the data received by all the antennas of the
BS in the vector y[n] £ (y][nl, yi[nl,...,y;[n)T € C/M,
we obtain from (22) and (23) the signal model

yln] £ Halnl saln] + My st[n] + win] (30)
for n € {0, 1, ..., Ng — 1}, where
Haln] 2 (HY [n], HY ,[nl, ..., HY j[n]) € CUM) <M
(€2
My 2 (ML ME,,... ME )T e M (3
and win] £ (w][n], wi[n], ..., w)[n)T € C/M.

F. NONORTHOGONAL PILOT ALLOCATION SCHEME

To acquire the channel parameters needed for demodulating
the data (i.e., information-bearing) symbols transmitted by
the users, the BS might rely on training (or pilot) symbols
sent by both the AU and TU, over reserved time-frequency
RBs in uplink. Specifically, we assume that user TX € {A, T}
inserts 1 < Orx < M pilot symbols at distinct subcarrier
locations

written as reported in (23), where the forward matrix Mrx & {mrx,0, mrx,1, - .. MTX,0rx—1} (33)
F € CP*P has been defined in Section I-D and we have c{0,1,....M—1}
observed that the matrix in square brackets is circulant . o '
and, thus, it can be equivalently written as Wy My WL,  during the 1 < N1x train < Np distinct symbol intervals
with
. Nrx £ {n1x,1, 11X 2, - -+ s PTX Nrx ain | (34)
MT,jéZMT,j,h (24) c{0,1,...,Ng — 1}.
k=1 In NOMA schemes, the training phase of one user suffers
The matrix Mr j £ diag(p j.k) 1s diagonal, with from the interference generated by either the pilots or the
N H " data transmitted by the other one. Perfect separation of
rrjx=vMWyLgrjreC (25)  pilot symbols at the BS is possible only if the TU will
where not transmit neither pilots nor data on the set Ma of
T subcarriers over the OFDM signaling intervals N4 and vice
L2 (Ichv O(TM7 Ley)xLe ) e RM*Lep (26) versa. Obviously, besides requiring a stringent protocol-level
A (aT ° ;p ’ cooperation between the aerial and terrestrial networks, such
8Tk = (0(1”, gr e/ TV ok (27)  a latter strategy comes at a (possibly unaffordable) cost of
T T " spectral efficiency due to the time-varying nature of the AU
'Och—Lﬁner—dT,k—l> e Cr (28)  channel and it is not considered herein.
Kt ) ) Liter
Hrj=WhY " | grie/ 070000 §™ o i [0] Rey FH Ly | Wy = My (23)
k=1 =0
Wy Mk WE
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Channel estimation for the aerial user

Blind estimation of the Doppler shifts of the AU

Peak detection and
AU Doppler shifts
calculation

Vac

=33 |8

j=1 r=—

/yj

]

i No—1
¥;ln] —17——{ R,"\_)y z yj[n]yj n — 7] e 2ran
: n=0

CCCM estimation in eq. (43)

Estimator in eq. (44)

ST i """""" Blind estimation of the delays of the AU

o Build the Peak detection

AP = oo matrices (47), and -
Ry l=x z_;) Vilnl ;[ —1]¢ (48), (49), and AU delays A

_ (50) calculation

Estimator in eq. (60)

L » CPremoval g RHO)
and DFT r A
/ \

J

Matrix in eq. (45)

( Build the vector (78)

containing the entries
of ¥;[n]at the TU

\___pilot locations __/

yr[n]

L

y;ln] PA([H] —W\,prD.\(TA(Q.\ s[n]r”‘"“”
P\(*(P\([”-\l] Paclrazl;- .- Pa.clA Ny i)

Matrix to be inserted in eq. (66)

LS estimation of|
> complex gains
and AoAs

gac
’/l:\,('

Build the
ghannel matrices
| Hy [n]of the AU J

BWLU estimation

of the TU channel

> ST BWLU

FIGURE 2. A summary of the proposed channel estimators for both the AU and TU (the BWLU estimator for the TU channel is depicted only).

lll. CHANNEL ESTIMATION FOR THE AERIAL USER

The task of the AU channel estimator is to pro-
vide to the WL-TV SIC filter the channel matrices
Ha 1[n], Ha2[n], ..., Ha yln], forn € {0, 1,...,No—1}. In
this case, since the time-varying nature of the A2C channel
prevents the diagonalization of Ha j[n] through DFT, it is not
possible to separate pilots and data symbols in the frequency-
domain. For such a reason, we set M ={0,1,..., M —1}
or, equivalently, Qp = M, i.e., the AU inserts pilots at all the
subcarriers within the symbol intervals specified by N =
{na1,nA2, -+ BA Ny rain }-

To reduce the amount of training, we propose a semi-
blind approach to estimate the unknowns characterizing
the channel matrices Ha [n], Ha 2[n], ..., Ha s[n]. Speci-
fically, Doppler and delay parameters are blindly estimated
by exploiting the unique ACS properties of the signal
transmitted by the AU, without relying on pilots. On the
other hand, complex gain and AoA parameters are estimated
by using the pilot symbols known by the BS. The estimators
derived herein are based on the assumption that the AU
channel parameters are deterministic but unknown quantities.

The proposed estimators of the AU channel parameters
are summarized in Fig. 2.

A. BLIND ESTIMATION OF DOPPLER AND DELAY
PARAMETERS

The starting point of our blind estimation procedure is the
signal (17), i.e., the entire OFDM block (including the CP)
is processed for acquiring Doppler and delay parameters
of the AU transmission. The ACS features of (17) stem
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from the fact that ﬁff’)j[n] in (18) is a discrete-time almost-
periodic (AP) matrix [60] with (possibly) incommensurate
frequencies {va1,van} € [—1/2,1/2). Consequently, for
re{—1,0,1} and j € {1,2,...,J}, the correlation matrix

Ry, (1, ] £ E®;ln] YJH[n —r]) € CP*P and its conjugate
counterpart Ry, yrln.rl = £ K@,y y; Tin—r]) € CP*P are AP
matrices, too, and the multivariate process (17) is said to be
second-order wide-sense ACS [40].

Capitalizing on the fact that the AU transmits noncir-
cular symbols while the TU adopts a circular modulation
format (modulation diversity), the proposed blind estimation
approach relies only on the conjugate second-order statistics
of the ACS random process (17), which turn out to be free
from both TU and noise contributions (a consequence of
Doppler diversity). For j € {1,2,...,J}, one gets

Yo > EBajcalrl

Ci€{L, N} C€{L, N}
el (va.c,+va.cy)n

Ryjyjff [n,r] =

(35)

where the P x P matrices in (35) are defined in (36)—(38)
at the bottom of the next page, with A € CM*M being a
known diagonal matrix derived in the Appendix for the 7 /2-
BPSK case and depending on the noncircularity property
of the AU symbols. Under mild regularity conditions, the
AP matrix (35) can be equivalently written in terms of the
generalized Fourier series expansion as follows

Z R, 7 [r] e/ 27on

[n,r] = 39)
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where, for r € {—1,0, 1},

o A . —j2ran
Ry = (Rygsn. 1 27)

N
2 Rygln rle " (40)

= lim
N—+oco 2N + 1

is the conjugate cyclic correlation matrix (CCCM) at cycle
frequency o and it is given by

Ea,LLlrl, a=2VAL;

Ea,j,NN[7T, a=2VAN;

o
Ry 1] =

EA LN+ EajNLlr], @ =vaL+VvAN;

Opxp, otherwise.

(41)

It is worth noticing that there are three distinct cycle
frequencies 2 va L, 2 VAN, and vA,L—l—vA,N,S which arise from
linear combinations of the Doppler shifts va1 and van.
Thus, the cycle frequency set of (35) is

A={2vaL.2VAN, VAL + VAN]. (42)

Another key observation underlying our blind estimation
approach is that, in practice, Rg 7*[r] can be directly
estimated from the received data usmg the consistent estimate
(see, e.g., [61])

No—1
Do < I, —j2man
Ryl = 5 2 §lmyjln—rle 2 @3
n=0
1) BLIND ESTIMATION OF THE DOPPLER SHIFTS

Estimation of the Doppler shifts fa1. and fa x is equivalent
to that of va1 and va N, respectively. For j € {1,2,...,J},
knowledge of the CCCMs R‘L*[ 1], Rﬂ i [0], and RE‘ 7*[1]

enables one to blindly retrleve the unknown cycle frequency
set (42) through the one-dimensional function:

sy Z el

]lr_

= Z Z tr(R;‘jy;ﬁ[r ’R *[r } ) ,
j=1r=—1 ’
/ with o € [—

(44)

1/2,1/2).

8Since the LoS and NLoS components arrive at the BS from different
angular directions, one can safely assume that va 1, # vA N-

By using differential calculus arguments, it can be shown
that the function J(«) has three local maxima in [—1/2, 1/2)
at points 2va1, 2vaN, and va1 + vaN. Hence, the cycle
frequencies of the second-order ACS process (17) can
be acquired by searching for the maxima of (44) over
—1/2,1/2), provided that |va 1|, [van| < 1/4. Specifically,
if vAL < vaN, the maximum points of J(«) in [—1/2,1/2)
are 2VAL < VAL + VAN < 2vaN in increasing order. On
the contrary, if va1r > vanN, the increasing order of the
maximum points is 2va [ < VAL+VAN < 2va L. Therefore,
by picking up the smallest and largest maximum points of
J(a) in [—1/2,1/2), one can acquire the Doppler shifts of
the AU up to a permutation ambiguity, i.e., it is not possible
to infer if the smallest (or, conversely, largest) maximum
point of (44) is equal to 2va1 or 2vaN. However, such
an ambiguity is irrelevant for the detection process of the
symbols transmitted by the AU.

In practice, the estimates of the Doppler shifts can be
obtained from data by finding the peaks of the function 7(0:)
obtained from (44) by replacing (40) with (43).

2) BLIND ESTIMATION OF THE TIME DELAYS

Hereinafter, we assume that the Doppler shifts have been
previously acquired as proposed in Section III-A.1 and, for
the time being, they are assumed perfectly known.

The proposed estimation technique to acquire the delays
AL = darLTc + xaL and taN = daNTc + xanN relies
again on the AP conjugate correlation matrices Ryjy{k [n, —11,

*[n 0], and R [n 1] in (35). In addition, we capitalize
on the following parameterlzatlon of the Toeplitz matrices
T(bL and T(b’) - defined in (18) with b € {0, 1} - in terms of
the forward shift F € RP*P and backward shift B € RP*P
matrices (see Section I-D):

Lep

TOr = y(eTe — tac) F 45)
£=0
Lep

TX)C = Z V(€T — tac) BP~¢ (46)
=1

for C € {L, N}, where the pulse ¥ (¢) is known at the BS.
Starting from the CCCMs (41), for r € {—1, 0, 1}, at cycle

frequency o = 2 va ¢, which can be obtained from (36)—(38)

by setting C; = C, = C € {L, N}, we build the matrices

EA,j,Cl,Cz[_l] A gALC ejn(j_l)Sin(GA‘Cl)gA’CZ e]n(j—l)sin(é)A_Cz) &) 27vA C, (DA,Cl T,(AO,)Q SZA) A <DA,C2 T( ) SlA) (36)

T
EA,C.C[0] 2 gac, eV Dsin(0a.c,) ga.c, ¢/ Dsin(0r.c,) Da.c [<T§3.)C1 9A> A (Tff)cz 9A>

+(TE\1,)C1 SZA) A (TX?C2 SZA) ]DA,C2

(37

. . T
= i—1)s i—1)s — 1 0
EAjCcll] = 8A.Cy eV Dsin(tacy) 8A.Cy eV sin(Ba.co) eI 2mING (DA’Cl T(A,)Cl SZA) A <DA’C2 TE\,)Cz SZA) (38)
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Pajcl—1] 2 e2TACDY REE?C[ 11D} ¢

2 27 (j—1) sin(6
=gic /2= (A,c)

(ij)c szA) A( T szA)

A 2vacC
=D} Ry 01D} ¢
3 yjyj J

(47)

®a,,cl0]

2 27 (j—1) sin(0
=gic 2/ 2 (i— D sin(6ac)

[CENNCIES)
T
0 0
+(Tc @4 ) A (T 24) ]

®pjcll] 2 27D %Kfzc[u D} ¢

_ ng,C e]Zn(jfl)sm(GA,C)

T
(The2a) A (T 24) -
The proposed estimation algorithm relies on the fact that

Jo1
Ppc LD Y @ajclr]

j=1r=-1
= g%,C Dj (sin(GA,c)) CA,C SZA A Qg CX,C

(48)

(49)

(50)

for C € {L, N}, where the Dirichlet function has been defined
in (2), the matrix Cpc £ T(O) + T(l) € RP*P s circulant
by construction, whose first column is given by

cac = (V(—tac). ¥(Tc — tac). - - -, (51)
T
¥ (Lep Te — TaC). 0, ..., 0) .
Such a circulant matrix can be easily diagonalized as
Cac = Wpdiag(vac) Wp (52)
where the pth entry of
vac 2 VPWHepc e (53)
. . — 2—”‘[ .
is given by {vaclp = Yaclple ' T "ACP with
1
forpe{0,1,....5 -1}
Wa clpl = n q;(ﬂ) ]%XA,C 54)
Tc Ts ’
forpe{5-1,%,....Pp—1}
and ¥(f) ~ O for f ¢ (—0.5/T.,0.5/T.) being the

Fourier transform of v (¢). Is is worth noticing that

Wa c[0], Wacll], ...,\IIA,C[I—; — 1] are equal to the corre-
sponding coefficients of the P-point DFT of ¢ (€7;) and,
thus, they are known at the BS.

To acquire the delay 7o c, we observe that, by substitut-
ing (52) in (50), it results that

Wp @ac W = g5 ¢ Dj(sin(6ac))
‘EacW¥acY VYacEac

(55)

for C € {L, N}, where we have defined the matrices
Eac = diag(l, eI T TAC, ...,e*J%TA,C(P*‘» (56)

WA c £ diag(WaclOl, Yaclll, ...,
Y £ WH @ AQLWj e CPP,

WaclP —1]) (57)
(58)

For p € {0,1,...,P — 1}, it is readily seen that the pth
diagonal entry of Wg @, c Wj is given by

{Wh @acWp) (59)

PP
4
- gACDJ(Sm(GAC))“I’AC[P] {T)ppe AP

At this point, let us introduce the one-dimensional cost
function defined in (60) at the bottom of the page. where
Amax > max{tayr,7aN} is a known upper bound on the
maximum delay of the AU channel. By resorting to the
triangle inequality, it can be verified that, for C € {L, N},
Ta.c(B) takes its maximum value when 8 = toc+iTs/2 (i €
Z). Hence, under the assumption Apax < T5/2, acquisition
of 7o c can be pursued by searching for the global maximum
of (60) over the interval [0, Amax] C [0, Ts/2).

In practice, an estimate Ta ¢ of the delay ta ¢ is derived
by searching for the peak of the finite-sample version
fAc(ﬂ) of the cost function IAC(ﬁ) defined in (60), where

Zac(B) is obtained by replacing R, lflc[r] in (47)—(49), for

r e {—1,0, 1}, with their correspondmg estimates R, flc[r]

[see (43)], evaluated at the estimated cycle frequency 2 VA,C
acquired through the algorithm in Section II-A-1.

B. PILOT-AIDED ESTIMATION OF COMPLEX GAIN AND
AOA PARAMETERS

After acquiring the Doppler and delay parameters blindly,
we propose to estimate the complex gain and AoA unknowns
of the AU, by capitalizing on its pilots transmitted in
the training intervals Na = {na,1,n4.2, ..., AN g }- FOT
the present, Doppler and delay parameters are assumed to
be perfectly known. The starting point of the pilot-aided

P/2—1

Iac(B) =
p=0

P/2 1

lga.cl? | D3 (sin(fac))
p=0
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1 |‘1’Ac[p]| |{T}pp|2eﬂr(mc |

> (WH @A c Wi, (VR clpl) (1), 777

with B € [0, Amax] (60)
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estimation step is (22), which collects the signal received by
the j-th antenna after CP removal and DFT.

For n € Na and j € {1,2,...,J}, it is convenient to
rewrite (22) as follows

yilnl = gar 1y paLln] 1)

i—1
+EAN My N PANI] +da j[n]

2 Wi Rep Dac T @ salnl e/ 27Ac" s a
known vector, na.c £ pJmsin(fAc) g g complex parameter to
be estimated together with ga ¢, for C € {L, N}, whereas
da j[n] £ Mr ; st[n] + w;[n] represents disturbance from the
AU viewpoint.

Given the AU symbol vector sa[n], the random vector
yj[n] is circular, for j € {1,2,...,J}. By gathering all the
training blocks received by the j-th antenna in the matrix
Yaj 2 (yilnaal.yjlnazl, ... yilnan, ) € CY*Nawin,
one gets the compact matrix model

where pa c[n]

YA, =8AL, /:, L PaL 4+ gaNT, ,:, WPAN+Da;  (62)
with
Pac £ (pac[na.]. pac[naz].
 PAC[ AN g ]) € CHP N (63)
Daj = (daj[na1]. daj[naz2].
A [N, gun ]) € CYNamain (64)

for C € {L, N} and j € {1,2,...,J}. From now on, it is
assumed that na 1 is distinct from naN.

Since the correlation properties of Da; are unknown
due to the multiple access interference arising from the
transmission of the TU, estimation strategies involving the
second-order statistics of the disturbance, such as best linear
unbiased (BLU) or linear MMSE estimators, cannot be
implemented in this case. Therefore, we resort to the least-
squares (LS) criterion [63] to acquire channel gains and
AoAs of the AU, whose salient feature is that no probability
assumptions are made about the received data.

The four parameters na1. gaL, 7AN, and gan have to
be estimated. The LS estimator is defined as

(8AL- BAN.TAL. TAN) = arg min La(pL, PN, OL, ON)
PL, PN €
loLl = lonl =1

(65)

with

J
- 2
La(pL, PN, OL, ON) = Z HYA,,/ - Z pC O 1PA,C ” .
=1 CelL, N}
(66)

Significant computational savings follow from the observa-
tion that, for any given na 1 and na N, the problem of finding
the LS estimates of ga 1. and ga N, corresponding to that na 1.
and na N, are obtained by solving the 2 x 2 linear system:
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La(pL, pN, 0L, ON) = —AL o+ AL 1oL+ AL2pon =0

apfi
(67)
ap* La(pL, PN; OL, ON) = —AN,0 + AN,1 N + AN20L =0
N
(68)
with
4 1
Aco 2t (YAJ P )) (69)
/:
Aci 2 Jtr(PacPic) =J[Pacl? (70)
A 4 Jj—1
:th PACPAC<’7AC’7AC) (71)

where C = N when C = L, whereas C = L. when C = N.
The solution of the system (67)-(68) is given by

—~ AL o AN,1 — AL2 ANy

gAL = (72)
AL 1 AN — AL2 AN

~ ArL 1 AN — AL AN2

AN = (73)

AL AN —AL2 AN
By substituting (72)-(73) into (65), the LS estimates of 14 1.
and na N can be found by

min

La(8aL. 8aN. 0L, 0C). (74)
loL|=lon|=1

(AL, TAN) = arg
In general, the cost function in (74) is multimodal. However,
there exist computationally-efficient global optimization
procedures, which try to provide an efficiently global
optimization by partition of definition space at multi-
scale levels, see, e.g., [64], [65]. Such methods have a
stable convergence speed and the optimization solution is
independent of the selection of initial solutions [64].

In practice, the previously obtained estimates of the
Doppler and delay parameters (see Section III-A.l
and III-A.2) have to be used for LS acquisition of
the complex gain and AoA unknowns of the AU.
Specifically, the LS problem to be solved comes from
replacmg Pac in (66) with its corresponding estimate
Pac 2 (PA clna,1l, PA c[nA 21, ... PACINA Np in])» Where
Pacln] & WH RCPDACTACQASA[n] e/TTVAC for any n €
Na, and TI(AC is built from (45) by using Tac in lieu of
TAC:

C. COMPUTATIONAL ISSUES

With reference to Fig. 2, the computational complexity of the
overall estimation algorithm for the AU is mainly dominated
by the first block devoted to the Doppler shifts acquisition,
i.e., the CCCM estimation. In particular, the CCCM esti-
mation entails (’)(Ng P?J) floating point operations (flops)
and, thus, the complexity burden quadratically grows with
the length Ny of the observation interval.
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D. NOMA IS USED BY TUs IN THE UPLINK
So far, we have assumed that the TUs transmit to the
BS using the OMA scheme. We now discuss how the
proposed channel estimation algorithm for the AU will work
if nonorthogonal RBs are assigned to TUs in the uplink.
In this scenario, a single AU may send noncircular
symbols using the same RBs shared by a group of static
TUs that concurrently transmit to the BS by employing
a power-domain NOMA scheme with circular modulation
formats. In such a case, the proposed blind estimation
procedure of Doppler and delay parameters is unaffected,
since the terrestrial transmissions do not contribute to the
CCCM (41) due to the modulation and Doppler diversities.
On the other hand, the uplink signals of the TUs appear in
the disturbance term dj j[n] in (61), thus impacting on the
pilot-aided estimation of complex gain and AoA parameters.
However, existing schemes in the power-domain NOMA
literature (e.g., [45], [66]) creates multiple groups, each with
one “weak” TU at the cell edge and one “strong” TU
at the cell center. For such a NOMA scheme, the power
of daj[n] will be mainly dictated by the strong TU and,
hence, compared with the single TU case considered in
this paper, the performance degradation of the proposed LS
estimator (65) will be negligible.

IV. CHANNEL ESTIMATION FOR THE TERRESTRIAL
USER

The estimation of the AU channel follows an array signal
processing approach, where the parameters characterizing
the AU channel are estimated. We resort to a completely
different approach for the estimation of the TU channel.
More precisely, the TU channel estimator passes to the
SIC detector the diagonal time-invariant matrix Hrt; =
Mr, for each antenna index j € {1,2,...,J}. Since the
TU channel is time invariant, we pursue a pilot-aided
approach for estimating Mry;, which relies on the Ot
pilot symbols transmitted by the TU at the subcarriers
Mt = {mT,(), MT 1y ..., mT,QT_l} during the NT,Lrain Sym-

bol intervals Nt = {n1,1,n7.2, ..., NT Ny yy,)- This task
is developed by assuming perfect knowledge of the AU
channel matrices Ha 1[n], Ha 2[n], ..., Ha j[n], which can

be acquired as proposed in Section III. To this aim, according
to (25), instead of separately estimating the parameters (i.e.,
time delays, AoAs, and channel gains) characterizing the TU
channel, we choose to directly estimate the vector

Kt

A L
g1, = § grjk € C
k=1

(75)

which gathers all the aggregated state information of the TU
channel corresponding to the jth receiving antenna.

Let us consider the frequency-domain received data given
by (22). Denoting by

[ch+mT,0] [n]

yrin 2 (3} Fotrilpy)

,yj[

T
..,y,[wm“g“][n]) eco (1)
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[ch +mrT 1 ]

w; [72],

wr,jln] & (wj[L°"+mT‘°] [,

T
..,WJ[LW*””’QT‘][n]) eCor ()

the vectors containing the entries of y;[n] and w;[n] at the
TU pilot locations, respectively, we get

yr,jln] = Prln] gr; + d ln] (78)
forne Nt and j € {1,2,...,J}, where
Pr(n] £ VM St([n]) Wi L e COr<Le (79)

is a known matrix, with the pilot matrix St([n]) € C2r*M
obtained by picking up the rows of diag(st[n]) at positions
{mro+1,mr1+1,...,mro;—1 + 1} for n € Ng, whereas
dr j[n] £ Ma j[n]saln] + wj[n] represents disturbance from
the TU viewpoint, with M j[n] € C2T*M obtained by taking
the rows of the known matrix Ha j[n] corresponding to the
indexes {mr,0+ 1, mr,1 +1,..., mr gr—1 + 1}. The training
blocks received by the j-th antenna for n € N are gathered
into the (QTNT,rain)-dimensional complex vector

T
YT,j é (y¥,] [n'[" 1 ] ’ y%,] [nT,Z] 1t y%,] [nTvNT,train]> (80)

thus yielding, for j € {1,2,...,J},

yr;=Prgr; +dr; (81)
where
Pr 2 (Pi[n11]. P[n12].
...PI [n1, NT,train])T e C(@rNtmin) <Ly (82)
dr; £ (d%,-[m,l], dr [nr2],
ol [ v,]) € COVE (83)

Finally, we collect the data received by all the antennas of
the BS into y1 £ (y%l,y;z, .. .,y{J)T € C/9rNrwmin | thyg
yielding the vector signal model

yr = {; ® Pr)gr +dr (84)
where
T \
gr = (g1, 810 -...81,) €Ch (85)
dr 2 (af . dl,, ... af )" e C/OVrmn . (g6)

We assume that Pr is full-column rank, i.e., rank(Pt) = L¢p
and OTNTgain > Lcp, Which ensures that gr is uniquely
identifiable from (84) in the absence of the disturbance dr.

There are different estimation strategies that can be
pursued to estimate the TU channel from (84). We focus on
estimators belonging to the family of the classical estimation
approaches [63], for which gt is viewed as deterministic but
unknown vector. The simplest estimator is represented by

the LS one (see, e.g., [63]):
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lyr — Prgr|?

8rLs £ arg min
greC/ter

(1@ (Bl Pr) Py (87)

which does not exploit the CSI knowledge of the AU and,
thus, performs poorly in a NOMA setting (see Section V).
On the other hand, the BS can jointly exploits the knowledge
of the AU channel matrices Ha 1[n], Ha 2[n], ..., Ha s[n]
and the noncircularity of the AU symbols, by resorting to
the best WL unbiased (BWLU) estimator, which is restricted
to be WL in the data, it is unbiased, and it has minimum
variance. In matrix form, a WL estimator is defined by

gr=Aiyr+Ayyr
= (ALAY) (yl) — A¥r (88)
—— Y

T
Ae(C(JLCP) X (NQTNT,lrain) —

’y’T E(CZJQTNT,Irai n
where Aj, Ay € CYULp)xUJOTNTmin) gpd

¥r="Prgr+ JI0TNT train f’? gr + dr (89)

with

~ T
T T 2JOTNT rain JL.
PT é (IJ ® PT’ O(/QTNTM&in)X(JLcP)) € C( or e )X( p)
(90)
J]QTNT rgip R(zJQTNT train) X (2JOTNT rain) defined in ( 1 ) and

finally, dr 2 (@], di)T € C¥CrVwmin, It is readily verified
that dp has zero mean, i.e., E(dr) = 02701 Ny rain» @nd

R~~

drdr — 2 E(drdY) 91)

w1 H
= MA MA + Gw IZJQTNT,train
where

Ma

N/IA é <Mj; [IN ® A]) e (C(ZJQTNT,[rain) X (MNTA,lrain)
T,train

92)
with
MX,J)T c C(JQTNT,train) X (MNT,lrain)

MA,j [anNTA,train ]) :
(93)

M 2 (M} .My ,, ...,
MAJ‘ é diag(MA’j[nT,l], MA,j[”T,Z]’ ey

The key point of the proposed BWLU estimation approach
is the fact that the correlation matrix RETET is known at the
BS after acquiring the AU channel state (see Section III).
According to (89), in order for gr to be unbiased, we
require E(gr) = AE(Yr) = gr, which is tantamount to
imposing the unbiased constraint
L®Pr

A
(O(J QTN rain) X (JLep)
TyeC(PQrNimain) < (VLcp)
= (IJch , O(JLCP) x (JLCP))

e ER(Jch) x(2JLep)

O(JQTNT,train) x (JLep)
I;® P:f“

(94)
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The BWLU estimator is found by minimizing the variance
at the estimator output

Var@r) £ E(gr — erl?)
= | AE(Fr ¥ ) A¥] - llgrl?
= tr(A RETET AH) 95)

where we have also taken into account the constraint (94).
The classical approach for minimizing (95) subject to
the unbiased constraint (94) is the method of Lagrange

multipliers, which yields the solution (see, e.g., [63])
BT.BWLU = ®<H¥ RETIET HT) HR:! drdr yr  (96)

whose corresponding minimum variance is given by
o Hp-l 1 oH
Var(gT,BWLU) =1r @(HT RaTaT HT> 0. o7
It can be verified by direct inspection that

HR-L

ApwLy = @)(n¥ Ra_TlaTHT) i

= (ABwLu.1. ABWLU.2) (98)

with ABWLU,2 #* O(Jch)X(]QTNT,train): in this case, the BWLU
estimator is expected to outperform its BLU counterpart in
the minimum-variance sense.

In practice, the BWLU estimator is built by using
estimates Ha 1[n], Ha 2[n], ..., Ha j[n] of the AU channel
matrices Ha 1[n], Ha2[n], ..., Ha s[n], which are obtained
through the three-step approach proposed in Section III.
Such an estimator is implemented by replacing Ry g, in
(96) with its correspondmg estimate Ra ar coming from

Ha i[n], Haolnl, ..., Ha slnl, for n € N7.

A. COMPUTATIONAL ISSUES

With reference to Fig. 2, the computational complexity of
the estimation algorithm for the TU is mainly dominated by
the second block of the channel acquisition for the TU, i.e.,
the BWLU estimation. In particular, the BWLU estimation
relies on the inversion of the matrix Ry g which entails
(9(]3 QT Ttram) flops if one resorts to batch algorithms.
Such a matrix inversion can also be implemented by means
of a simple and effective recursion, similar to the well-
known recursive least square algorithm with a complexity
per iteration of order only O(J> QT Ttrm) flops. Anyway,
the complexity burden is independent of the length Ny of
the observation interval.

B. NOMA IS USED BY TUs IN THE UPLINK
As in Section III-D, we discuss herein how the proposed
channel estimation algorithms for the TU will be employed
when the BS assigns to a single AU the same RBs shared
by a group of power-domain NOMA TUs.

If the BS uses orthogonal pilot sequences to distinguish
different power-domain NOMA TUs [67], then the received
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signal from a given TU can be obtained by performing
the correlation of the received data with the pilot sequence
of the desired TU. After performing this preprocessing for
each user, the estimators (87) or (96) will be used with
minor modifications to individually estimate the channel of
each TU. On the other hand, if the BS allocates the same
pilot to the power-domain NOMA TUs, the estimators (87)
or (96) will estimate a linear combination of the channels
from all NOMA TUs. Such an estimate will still provide a
useful description of the combined channel, which could be
exploited by the BS to beamform a combination of the data
symbols intended for the NOMA TUs [66].

V. NUMERICAL RESULTS

In this section, we provide numerical results aimed at eva-
luating the performance of the proposed channel estimators
for the SG-NOMA scheme. To this aim, we consider the
following simulation setting. The AU and TU employ OFDM
modulation with M = 16 subcarriers, CP of length Lc, = 4,
sampling rate 1/7. = 625 kHz. The signaling format of the
AU is a 7 /2-BPSK. On the other hand, the TU transmits
quaternary-phase-shift-keying (QPSK) symbols. The carrier
frequency is set to fearrier = 27 GHz. Regarding the training
protocol, we set Or = 16 and Na, train = NT, train = 80.
Unless otherwise specified, the TU coherence time is equal
to Ngoh = 16.384 OFDM ksymbols.

The ULA at the BS has J = 4 antennas. The number
of paths of the TU-to-BS link is fixed to Kt = 2. The
Rician factor of the AU channel is Ko = 6 dB. The
direction cosines sin(fa1) and sin(faN) associated with
the AoA at the BS are independent random variables
uniformly distributed into [0, 1]. The generic time delay
T € {111, T2, TAL, TaAN} of the TU and AU channels is
randomly generated according to the one-sided exponentially
decreasing delay power spectrum [9], i.e.,

e~ Amax/ Tslope ) ]

T = —Tlope In[ 1 — u(1 — (99)

where Apax = 37, the slope-time is Tgop = 2T¢, and u is
a random variable uniformly distributed into [0, 1]. Unless
otherwise specified, we assume that the constant radial speed
of the AU is v = 8 m/s, fnax = 720 Hz, and the AoD
a1 and Ua N are independent random variables uniformly
distributed into [0, 7]. The power relationship between the
AU and TU at the BS is measured by the aerial-to-terrestrial
ratio (ATR) defined as

2 2
oy +0
ATR 2 AII;T—;\N (100)
Zk:l GgT.k
whereas the signal-to-noise ratio is given by
2 2
oy; +o
SNR & A= A% (101)
UW

In each one of the 400 Monte Carlo runs, a new set
of symbols, noise and channel parameters for both the AU
and TU are randomly generated. Regarding the estimation
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FIGURE 3. MSE of the AU Doppler shifts versus the length N, of the observation
interval, (ATR = 0 dB and SNR = 14 dB).
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FIGURE 4. MSE of the AU Doppler shifts versus SNR and ATR values.

of the channel parameters of the AU (see Section III), we
calculate the arithmetic mean of the MSEs of the Doppler
shifts fa1. and fa N (normalized by fr%ax), the time delays
7a L and o N (normalized by Alznax), the channel gains ga 1
and gan (normalized by ai’L), and the direction cosines
sin(fa L) and sin(fa N). With reference to the estimation of
the TU channel (see Section IV), we report the estimator
output (95) (normalized by Z,’gl angy )+ As baseline channel
estimation schemes, we report the OMA-based counterparts
of the proposed estimators, which are implemented by
orthogonalizing pilot symbols in the frequency domain, i.e.,
we set My = {0,1,...,7} and Mt = {8,9,...,15} in
each training symbol interval.

Figs. 3-7 depict the estimation performance of the
proposed finite-sample estimators outlined in Section III for
the AU channel parameters (i.e., Doppler shifts, time delays,
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FIGURE 5. MSE of the AU time delays versus SNR and ATR values.

-5 . . .
—O— ATR = -3 dB (Proposed)
(- ATR = -3 dB (OMA)
—¥k— ATR = 0 dB (Proposed)
<%~ ATR = 0 dB (OMA)
_ —><— ATR = 3 dB (Proposed)
) <X ATR = 3 dB (OMA)
o)
<
[0
e)
2
S
£
<
11}
w.
=
20 . . . . . . . .

2 4 6 8 10 12 14 16 18 20 22
SNR [dB]

FIGURE 6. MSE of the AU channel gains versus SNR and ATR values.

channel gains, and AoAs). Generally, it is apparent that such
estimators exhibit satisfactory MSE performance for all the
considered SNR and ATR values.

Fig. 3 reports the MSE of the Doppler shifts as a function
of the length Ny of the observation interval (in OFDM sym-
bols). As expected, the estimation accuracy rapidly improves
as Ny increases, thus demonstrating that the proposed blind
estimator of the Doppler shifts is asymptotically consistent.
Remarkably, Fig. 4 shows that the MSE of the Doppler shifts
is independent of both the SNR and ATR, achieving the
value —62.57 dB approximately. Such an invariance with
respect to both the SNR and ATR comes from the fact that
the blind estimator proposed in Section III-A.1 relies on
the second-order conjugate cyclic statistics of the received
data, for which the contribution of the circular wide-sense
stationary TU signal and noise is negligible for sufficiently
large (but finite) values of Nj.
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FIGURE 7. MSE of the AU directive cosines versus SNR and ATR values.

We remember that, as the Doppler shifts, the time delays
are blindly estimated by using the conjugate second-order
statistics of the ACS random process (17). In this case, a
weak dependence of the MSE on the SNR and ATR values
can be observed in Fig. 5, which is due to the fact that the
estimates of the time delays in Section III-A.2 also feel the
aftereffects of the estimation error of the cycle frequency
acquired previously. Estimation errors due to finite sample-
size effects (i.e., when the conjugate second-order statistics
are estimated from a finite number of samples) depend
on both the SNR and ATR in a nonlinear manner [68],
thus contributing to the fluctuations of the curves in Fig. 5.
However, the variability of the MSE of the time delays is
confined in a range of about 1 dB as a function of the
SNR and the MSE curves translate down of nearly 1 dB
further to an ATR reduction of 3 dB. It is worth noticing that
the performance of the proposed NOMA-based estimators
in Figs. 4 and 5 is almost indistinguishable from that of the
corresponding OMA-based counterparts, thus corroborating
the high robustness of the proposed Doppler shifts and time
delays estimation approaches against the interference caused
by the TU.

The MSE of the channel amplitudes in Fig. 6 also
exhibits a weak dependence on the SNR and ATR values.
However, the additional exploitation of the pilot symbols
allows to achieve MSE values smaller than —10 dB for
SNR > 2 dB, even when the ATR is as low as —3 dB.
In contrast, the MSE of the AoAs in Fig. 7 is actually
independent of the ATR, thus further corroborating the
robustness of the proposed pilot-based estimators developed
in Section III-B against the interference generated by the
TU. With respect to Figs. 4 and 5, fluctuations in the
MSE curves of channel amplitudes in Fig. 6 and AoAs
in Fig. 7 become even more evident since, although the
corresponding estimation procedures are based on a LS
approach that does not involve estimation of statistics, these
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TABLE 1. MSEs of AU and TU channel parameters for different values of the radial speed of the AU [dB].

v [s] Doppler Shifts AU Time Delays AU Amplitude AU AoA AU Channel TU
Proposed OMA Proposed OMA Proposed OMA Proposed OMA Proposed | LS-NOMA | LS-OMA
2 -62.8159 | -62.8159 | -11.2695 | -11.2695 | -16.2791 -15.7644 -2.7585 -3.9616 | -37.4665 -24.9258 -34.1684
-62.6253 | -62.6253 | -10.8137 | -10.8137 | -15.9419 | -15.7462 -3.3521 -4.5738 | -37.1741 -24.5377 -34.2129
-62.5776 | -62.5776 | -10.3907 | -10.3907 | -14.5273 | -14.1755 -4.6412 -5.1795 | -36.5062 -24.5013 -34.3215
16 -62.5230 | -62.5230 -9.7083 -9.7083 -12.8208 | -12.5091 -6.7672 -6.0224 | -35.2183 -24.3936 -34.8025
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FIGURE 8. MSE of TU channel versus SNR and ATR values (dashed line for the
LS-NOMA estimator, solid line for the BWLU estimator, and dotted line for the LS-OMA
estimator).

estimators suffer of the error propagation phenomenon that
is inherent of the proposed multi-stage estimation approach
(see Fig. 2), according to which the existence of estimation
error in a given stage will deteriorate the estimation accuracy
in the next stage. Such an error propagation prevents
the LS estimates of channel amplitudes and AoAs from
monotonically decreasing for increasing values of SNR
and/or ATR. The proposed NOMA-based estimators and their
corresponding OMA-based counterparts in Figs. 6 and 7
exhibit slight performance differences. In particular, the
performance of OMA-based estimators gets slightly worse
than that of the corresponding NOMA-based counterparts in
the case of amplitude AU estimation. This behavior is due
to the fact that amplitude estimation procedures are typically
very sensitive to the number of available pilot symbols.
Indeed, as a consequence of the orthogonalization of pilot
symbols in the frequency domain, OMA-based estimators
count on a reduced number of pilot symbols, compared to
NOMA-based estimation algorithms.

Fig. 8 depicts the MSE performance of the TU channel
estimator proposed in Section IV. Besides the MSE of
the BWLU estimator (96) (solid line), we also report the
MSE of the simpler LS-NOMA estimator (87) (dashed
line). As predicted by our analysis, the BWLU estimator
largely outperforms the LS-NOMA one since it additionally
exploits the CSI knowledge of the AU. This demonstrates
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the importance of firstly estimate the channel parameters of
the AU and, then, using the obtained estimates to acquire
the CSI of the TU. As a matter of fact, the performance
curves of the OMA-based LS estimator (dotted line) are
monotonically decreasing functions of the SNR, whereas
the MSE performance of the corresponding NOMA-based
counterparts exhibits a floor in the high SNR regime, which
is due to the residual interference from the AU transmission.
Finally, Table 1 reports the MSE performance of all the
estimation algorithms under comparison for different value
of the radial speed v of the AU. It can be inferred that
the radial speed of the AU has a negligible effect on the
estimates, except for the estimated values of the AoA of the
AU, whose accuracy improves for increasing value of v.

VI. CONCLUSION AND DIRECTIONS FOR FUTURE
WORK

In this paper, we have considered the scenario where a
flying AU 1is paired with a static TU through power-
domain uplink NOMA. Despite many existing works, we
have investigated the performance of finite-sample channel
estimation procedures. We have shown that blind and pilot-
aided techniques can be suitably combined to accurately
estimate the AU and TU channel that are characterized
by different second-order wide-sense properties in both the
ACS (or Doppler) and modulation domains. Specifically, the
AU mobility induces ACS features in the signal received
from sky due to Doppler effects that are not present in the
signal received from ground, provided that the TU is static.
Moreover, the AU can employ a noncircular modulation
format, as opposed to the TU that transmits circular symbols.
We have demonstrated that Doppler shifts and time delays
of the AU can be estimated blindly with high accuracy that
is basically independent of the TU and noise powers. The
remaining AU parameters, i.e., channel gains and AoAs, can
be instead estimated through a pilot-assisted LS approach
that exploits the previously acquired knowledge of the
Doppler shifts and time delays of the AU. By equipping the
BS with the CSI knowledge of the AU, the overall channel
of the TU can be subsequently acquired through a high-
precision pilot-based BWLU estimator.

The performance of the proposed estimators has been
corroborated through Monte Carlo numerical results. In
this respect, an interesting research subject consists of
theoretically investigating the consistency and asymptotic
distribution of such algorithms. Another appealing research
issue is to extend our framework to the case in which
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TUs also communicate with the BS according to a NOMA
scheme.

APPENDIX

In BPSK modulation, the symbols {ba[n]} are modeled
as a sequence of i.i.d. real-valued random variables, each
assuming equiprobable values in {£1}. A variation of BPSK
is w/2-BPSK modulation scheme [49], [50], [51], wherein
two sets of BPSK constellations are shifted by /2, i.e.,

sa[n] = &7 32 pu[n. (102)

It can be readily verified that IE(|sA[n]|2) = 1 and
]E(s%[n]) = j(—1)". Consequently, under the standard
assumption that the number of subcarriers M is even, one
has E(sa[n]sii[n]) = Ly, whereas E(sa[n]sk[n]) = A, with
A £ jdiag(l, —1,1,...,—1) e CM*M,
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