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Abstract—We address the problem of accurately estimating the
channel and the Doppler frequency shift between an Unmanned
Aerial Vehicle (UAV) and a Ground Station (GS), and hence the
velocity of the UAV, when they communicate using antenna arrays
and millimeter wave (mmWave) bands. This estimation process
is useful since it leads to higher data rates of the communication
link between the UAV and the GS through the adaptation of
the modulation and coding scheme and optimization of the
antenna array parameters. It also enables the adjustment of the
carrier frequency to optimize the communication, tracking of
the motion of the UAV and planning of its future trajectory,
etc. Estimation schemes proposed in prior work suffer from
various limitations such as inapplicability to non-linear channel
models, large estimation errors, etc. We propose an improved
scheme for estimating the UAV channel, Doppler frequency shift,
and velocity. Our technique is based on maximum likelihood
estimation (MLE) of the parameters of the UAV and the GS in the
beam-space. Using extensive numerical computations, we show
that our proposed scheme computes estimates of the channel,
Doppler frequency shift, as well as UAV velocity that are highly
accurate; also, the mean errors of the estimates of the Doppler
frequency shift computed by our proposed scheme are much
closer to zero than those of the estimates computed using the
state-of-the-art chirplet transform based algorithm.

Index Terms—Unmanned Aerial Vehicle (UAV), Beam-steering,
Maximum Likelihood Estimation, Channel Information, Doppler
Frequency Shift, Millimeter Wave Communication

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have numerous military
as well as civilian applications such as search and rescue
missions, precision agriculture, remote sensing, border surveil-
lance, traffic monitoring, aerial photography, environmental
monitoring, etc. [1]. UAV communication, including the com-
munication between a UAV and a ground station (GS) and that
between different UAVs, needs to be effectively performed
in order to ensure the proper operation of UAV missions
[1]. The use of millimeter wave (mmWave) frequencies in
UAV communication has the potential to provide high data
rates due to the large amount of free bandwidth available
in mmWave bands, highly focused communication, and the
use of multiple concurrent communication links. Further, the
short wavelengths of mmWave bands allow the use of compact
antenna arrays. These are advantageous since they enable
the deployment of directional communication, precoding, and
coherent combining techniques [2]. However, mmWave com-
munication also poses several challenges such as susceptibility
to high path loss, obstacles, and blockages, which can be
mitigated through advanced beam-steering techniques [3], [4].
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These adaptive approaches adjust the beam direction in real-
time based on the location of the UAV.

The UAV’s motion can lead to signal attenuation and
potential disruptions in communications. Also, in UAV com-
munication, the relative motion between the transmitter and
receiver leads to a shift in perceived frequency, which is known
as Doppler frequency shift [5]. The perceived frequency shoots
up or down depending on whether the distance between
the transmitter and receiver decreases or increases. Hence,
channel estimation accuracy may also be compromised [6].
The objective of this paper is to accurately estimate the channel
and the Doppler frequency shift between a UAV and a GS, and
hence the velocity of the UAV, when they communicate using
antenna arrays and mmWave bands. This estimation process is
useful since it leads to enhanced performance (e.g., higher data
rates) of the communication link between the UAV and the GS
as the estimated UAV parameters can be used to determine
the transmission scheme and parameters. The modulation and
coding scheme can be adapted to the computed estimate of
the UAV channel, and the antenna array parameters can be
optimized for effective transmission based on the knowledge
of the channel. Also, the Doppler frequency shift estimate can
be used for adjusting the carrier frequency to optimize the
communication between the UAV and the GS. Finally, the
computed UAV velocity estimate can be used for tracking the
motion of the UAV, planning its future trajectory.

Schemes proposed in prior work for the estimation of
the UAV channel, Doppler frequency shift, and velocity (see
Section II for a review) suffer from various limitations such as
inapplicability to non-linear channel models, large estimation
errors, etc. Motivated by the need to address the above
limitations of prior work, the main contributions of this paper
are summarized as follows. We propose an improved scheme
for estimating the UAV channel, Doppler frequency shift, and
velocity, when it communicates with a GS using antenna arrays
and mmWave frequency bands. We have employed digital
antenna array steering for novel beamforming based on relative
phase computation. Further, we have derived expressions for
a composite beam output and channel estimator between the
UAV and the GS. Our technique is based on the maximum
likelihood estimation (MLE) of the parameters of the UAV
and the GS in the beam-space. Beam-steering proposed in
this work refers to the process of electronically adjusting the
direction of a beam of electromagnetic waves towards the UAV
from the elements of a Uniform Planar Array (UPA) at the
GS. The antenna array output can be pointed in a particular
direction by adding appropriate phase shifts to each element.
MmWave bands offer wide bandwidths, which is beneficial for
quantifying changes in the frequency due to Doppler shifts.
Further, they allow a high-resolution estimation of the UAV’s
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velocity. The phase difference at each element of a UPA
allows us to estimate the Doppler frequency shift and velocity
of the UAV’s motion. We propose a novel scheme based
on relative phase and projection matrix computation. The
projection matrix in a UPA shapes the spatial response of the
array. This steers the beam towards the desired directions and
achieves optimal beam-steering characteristics. Our proposed
scheme offers better statistical performance than those in prior
work since it can be applied to both linear and non-linear
channel models and can provide a uniform framework for
estimation. Using extensive numerical computations, we show
that our proposed scheme computes estimates of the channel,
Doppler frequency shift, as well as UAV velocity that are
highly accurate; also, the mean errors of the estimates of the
Doppler frequency shift computed by our proposed scheme
are much closer to zero than those of the estimates computed
using the state-of-the-art chirplet transform based algorithm
[7].

The rest of this paper is organized as follows. Section II pro-
vides a review of related work. Sections III and IV describe the
system model and problem formulation, respectively. Section
V presents a beam-steering procedure to model the UAV in
the beam-space. Section VI describes the proposed scheme for
UAV channel, Doppler frequency shift, and velocity estima-
tion. Section VII presents numerical results and Section VIII
provides conclusions and directions for future research.

II. RELATED WORK

Most of the existing works on Doppler frequency shift
and velocity estimation assume that channel state information
(CSI) is available. In several of them, e.g., [8]–[12], multiple-
input multiple-output (MIMO) antenna based approaches have
been extensively explored. Note that the phased array-based
UAV system discussed in [12] is different from the conven-
tional MIMO architecture. The most important difference is
that incremental changes in phase are deployed across different
antenna elements instead of applying the same phase across all
the elements [12]. This results in a beam pattern that depends
on the velocity, angle, and orientation of the UAV. Doppler
frequency shift estimation in phased array systems typically in-
volves determining the direction cosines of the signals emitted
from the UAV. The goal is to accurately estimate the channel
response to enable efficient data transmission and reception
by spatial filtering. However, the above works [8]–[12] do not
address the problem of estimation of the channel between the
UAV and the GS.

In [6], position and channel estimation schemes for UAV
communication are proposed, which may not be effective
in non-linear channel models, especially when dealing with
complex relationships between parameters such as the channel
and position. In [13], a MLE based technique for computing
the position estimate is proposed. However, the work in [13] is
limited only to static objects. A scheme for Doppler frequency
shift estimation using the chirplet transform is proposed in
[7]. However, in Section VII, we show using simulations that
the mean errors of the estimates of the Doppler frequency
shift computed by our proposed scheme are much closer to
zero than those of the estimates computed using the scheme
proposed in [7].

(a) (b) (c)
Fig. 1. Fig. (a) shows the UAV and the GS. Fig. (b) shows the Mx × My

UPA at the GS. Fig. (c) shows the N beams formed by the UPA.

III. SYSTEM MODEL

We consider a scenario consisting of a UAV communicating
with a GS using mmWave technology as shown in Fig. 1a.
The GS is equipped with a Mx × My UPA, and the UAV
is equipped with a single antenna as illustrated in Fig. 1b.
Multiple antenna elements are used at the GS since they
improve the capacity and reliability of communication. The
total number of antenna elements at the GS is M = MxMy .
The traveling velocity of the UAV towards the GS and the
channel gain factor between the UAV and the GS are denoted
by vd and α, respectively. The UAV is moving at a constant
altitude in a horizontal plane, which is parallel to the UPA.
The traveling velocities of the UAV towards different elements
of the UPA are assumed to be the same, since their angles of
arrival are nearly the same, due to the far-field effect [14].

IV. PROBLEM FORMULATION

Suppose the received radio signal frequency at the mth

antenna element of the GS is defined as f̃m and is observed
for a time duration T . The complex envelope of the received
signal, ym(t), at the mth antenna array element of the GS at
time instant t is modeled as:

ym (t) =ψ (t− τ̃m)αe−j2πf̃mt + ρm (t)

for m ∈ {0, 1, . . . ,M − 1}, 0 ≤ t ≤ T, (1)

where ψ (t) and τ̃m are the transmitted signal and the delay in
the signal propagation from the UAV to the mth antenna array
element of the GS, respectively. Further, ρm(t) is additive
white Gaussian noise with zero mean and variance σ2. As
shown in Fig. 1b, the signal is received from a direction (θ, φ),
where θ and φ denote the polar and the azimuthal angles,
respectively, in the spherical coordinate system. The initial
values of θ and φ are known to the GS. Recall that the UAV is
moving parallel to the UPA; also, the coordinate system is such
that φ remains constant when the UAV moves. Furthermore,
τ̃m is given by (see Fig. 1b):

τ̃m =
cx,mdx sin θ cosφ+ cy,mdy sin θ sinφ

c
, (2)

where cx,m and cy,m are the indices of the mth element in
the x and y directions, respectively, and dx and dy are the
separation between the nearest array elements in the x and y
directions, respectively. Further, c is the radio frequency (RF)
signal’s speed of propagation in air.

Next, we employ direction cosines to describe the ori-
entations of vectors without relying on a particular set of
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coordinates in space. Let the direction cosines u and v be
defined as: u = sin θ cosφ and v = sin θ sinφ, respectively;
then (2) yields:

τ̃m =
cx,mdxu+ cy,mdyv

c
. (3)

Due to the narrow-band approximation, the time delay τ̃m is
very small compared to the characteristic period Ts of the
signal [14], i.e.:

τ̃m << Ts.

Note that the signal used for UAV navigation and positioning
can be assumed to be narrow-band since its bandwidth is small
compared to the coherent bandwidth of the channel. Therefore,
all the frequency components of the signal experience nearly
the same delay and phase shift. Hence, ψ (t− τ̃m) ≈ ψ (t).
Therefore, (1) can be rewritten as:

ym (t) ≈ ψ (t)αe−j2πf̃mt + ρm (t) . (4)

The problem is as follows: given the output ym(·) at the
mth element, m ∈ {0, 1, . . . ,M − 1}, estimate the channel
between the UAV and the GS, the Doppler frequency shift,
say fd, and hence the UAV velocity vd.

V. BEAM-STEERING PROCEDURE TO MODEL UAV IN
BEAM-SPACE

When the UAV moves towards the GS with a nominal
velocity vd, the frequency of the signals received at the GS
appears to increase, which is known as positive Doppler shift.
In terms of fc, the known transmitted signal carrier frequency,
the Doppler shift in frequency, fd, can be written as [13], [15]:

fd =
vd sin θfc

c
. (5)

The received signal is sampled at times tq = q∆t, where
q ∈ {1, 2, . . . , Q}. Here, Q is the number of samples and
∆t = T/Q. The signal at the tthq time sample is given by
ym [q] = ym (q∆t). The carrier frequency, f̃c, observed by
the mth element at the tthq time sample is given by [15]:

f̃c = fc
τ̃m
tq

= fc
τ̃m
q∆t

, m ∈ {0, 1, . . . ,M − 1}. (6)

The observed signal frequency, f̃m, at the mth element can
be written as [15]:

f̃m = f̃c (1 + µm) , (7)

where µm = vd sin θq∆t
cx,mdxu+cy,mdyv

. Using (3), (5), (6), and (7), the
quantity f̃mtq simplifies to:

f̃mtq = fdtq +
(cx,mdxu+ cy,mdyv)

λ
, (8)

where λ = c
fc

. Using (4) and (8), we can express ym (tq) ,m ∈
{0, 1, . . . ,M − 1}, q ∈ {1, . . . , Q}, as:

ym (tq) = ψ (tq) e
−j2πfdtqαe−j2π

(cx,mdxu+cy,mdyv)

λ + ρm (tq) .
(9)

Forming an array steering vector allows for the creation of
a beam that is steered towards the current direction of the

UAV. An array steering vector is essentially a set of weights
applied to each element of the antenna array. By adjusting
the phases of these weights, the relative phase differences
between different elements can be tuned appropriately, lead-
ing to constructive interference in the desired direction and
destructive interference in the other directions. This enhances
the quality of the received signal. The M × 1 output vector
ã (u, v) towards the u, v direction is given by [16]:

ã (u, v) = e−j 2π
λ (cx,mdxu+cy,mdyv),m ∈ {0, 1, . . . ,M − 1}.

(10)

Fig. 1c shows the formation of N beams for the search of the
UAV’s position. Note that the number of beams is strictly less
than the total number of antenna elements, i.e., N < M . The
process of adjusting the coefficients of the complex exponen-
tials in (10) by successively varying directional cosines yields
different beams associated with the array elements.

We assume that there is no interference. Let the GS be
located at the origin of a hypothetical sphere with radius r,
which is the distance at which the power from the GS gets
halved, i.e., reduced by 3 dB [17]. By adjusting the phase
shifts assigned to each element, the overall array factor can be
pointed in a particular direction un, vn in space. The direction
of the nth beam is defined as [17]:

un = u3dB cos δn, vn = v3dB sin δn, n ∈ {0, . . . , N − 1},
(11)

where δn denotes a change in the beam pointing direction and
can be written as δn = 2πn

N . Further, (u3dB , v3dB) denotes the
3 dB beamwidth. It is the point in the beam-space at which
the power of antenna radiation reduces by half (i.e., changes
by −3 dB). Equations (10) and (11) hold because adjusting
the direction cosines in the array factor equation (10) allows
the array to steer the main beam in the desired direction.

Now, the beam vector characterizes the spatial sensitivity
of the array output in different directions. The N × 1 beam
vector b̃ (un, vn) , n ∈ {0, . . . , N − 1}, associated with the
mth element can be expressed as [13]:

b̃ (un, vn) =
1√
M

e−j 2π
λ (cx,mdxun+cy,mdyvn). (12)

The beam-steering process entails combining the individual
signals received by the elements of the antenna array in a
way that emphasizes signals transmitted towards a specific
direction. It involves changing the pointing direction of the
main lobe of the radiation pattern. We wish to form clutter-free
beams towards the directions: (u1, v1), (u2, v2), . . . , (uN , vN ).

Now, the beam-steering matrix typically refers to a mathe-
matical object that describes how the main beam of a phased
array antenna system can be electronically steered in different
directions. The array steering vector is typically combined with
the weights applied to the array elements to form the beam-
steering matrix. The N×M beam-steering matrix Ã obtained
by focusing the beam towards a point (up, vp) is [17]:

Ã = b̃ (un, vn)⊗ ã (up, vp)
T
, (13)

where ⊗ is the Kronecker product [18]. One can multiply the
set of M output vectors ã(up, vp) from the array by the N×M
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beam-steering matrix Ã. This multiplication yields directivity
of the transmitted signal from the UPA in a desired direction.
Taking into account the wireless fading effect, the N×1 beam
vector, a, which includes the beam-steering matrix Ã, is given
by:

a = αÃã. (14)

We can write the beam-space outputs, yn, ∀n ∈ {1, . . . , N},
as [15]:

y1 = β1ψ1a1 + ρ1,

y2 = β2ψ2a2 + ρ2,

...
yN = βNψNaN + ρN , (15)

where βn and ψn are 1×N and N × 1 vectors, respectively.
Further, an and ρn are scalars. That is, the N×1 output vector
y in beam-space can be written as:

y = βψa+ ρ, (16)

where ψ is the N×N transmitted signal matrix with full rank.
The N ×N diagonal matrix β is defined as:

β = diag
[
1, e−j2πfdTs , . . . , e−j2πfd(N−1)Ts

]
, (17)

where the ‘diag’ operator denotes a diagonal matrix with
its principal diagonal entries specified in the arguments of
the operator. The N × 1 noise vector ρ is zero mean with
covariance matrix C. The N × 1 desired beam-space data
vector is ỹ = βψa. After beams have been produced,
further processing is performed on the beams. We explain the
estimation of the desired UAV parameters based on MLE in
the next section.

VI. UAV’S CHANNEL, DOPPLER SHIFT, AND VELOCITY
ESTIMATION

In this section, we explain how the channel, Doppler shift,
and velocity for the communication between the UAV and the
GS can be estimated. The proposed estimation technique uses
the MLE algorithm.

The probability density function (PDF) p (ρ) of ρ is given
by [19]:

p (ρ) =
1

(2π)N/2(det (C))1/2
e(−

1
2ρ

HC−1ρ),

where C is a N ×N noise covariance matrix defined as C =
σ2I, I is the N × N identity matrix, and wH denotes the
Hermitian operator on matrix w. Thus, the PDF of observing
y under specific values of a and β is given by:

p (y|a,β) = 1

σ (2π)
N/2

e−
‖y−βψa‖2

2σ2 . (18)

Therefore, the joint maximum likelihood estimates of a in (14)
and fd in (5), denoted by â and f̂d, respectively, are given as
follows: [

â f̂d

]
= argmax

a fd

p (y|a, β) .

By (18), this is equivalent to the following:

[â f̂d] = argmin
a fd

‖y − βψa‖2. (19)

The estimate â can be obtained by finding the gradient of
‖y − βψa‖2 and equating it to zero; this yields:

â =
(
ψHψ

)−1

ψHβHy. (20)

Using (19) and (20), f̂d can be written as:

f̂d = argmin
fd

‖y − βPsβ
Hy‖2, (21)

where Ps is a projection matrix and is given by:

Ps = ψ
(
ψHψ

)−1

ψH . (22)

A projection matrix plays a crucial role in estimation by spatial
signal processing [5]. The projection matrix is used to project
the received signals from the antenna array elements onto a
specific abstract subspace. This subspace corresponds to the
desired direction or steering angle. This filters out components
of the received signals that are not aligned with the desired
direction, providing spatial selectivity.

Since βHβ = I , and by (17) and the idempotent property of
Ps, the expression in (21) can be further simplified as follows:

‖y − βPsβ
Hy‖2 = yHy − yHβPsβ

Hy.

So (21) is equivalent to:

f̂d = argmax
fd

yHβPsβ
Hy

= argmax
fd

f(fd), (23)

where f(fd) is given by:

f(fd) = yHβPsβ
Hy. (24)

In order to maximize f(fd), we take the partial derivative of
f(fd) with respect to fd and equate it to zero as follows:

f ′ (fd) =
∂f (fd)

∂fd
= 0.

Now, we use the Taylor series expansion for the first derivative,
f ′(fd), which is as follows:

f ′ (fd) = f ′ (fd)
∣∣
fd=f̂d

+ f ′′ (fd)
∣∣
fd=f̂d

∆fd + . . . (25)

Next, we derive expressions for f ′ (fd) and f ′′ (fd), which
appear in (25). Interestingly, by (17), the partial derivative of
β with respect to fd can be simplified as:

∂β

∂fd
= −j2πTs diag

[
0, e−j2πfdTs , . . . , (N − 1)e−j2πfd(N−1)Ts

]

= −jDβ, (26)

where D is given by:

D = 2πTs diag [0, 1, . . . , (N − 1)] . (27)
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Further, taking a partial derivative of y given in (16), we can
write:

∂y

∂fd
= −jDβψa. (28)

Similarly, ∂βH

∂fd
can be easily obtained as ∂βH

∂fd
= jβHD. By

the chain rule, (24), (26), and (28), the partial derivative of
f(fd) with respect to fd is given by:

f ′ (fd) = 2yHβPs

(
βH ∂y

∂fd
+

∂βH

∂fd
y

)

= 2jyHβPsβ
HDρ. (29)

Now, recall that y is the sum of the desired signal, ỹ, and the
additive white Gaussian noise vector, ρ, i.e.:

y = ỹ + ρ. (30)

Using (30), (29) can be written as:

f ′ (fd) = 2j
(
ỹH + ρH

)
βPsβ

HDρ

= 2jỹHβPsβ
HDρ+ 2jρHβPsβ

HDρ. (31)

The vector Dρ in the noise subspace is orthogonal to the
vector βHPsβỹ in the signal subspace [19]. Hence, the first
term in (31) is zero. This yields the following expression:

f ′ (fd) = 2jρHβPsβ
HDρ

= Img{−2ρHβPsβ
HDρ}, (32)

where Img{z} denotes the imaginary part of z.
The relative velocity of the UAV with respect to the GS

may have a distribution over multiple velocities due to small
deviations from a fixed deterministic value. This is because of
deviations from a fixed aerodynamic scenario. Hence, we take
expectation over all possible scenarios. Taking expectations on
both sides of (32) and simplifying, we get the following:

E{f ′ (fd)} = j2σ2 Tr[βPsβ
HD], (33)

where Tr denotes the trace operator. Using (26), the second
derivative of (32) is given by:

f ′′ (fd) = 2jρH ∂β

∂fd
Psβ

HDρ+ 2jρHβPs
∂βH

∂fd
Dρ

= 2ρHDβPsβ
HDρ− 2ρHβPsβ

HD2ρ. (34)

Similar to (33), we can write the following:

E{f ′′ (fd)} = E{2ρHDβPsβ
HDρ− 2ρHβPsβ

HD2ρ}
= 2σ2 Tr[DβPsβ

HD]− 2σ2 Tr[βPsβ
HD2].

(35)

By (23), the first derivative of f(fd) is equal to zero at f̂d
because it is a stationary point [19]. Using this fact, neglecting
the higher derivative terms in the series in (25), and using (31)
and (34), the change in Doppler shift, ∆fd, can be expressed
as follows:

∆fd = −
E{f ′ (fd)

∣∣
fd=f̂d

}
E{f ′′ (fd)

∣∣
fd=f̂d

}

= − Img{Tr[βPsβ
HD]}(

Tr[DβPsβ
HD]− Tr[βPsβ

HD2]
) . (36)

TABLE I
THE TABLE SHOWS THE VALUES OF THE PARAMETERS USED FOR OUR

SIMULATIONS.

Parameter Value
Mx,My , N 2

fc 28× 109 Hz
c 3× 108 m/s
R 5 m
α 0.5
Ts 1.1 sec

Therefore, our estimate of the Doppler frequency, f̂d, can be
obtained as follows [15]. By the aid of (5), the Doppler fre-
quency fd is obtained assuming that the initial UAV velocity,
vd, is known. The received signal frequency deviates from
that of the transmitted signal due to Doppler shift [1]. This
perturbation leads to a complex Doppler frequency estimation
process. To simplify this, the Doppler frequency shift ∆fd is
required. The estimate f̂d differs from the Doppler frequency
fd by the change in Doppler shift ∆fd. Thus, by (36):

f̂d = fd +∆fd

= fd +
Img{Tr[βPsβ

HD]}(
Tr[βPsβ

HD2]− Tr[DβPsβ
HD]

) . (37)

Using the Doppler shift, we can obtain the following estimate
of the UAV velocity, v̂UAV , [15]:

v̂UAV =
λ

sin θ
(fd +∆fd) , (38)

where ∆fd is given by (36).
In summary, with the prior knowledge of the transmitted

signal and using MLE, we can estimate the channel using (20)
as well as the Doppler shift using (37). Also, the estimated
Doppler shift can then be used to estimate the UAV velocity
using (38).

VII. NUMERICAL RESULTS

In this section, we evaluate the performance of our channel,
Doppler frequency shift, and UAV velocity estimation scheme
using MATLAB simulations. In our simulations, the UAV’s
nominal velocity is 30 m/s and it travels towards the GS
at a constant altitude. Initially, the azimuthal and elevation
angles made by the UAV with respect to the GS are 20◦ and
10◦, respectively. Table I specifies the remaining parameters
used for our simulations. After every 0.1 ms, we estimate the
channel, Doppler frequency shift, as well as the UAV velocity.
A digital pulse with duty cycle 20% is modulated using Phase
Shift Keying (PSK) modulation and treated as the transmitted
signal. The received signal is observed with different Signal-
to-Noise Ratios (SNRs) varying from 0 to 10 dB. With an
adequate sampling frequency, 1000 samples are considered to
estimate the channel, Doppler frequency shift, and hence the
UAV velocity, over 50 iterations.

Fig. 2a shows a comparison of the actual Doppler frequency
shift and the estimated Doppler frequency shift. Fig 2b shows
a comparison of the actual UAV relative velocity and the
estimated relative velocity. It can be seen from Fig. 2 that the
estimates computed by our proposed scheme are very close
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(a) (b)
Fig. 2. Fig. (a) shows a comparison of the actual and estimated Doppler
frequency shifts at an SNR of 6 dB. Fig. (b) shows a comparison of the
actual and estimated velocities of the UAV at an SNR of 8 dB.

(a) (b)
Fig. 3. Fig. (a) shows a comparison of the mean errors of the estimates of
the Doppler frequency shift computed by our proposed scheme and those of
the estimates computed by the algorithm based on the chirplet transform [7]
for the SNR values −3, 0, 5 and 10 dB. Fig. (b) shows the MSEs of the
estimates of the channel information computed by our proposed scheme for
different values of the SNR.

to the actual Doppler frequency shifts and UAV velocities.
Next, Fig. 3a shows a comparison of the mean errors in the
estimation of the Doppler frequency shift under our proposed
scheme and under the algorithm based on the chirplet trans-
form proposed in [7]. It can be clearly seen from the figure that
the mean errors of the estimates computed by our proposed
scheme are much closer to zero than those of the estimates
computed using the chirplet transform based algorithm [7].
Fig. 3b shows the mean squared errors (MSE) of the estimates
of channel information computed by our proposed scheme at
different SNRs varying from 0 dB to 25 dB with increments
of 5 dB. As expected, the MSEs decrease in the SNR; also, the
figure shows that the MSEs are very small for all the values
of SNRs used. In summary, our numerical results show that
our proposed scheme computes highly accurate estimates of
the channel, Doppler frequency shift, as well as UAV velocity;
also, the mean errors of the estimates of the Doppler frequency
shift computed by our proposed scheme are much closer to
zero than those of the estimates computed using the state-of-
the-art chirplet transform based algorithm [7].

VIII. CONCLUSIONS AND FUTURE WORK

We proposed an improved scheme for estimating the UAV
channel, Doppler frequency shift, and velocity, when it com-
municates with a GS using antenna arrays and mmWave fre-
quency bands. Using extensive numerical results, we showed

that our proposed scheme computes estimates of the channel,
Doppler frequency shift, as well as UAV velocity that are
highly accurate; also, the mean errors of the estimates of the
Doppler frequency shift computed by our proposed scheme are
much closer to zero than those of the estimates computed using
the state-of-the-art chirplet transform based algorithm [7]. A
direction for future research is to analytically derive upper
bounds on the estimation errors under our proposed scheme.
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