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Abstract—This paper provides an impairments-aware unified

channel model for the link between an unmanned aerial vehicle

(UAV) and a ground user equipment (UE). In particular, we con-

sider both physical and hardware impairments, where the former

is unique to UAVs and refers to random physical vibrations of

the UAV platform, also known as wobbling. The latter pertains to

both the UAV and the UE and refers to intrinsic radio frequency

(RF) impairments, such as power amplifier (PA) nonlinearity,

phase noise, and in-phase/quadrature (I/Q) imbalance. We model

the fluctuations of the UAV platform pitch angle (caused by

wobbling) by a sinusoidal stochastic process. On the other hand,

the combined effect of all hardware impairments is modeled

by two wide-sense stationary (WSS) additive and multiplicative

distortion noise processes, which is a well-accepted approach

in the literature. Using this unified model, we characterize

the autocorrelation function (ACF) of the impairments-aware

channel impulse response, which further provides the coherence

time of the channel. We also derive the power spectral density

(PSD) of the distortion-plus-noise process of our unified channel

model. To obtain useful insights from the joint impact of physical

and hardware impairments on the air-to-ground wireless channel,

we evaluate both of these metrics with reasonable impairment

models and parameters. One key implication of our results is that

the channel coherence time degrades noticeably at high frequen-

cies even for small wobbling, which renders channel estimation

of UAV links extremely challenging at these frequencies.

Index Terms—UAV wobbling, hardware impairments, air-to-

ground wireless channel, coherence time, power spectral density.

I. INTRODUCTION

As the UAV technology has matured over the past decade,
the interest in using UAVs as aerial transceivers has skyrock-
eted due to many favorable features, such as agility and high
probability of line-of-sight (LoS) [2]. However, this comes
with challenges that are unique to UAVs. Primarily, because
of not having fixed infrastructures and also natural phenomena
such as wind gusts, UAV platforms may undergo random
physical fluctuations, albeit small, which are called wobbling
in the literature [3]. This random UAV wobbling, which is
unique to aerial communications, may degrade the air-to-
ground wireless channel quality, especially when the carrier
frequencies are large (say more than 1 GHz). As another
example, UAVs, similar to all terrestrial transceivers, suffer
from RF imperfections (also known as hardware impairments)
that deteriorate the performance of communication systems
[4], [5]. Remarkably, the timely problem of the joint impact
of UAV wobbling and hardware impairments on the air-to-
ground wireless channel has not been investigated yet, which
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is the main focus of this paper. As a consequence, it is not
immediately clear how these effects will manifest themselves
in fundamental channel properties, such as the coherence time,
which have important implications on the link design. Our
results will also shed light on this important aspect.

Related Works. Analytical and empirical air-to-ground chan-
nel modeling have been a growing area of research over the
past few years [6]–[10]. However, only a handful of them
studied the effect of UAV wobbling or hardware impairments
on the quality of the wireless channel. For instance, the
authors in [11] studied the antenna gain mismatch problem
due to random UAV wobbling for an aerial network. In [12],
a stochastic model is introduced for UAV wobbling, using
which the authors study resource allocation in aerial-terrestrial
networks. The air-to-ground wireless channel performance in
terms of coherence time is studied in [3], where the authors
propose novel stochastic models for UAV wobbling and study
both single-antenna and multiple-antenna scenarios. Along the
similar lines as [3] and using the same random UAV wob-
bling models, the authors in [13] studied the impact of UAV
wobbling on the Doppler effect at millimeter-wave (mmWave)
frequencies. In a recent study, the measurement campaign in
[14] has evaluated the impact of UAV wobbling on the channel,
where the authors compared the received power variations
between hovering and completely static UAVs. As for the
hardware impairments, on the other hand, the volume of
works is considerable. For instance, PA nonlinearity, phase
noise, and I/Q imbalance have been separately studied in the
literature (see e.g., [4], [15], [16] and the references therein).
In particular, the aggregate effect of these three fundamental
hardware impairments on the transmit and receive signals has
been modeled in [4, Ch. 7], which has motivated many other
analyses in communications theory. For example, a redefinition
of two-hop relaying systems [17] with hardware impairments
has been proposed in [18], where the authors derived the
outage probability in these two-hop networks. In another
seminal work from the same group [5], the authors proved
the existence of a bound on the capacity of massive multiple-
input multiple-output (MIMO) systems. Although the research
on hardware impairments is mature, the volume of works on
the impact of such impairments on the air-to-ground wireless
channel is very sparse [19], and there is no work that studies
the joint impact of UAV wobbling and hardware impairments
on the channel, which is the main focus of this paper.

Contributions and Outcomes. In this paper, we propose an
air-to-ground wireless channel model that is cognizant of dif-
ferent impairments associated with both the UAV and the UE.
Considering a UAV-UE link in a multi-path environment with
Rician fading, we study two different types of impairments: (i)



physical, caused by random UAV wobbling, and (ii) hardware,
caused by intrinsic RF nonidealities at both the UAV and
the UE. We model UAV wobbling by a sinusoidal stochastic
process, and model the hardware impairments by two WSS
distortion noise processes. We then study the interplay between
these two impairment types and their joint impact on the
air-to-ground wireless channel. Specifically, we characterize
the ACF of the proposed channel impulse response, using
which we derive the channel coherence time and the PSD
of the distortion-plus-noise process. Our analysis also reveals
that the channel coherence time degrades significantly due to
these impairments (especially wobbling) at higher frequencies
(mmWave and higher), thereby requiring a higher number of
pilots for channel estimation (eventually becoming prohibitive
with increasing frequency). It is important to account for this
much higher channel estimation overhead while proposing to
use UAVs at higher frequencies. To the best of our understand-
ing, this is the first work that provides a unified channel model
for the air-to-ground wireless communications that accounts
for both UAV wobbling and hardware impairments.

II. SYSTEM MODEL

We assume that a hovering UAV communicates with a
ground UE in a multi-path environment with N scatterers.
As shown in Fig. 1 and without loss of generality, the UAV
antenna is placed at a distance of yD from the UAV centroid
and has a distance of d0(t) and di(t) from the ground UE and
the i-th multi-path component (MPC) at time t, respectively.
Furthermore, we represent the distance between the i-th MPC
and the UE as dSi,U, and the angle-of-departure (AoD) from
the UAV antenna to the i-th MPC as !i, which is measured
with respect to the z-axis.

In practice, an aerial-terrestrial communication link may
suffer from various nonidealities, categorized in this paper as
physical and hardware impairments and described next.

Physical Impairments. Unlike terrestrial base stations, UAVs
do not have fixed infrastructures, which results in their phys-
ical fluctuations due to wind gusts, inclement weather condi-
tions, or even high rotational speed of their rotors/propellers
[3], [11], [20]. We refer to these small random physical vibra-
tions of the UAV platform as wobbling, which has also been
termed as jittering [12] and fluctuating [11] in the literature.
As shown in Fig. 1, the wobbling pitch angle is denoted by
✓(t) at time t. In this paper, we model UAV wobbling by a
sinusoidal stochastic process defined as ✓(t) = L sin(2⇡Qt),
where L ⇠ U [�✓m, ✓m) and Q ⇠ fQ(q) are independent
random variables that represent the amplitude and variation
frequency of ✓(t), respectively. In these equations, ✓m is the
maximum UAV pitch angle and fQ(.) is an arbitrary but
known probability density function (pdf). Using the character-
istic function (cf) of uniform random variables and defining
sinc(x) = sin(⇡x)

⇡x , we have E
⇥
ej!(✓(t+�t)�✓(t))

⇤
=

Z 1

�1
sinc

⇣!
⇡
✓m (sin(2⇡q(t+�t))� sin(2⇡qt))

⌘
fQ(q) dq.

(1)

Hardware Impairments. In practice, all RF transceivers
suffer from nonidealities due to their physical characteristics,
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Fig. 1. Spatial setup where the UAV platform wobbles and the UAV
transceiver suffers from various hardware impairments.

such as phase noise, I/Q imbalance, and PA nonlinearity [4],
which are termed as hardware impairments in this paper.
One well-accepted model in the literature is to model the
aggregate effect of all hardware impairments as additive and
multiplicative distortion noise processes at both the transmitter
and receiver [4, Sec. 7.2.2]. In fact, we can write

s(t) = �T(t)s̃(t) + ⌘T(t), r(t) = �R(t)r̃(t) + ⌘R(t), (2)

where s̃(t) (resp. r̃(t)) and s(t) (resp. r(t)) are the unimpaired
and impaired transmitted (resp. received) signals in complex
baseband, respectively, and ⌘T(t) and �T(t) (resp. ⌘R(t) and
�R(t)) are the additive and multiplicative distortion noise
processes at the transmitter (resp. receiver), respectively. We
assume that these four noise processes are independent from
each other and the additive noises are zero-mean. We assume
WSS hardware impairments here, which already covers a wide
range of scenarios. The more general case of nonstationary
processes [4, Sec. 7.2.3] has been tackled in the journal
extension [1]. With these assumptions, we model these noise
processes using WSS Gaussian processes, which is also sup-
ported by measurements [4], [18]. Defining the ACF of WSS
random process X(t) as AX(t1, t2) = E [X⇤(t1)X(t2)] =
AX(t2 � t1), we write the ACF of our four noise processes
using the squared exponential function [21] as:

A⌘T(�t) = 2
⌘T
e
� (�t)2

2l2⌘T , A⌘R(�t) = 2
⌘R
e
� (�t)2

2l2⌘R , (3)

A�T(�t) = 2
�T

e
� (�t)2

2l2�T , A�R(�t) = 2
�R

e
� (�t)2

2l2�R , (4)

where 2
⌘T

and l⌘T are design parameters, which represent
the maximum power and the characteristic length-scale of the
additive distortion noise process at the transmitter, respectively.
The other design parameters (2

⌘R
, 2

�T
, 2

�R
, l⌘R , l�T , and

l�R ) are defined similarly.
Without hardware impairments, we can write the received

signal r̃(t) and the channel impulse response c̃(⌧ ; t) in com-
plex baseband, respectively, as

r̃(t) =
NX

i=0

↵i(t)e
�j'i(t)s̃(t� ⌧i(t)) + ñ(t), (5)



c̃(⌧ ; t) =
NX

i=0

↵i(t)e
�j'i(t)�(⌧ � ⌧i(t)), (6)

where ⌧ and t are the delay variable and observation time,
respectively, ↵i(t), ⌧i(t), and 'i(t) are the amplitude, delay,
and phase of the i-th MPC, respectively, ñ(t) is the additive
white Gaussian noise (AWGN) with PSD of N0

2 , and �(.) is
the Dirac delta function. We provide our assumptions about
channel parameters next.

Amplitude. We assume that the amplitude does not change
noticeably over the time period of interest and follows the
well-accepted Laplacian model as [22], [23]

|↵i|2 =
1

2�
e�

|!i�!0|
� , 1  i  N, (7)

where !i ⇠ U [0, ⇡
2 ) and � > 0 is a scaling parameter.

Thus, the power of the i-th MPC can be written as P↵i
:=

E
⇥
|↵i|2

⇤
= 1

⇡ (1 � e�
⇡
4� cosh(!0�⇡/4

� )). We also assume
Rician fading with factor K, which gives the power of the
LoS component as P↵0

:= E
⇥
|↵0|2

⇤
= NKP↵1 .

Delay. Similar to the amplitude, we assume that the delay
also does not change noticeably over the time period of interest
and write it as ⌧i(t) ⇡ ⌧i =

di(0)+dSi,U

c . Assuming that the
UAV only knows the location of the UE, the propagation delay
of the i-th MPC can be written as ⌧i = ⌧0+⌧�i, where ⌧0 = d0

c
is the UAV-UE delay and ⌧�i is the excess delay of the i-th
MPC distributed exponentially with parameter ⇢i [23], [24].
Thus, the pdfs of ⌧0 and ⌧i can be written, respectively, as

f⌧0(⌧) = �(⌧ � ⌧0), f⌧i(⌧) = ⇢ie
�⇢i(⌧�⌧0)1(⌧ � ⌧0), (8)

where 1  i  N and 1(.) is the indicator function.
Phase. Unlike amplitude and delay, the phase of the i-th

MPC changes significantly over time due to UAV wobbling.
To see this more clearly, let us first establish a connection
between the UAV wobbling pitch angle and the UAV-MPC
distances at different times, which is provided next.

Lemma 1. For a wobbling UAV, assuming ✓(t) ⌧ 1 rad and
yD ⌧ di(t), we have

di(t+�t)� di(t) ⇡ yD cos(!i)[✓(t+�t)� ✓(t)]. (9)

Proof: See [3, Lemma 1].
Following this lemma, we observe a Doppler shift in the

channel, which can be written as

'Di(t,�t) =
2⇡

�
yD cos(!i)[✓(t+�t)� ✓(t)], (10)

where � = c
fc

is the signal wavelength, c is the speed of light,
and fc is the carrier frequency. Therefore, these small distance
variations over time become important for the sake of phase
as they are multiplied by fc. The phase of the i-th MPC can
now be written as

'i(t) =
2⇡

�
(di(0) + dSi,U) +

2⇡

�
yD cos(!i)[✓(t)� ✓(0)]

= 2⇡fc⌧i + 'Di(t), (11)

where 'Di(t) := 'Di(0, t) is the Doppler phase shift at time
t given in (10). Defining the ACF of the channel impulse
response as Ac(⌧ ; t,�t) = E [c⇤(⌧ ; t)c(⌧ ; t+�t)], we intro-
duce the metrics discussed in this paper next.

Coherence Time. The period of time over which the channel
remains almost constant is defined as the coherence time of
the channel [25]. Mathematically speaking, we can write [26]

TCoh(t) := min

⇢
�t :

|AC(t,�t)|
max |AC(t,�t)|  �T

�
, (12)

where AC(t,�t) = AC(�f = 0; t,�t), �T is a given
threshold, and AC(�f ; t,�t) = F⌧{Ac(⌧ ; t,�t)}, where
F⌧{.} denotes the Fourier transform with respect to ⌧ .

PSD of Distortion-Plus-Noise. We refer to all additive
distortion noise processes (including the AWGN) as the
“distortion-plus-noise” process (see (14)) and evaluate its PSD
as our second metric. By definition, the PSD of signal x(t)
can be written as Sx(f) = F⌧{hE[x⇤(t)x(t+�t)]it}, where
hy(t)it = limT!1

1
2T

R T
�T y(t) dt represents time averaging

of signal y(t) [27, Sec. 7.2].

III. IMPAIRMENTS-AWARE UNIFIED CHANNEL MODEL

Let us revisit (5) and (6) considering hardware impairments.
From (2), we can write the received signal as

r(t) = �R(t)
NX

i=0

↵i(t)e
�j'i(t)

⇣
�T(t� ⌧i(t))s̃(t� ⌧i(t))

+ ⌘T(t� ⌧i(t))
⌘
+ ⌘R(t) + ñ(t)

=
NX

i=0

↵i(t)e
�j'i(t)�R(t)�T(t�⌧i(t))s̃(t�⌧i(t))+n(t), (13)

where n(t) represents the combined effect of AWGN, UAV
wobbling, and hardware impairments, and is given as

n(t)=
NX

i=0

↵i(t)e�j'i(t)�R(t)⌘T(t�⌧i(t))+⌘R(t)+ñ(t). (14)

From (13), the channel impulse response can be written as

c(⌧ ; t)=
NX

i=0

↵i(t)e�j'i(t)�R(t)�T(t�⌧i(t))�(⌧�⌧i(t)). (15)

Note that the impact of UAV wobbling lies in the phase term
('i(t); see (11)). The new channel impulse response in (15)
together with the distortion-plus-noise process in (14) build
our air-to-ground impairments-aware unified channel model.
The following lemma gives the ACF of the channel impulse
response and its Fourier transform.

Lemma 2. In an air-to-ground wireless channel with phys-
ical and hardware impairments, where the channel impulse
response is given by (15), the channel ACF and its Fourier
transform with respect to ⌧ can be written, respectively, as

Ac(⌧ ; t,�t) =
NX

i=0

A�R(�t)A�T(�t)f⌧i(⌧)

⇥ E
h
|↵i|2e�j 2⇡� yD cos(!i)[✓(t+�t)�✓(t)]

i
, (16)

AC(�f ; t,�t) =
NX

i=0

A�R(�t)A�T(�t)

Z 1

0
f⌧i(⌧)e

�j2⇡�f⌧d⌧

⇥ E
h
|↵i|2e�j 2⇡� yD cos(!i)[✓(t+�t)�✓(t)]

i
. (17)



Proof: By definition, we can write Ac(⌧ ; t,�t)

= E [c⇤(⌧ ; t)c(⌧ ; t+�t)]

= E
"

NX

i=0

NX

k=0

↵⇤
i↵ke

�j('k(t+�t)�'i(t))�⇤
R(t)�R(t+�t)

⇥ �⇤
T(t� ⌧i)�T(t� ⌧k +�t)�(⌧ � ⌧i)�(⌧ � ⌧k)

#

=
NX

i=0

NX

k=0
k 6=i

E
h
↵⇤
i↵ke

�j 2⇡� (dk(0)+dSk,U�di(0)�dSi,U)

⇥ e�j('Dk
(t+�t)�'Di (t))�⇤

R(t)�R(t+�t)

⇥ �⇤
T(t� ⌧i)�T(t� ⌧k +�t)�(⌧ � ⌧i)�(⌧ � ⌧k)

i

+
NX

i=0

E
h
|↵i|2e�j('Di (t+�t)�'Di (t))�⇤

R(t)�R(t+�t)

⇥ �⇤
T(t� ⌧i)�T(t� ⌧i +�t)�(⌧ � ⌧i)�(⌧ � ⌧i)

i
.

Since dSk,U � dSi,U � �, we note that Xk,i =⇥
2⇡
� (dSk,U � dSi,U)mod 2⇡

⇤
⇠ U [0, 2⇡) [28, Lemma 4],

which gives E
⇥
e�jXk,i

⇤
= 0. Thus, the double-summation in

the last equality becomes zero. As for the single summation,
we encounter the singularity issue (delta squared), which can
be avoided by isolating one of the delta functions [29] and
rewriting the channel ACF with only one delta function as

Ac(⌧ ; t,�t) =
NX

i=0

E
h
|↵i|2e�j 2⇡� yD cos(!i)[✓(t+�t)�✓(t)]

⇥ �⇤
R(t)�R(t+�t)�⇤

T(t� ⌧i)�T(t� ⌧i +�t)�(⌧ � ⌧i)
i

=
NX

i=0

Z 1

�1
E
h
|↵i|2e�j 2⇡� yD cos(!i)[✓(t+�t)�✓(t)]

i

⇥A�R(�t)A�T(�t)�(⌧ � ⌧i)f⌧i(⌧i) d⌧i,

which gives the result in (16) by applying the sifting property
of the delta function. The result in (17) is obtained simply by
taking the Fourier transform of (16) with respect to ⌧ .

Equipped with the channel ACF, we can now derive the
coherence time of the channel by setting �f = 0 in (17).
This result if formally presented next.

Theorem 1. The coherence time of the impairments-aware air-
to-ground wireless channel is given in (12), where the channel
ACF can be written as

AC(t,�t) =
NX

i=0

A�R(�t)A�T(�t)

⇥ E
h
|↵i|2e�j 2⇡� yD cos(!i)[✓(t+�t)�✓(t)]

i
. (18)

Note that Theorem 1 is valid for any WSS distortion noise
process as well as for any UAV wobbling model. Given that,
we intend to simplify it further for the specific case studies
mentioned earlier in Section II to obtain useful insights. Let
us first evaluate the expectation that involves the impact of
UAV wobbling as follows:

Gi(t,�t) = E
h
|↵i|2e�j 2⇡� yD cos(!i)[✓(t+�t)�✓(t)]

i

=

8
>>>>>><

>>>>>>:

R ⇡/2
0

R1
�1

1
⇡� e

� |!i�!0|
� fQ(q) sinc

⇣
2
�✓myD cos(!i)

⇥(sin(2⇡q(t+�t))� sin(2⇡qt))
⌘
dq d!i, i 6= 0

2NKP↵1

R1
�1 fQ(q) sinc

⇣
2
�✓myD cos(!0)

⇥(sin(2⇡q(t+�t))� sin(2⇡qt))
⌘
dq, i = 0,

(19)

where the functions Gi(t,�t), 1  i  N are all equal to
each other. Using this function and the Gaussian multiplicative
distortion noise processes defined in (4), we can simplify the
ACF given in Theorem 1 as AC(t,�t) =

2
�R

2
�T

e
�
✓

1
2l2�R

+ 1
2l2�T

◆
(�t)2

(G0(t,�t) +NG1(t,�t)) .

Since the maximum value of this ACF is 22
�R

2
�T

N(K +
1)P↵1 , the coherence time can be written as

TWSS
Coh (t) = min

⇢
�t :

e
�
�

1
2l2�R

+ 1
2l2�T

�
(�t)2

2N(K + 1)P↵1

⇥ |G0(t,�t) +NG1(t,�t)|  �T

�
, (20)

which should be solved numerically for �t.
In order to study the behavior of the effective received noise

at the ground UE, we analyze the PSD of n(t) as defined in
(14), which is the AWGN plus the aggregate distortion caused
by physical and hardware impairments at both the transmitter
and the receiver. The following theorem provides this result.

Theorem 2. The PSD of the distortion-plus-noise process n(t)
can be written as

Sn(f)=
N0

2
+F�t{A⌘R(�t)}+

NX

i=0

F�t

⇢
A�R(�t)A⌘T(�t)

⇥
D
E
h
|↵i|2e�j 2⇡� yD cos(!i)[✓(t+�t)�✓(t)]

i E

t

�
. (21)

Proof: By definition, the ACF of n(t) can be written as

An(t, t+�t) = E [n⇤(t)n(t+�t)]
(a)
= E [ñ⇤(t)ñ(t+�t)] + E [⌘⇤R(t)⌘R(t+�t)]

+ E
"✓ NX

i=0

↵⇤
i e

j'i(t)�⇤
R(t)⌘

⇤
T(t� ⌧i(t))

◆✓ NX

i=0

↵i

⇥ e�j'i(t+�t)�R(t+�t)⌘T(t+�t� ⌧i(t+�t))

◆#

(b)
= Añ(�t) +A⌘R(�t) + E

 NX

i=0

|↵i|2e�j('i(t+�t)�'i(t))

⇥ �⇤
R(t)�R(t+�t)⌘⇤T(t� ⌧i)⌘T(t� ⌧i +�t)

�

= Añ(�t) +A⌘R(�t) +
NX

i=0

A�R(�t)A⌘T(�t)

⇥ E
h
|↵i|2e�j 2⇡� yD cos(!i)[✓(t+�t)�✓(t)]

i
, (22)

where in (a) we used E[⌘R(t)] = E[ñ(t)] = 0 and the
independence between distortion noises and the AWGN, and
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Fig. 2. Normalized channel ACF to obtain coherence time for different fc.
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in (b) we used the fact that the cross terms in the double-
summation are zero (see the proof of Lemma 2). Since ñ(t)
is a white process, we have Añ(�t) = N0

2 �(�t). The final
result in (21) is obtained by first averaging (22) over t and
then taking its Fourier transform with respect to �t.

Theorem 2 gives the PSD of n(t) for the general case.
However, similar to our analysis for the channel coherence
time, we simplify this result for the case studies provided in
Section II to gain further insights. For that, we need to also
average Gi(t,�t) over t. We can write the PSD of n(t) as

Sn(f) =
N0

2
+ F�t
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where 2 = 2
�R

2
⌘T

and l�2 = l�2
�R

+ l�2
⌘T

. In the last equality,
we used the definition of Fourier transform, swapped the order
of limit and integral, and used the Fourier transform of a
Gaussian function, i.e., Fx{e�ax2} =

p
⇡
a e

�⇡2

a f2

.

IV. NUMERICAL RESULTS

In this section, we present numerical results to glean further
insights from our analyses in the previous sections. The sim-
ulation parameters are as follows: N 2 {10, 20} for mmWave
and sub-6 GHz frequencies, respectively, fc 2 {2.4, 6, 30}
GHz (thus, � 2 {12.5, 5, 1} cm), yD = 40 cm, !0 = 20�, K =
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Fig. 3. Normalized channel ACF to obtain coherence time for different ✓m.
Assumptions: fc = 2.4 GHz, and l�T = l�R = 0.05 s.

11.5 [30, Table 1], � = 1, N0 = 10�8 W, ✓m 2 {5, 7, 10}�
[20], Q ⇠ U [5, 25), {2

⌘T
,2

⌘R
,2

�T
,2

�R
} 2 {0.1, 0.5, 1} W,

and {l⌘T , l⌘R , l�T , l�R} 2 {0.01, 0.05, 0.1} s.
The impact of different impairments on the channel coher-

ence time is depicted in Figs. 2 and 3. As seen from (11) and
(13), 'i(t) depends on the carrier frequency and the UAV-UE
distance. Hence, increasing fc or ✓m (thereby, the UAV-UE
distance) results in higher channel variations, which, in turn,
decreases the channel coherence time. From these figures, we
see that TCoh = {32.52, 5.13, 0.98} ms for fc = {2.4, 6, 30}
GHz and ✓m = 5� and TCoh = {32.52, 11.13, 6.63} ms for
✓m = {5, 7, 10}� and fc = 2.4 GHz. These numbers show the
degradation of channel coherence time with UAV wobbling
and hardware impairments, especially at larger ✓m and higher
fc (mmWave and higher), which makes it difficult to establish
reliable aerial-terrestrial communications links.

Numerical results for the PSD of n(t) are provided in Figs.
4 and 5. The impact of hardware impairment intensity on
the PSD of n(t) is shown in Fig. 4, where increasing the
maximum power of hardware impairments (2 parameters)
while keeping their characteristic length-scales constant (l
parameters) increases the total power of n(t) (shifts the PSD
upward). Conversely, decreasing l while keeping 2 constant
flattens the PSD curve, which could either decrease or increase
the total power of n(t) depending on the specific values of l
and 2. We compare the PSD of n(t) for different values of
the maximum UAV pitch angle in Fig. 5, where we observe
that for realistic values of ✓m, the PSD of n(t) does not change
noticeably with increasing ✓m.

V. CONCLUSION

In this paper, we provided a unified channel model for
the air-to-ground wireless communication link between a
UAV and a ground UE that suffer from various impairments.
We studied two different types of nonidealities: (i) physical
impairments caused by UAV wobbling, and (ii) hardware
impairments caused by RF nonidealities at both the UAV
and the UE. Specifically, we modeled UAV wobbling by
sinusoidal stochastic processes to demonstrate the oscillatory
nature of wobbling, and modeled the aggregate impact of all
hardware impairments by two WSS additive and multiplicative
distortion noise processes. Using these well-accepted models,
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Fig. 4. PSD of n(t) for different impairment levels. Assumptions: N = 20,
fc = 2.4 GHz, and ✓m = 5�.

we rigorously derived the channel impulse response ACF, from
which we obtained the coherence time of the channel and the
PSD of the distortion-plus-noise process as our key channel
metrics. The analysis presented in this paper demonstrated
that the channel coherence time degrades quickly at high
carrier frequencies due to UAV wobbling and hardware impair-
ments, rendering channel estimation in aerial-terrestrial links
extremely challenging at mmWave and higher frequencies. To
the best of our knowledge, this is the first work that provides
a unified channel model that accounts for the joint impact
of UAV wobbling and hardware impairments on the air-to-
ground channel. One extension of this work is to study the joint
impact of physical and hardware impairments on a wireless
channel where either the UAV or the UE is mobile, which
will complicate further the calculation of the effective Doppler
phase shift.
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