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Abstract—In this paper, we develop an impairments-aware air-
to-ground unified channel model that incorporates the effect of
both wobbling and hardware impairments, where the former
is caused by random physical fluctuations of unmanned aerial
vehicles (UAVs), and the latter by intrinsic radio frequency
(RF) nonidealities. The impact of UAV wobbling is modeled by
two stochastic processes, i.e., the canonical Wiener process and
the more realistic sinusoidal process. In contrast, the aggregate
impact of all hardware impairments is modeled as two multiplica-
tive and additive distortion noise processes. We then rigorously
characterize the autocorrelation function (ACF) of the wireless
channel, using which we provide a comprehensive analysis of four
key channel-related metrics: (i) power delay profile (PDP), (ii)
coherence time, (iii) coherence bandwidth, and (iv) power spectral
density (PSD) of the distortion-plus-noise process. Furthermore,
we evaluate these metrics with reasonable UAV wobbling and
hardware impairment models to obtain useful insights. Notably,
we demonstrate that even for small UAV wobbling, the coherence
time severely degrades at high frequencies, which renders air-to-
ground channel estimation very difficult at these frequencies.
To the best of our understanding, this is the first work that
characterizes the joint impact of UAV wobbling and hardware
impairments on the air-to-ground wireless channel.

Index Terms—Random UAV wobbling, hardware impairments,
wireless channel, power delay profile, coherence time, coherence
bandwidth, power spectral density.

I. INTRODUCTION

Owing to their agility, cost-effectiveness, ease of deploy-
ment, and higher probability of line-of-sight (LoS), UAVs have
become an integral part of the current wireless ecosystem
[2]–[6]. Given their proposed use in a variety of applications
in different frequency bands, it is important to understand
the fundamental characteristics of the air-to-ground wireless
channels, which is a topic of significant current interest. To
that end, our specific focus in this paper is on studying
the joint impact of a unique UAV impairment (wobbling)
and a fundamental characteristic of all transceivers (hardware
impairments) on the properties of the air-to-ground wireless
channels.

Because of the lack of fixed infrastructures, UAVs suffer
from some amount of physical vibrations, especially under
inclement weather conditions or high vibration frequency
of their propellers [7], [8]. These physical vibrations (also
known as wobbling [8], jittering [9], [10], and fluctuations
[11]) could adversely affect the wireless channel especially at
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high frequencies. Further, all digital transceivers suffer from
RF nonidealities (also known as hardware impairments) that
degrade or even severely limit their performance [12], [13].
While the hardware impairments are well-understood in the
literature, their interplay with the unique UAV impairments,
such as wobbling, has not been studied yet. Motivated by this
observation and viewing the UAV wobbling as an “impair-
ment”, we consider an aerial-terrestrial setup in this paper,
where the terrestrial node suffers from hardware impairments,
while the aerial node suffers from both hardware impairments
and wobbling. In other words, we leverage the well-established
models from the literature for physical and hardware impair-
ments, and develop a novel and more realistic air-to-ground
channel model that is cognizant of these impairments. For this
setup, we provide a comprehensive analysis of key channel-
related metrics and discuss the implications of our analysis on
operating UAVs especially at high carrier frequencies.

A. Related Works

This paper builds on the following general lines of research:
(i) air-to-ground channel model, (ii) UAV wobbling, and (iii)
hardware impairments. We explain each research direction
next.

Air-to-Ground Channel Model. There have been numerous
works that focus on modeling and/or measurement of air-
to-ground wireless channels [14]–[23]. Air-to-air and air-
to-ground channels are inherently different from ground-to-
ground channels due to many reasons, such as the higher
probability of LoS in the aerial channels and the mobility
of UAVs [2], [3], [14]. Following the mathematical model
suggested by the international telecommunication union (ITU)
[24], perhaps the first work that established a meaningful yet
simple relation between the LoS probability and the elevation
angle in an aerial-terrestrial setup for low altitude platforms
(LAPs) was [15], where the authors fitted a modified Sig-
moid function to the LoS probability. Extensive measurement
campaigns were conducted in [16]–[18] to obtain specific air-
to-ground channel models for different environments (over-
water [16], hilly and mountainous [17], and suburban and
near-urban [18]). In these papers, the authors characterized
different metrics related to the air-to-ground channels, such
as path loss, Ricean K factor of the small-scale fading,
and delay spread of the channel. Another relatively recent
measurement campaign was conducted in [20], where the
authors extracted channel impulse responses from the received
data, using which they obtained key characteristics of the
channel, such as path loss and shadow fading. In [21], the
authors proposed an air-to-ground channel model for UAV
base stations flying at high altitudes and moving periodically in
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circular curves. Considering ultrawideband signals, the authors
in [22] conducted measurements for air-to-ground wireless
channels and developed stochastic path-loss and multi-path
channel models for ultrawideband propagation channels. Last
but not least, the third generation partnership project (3GPP)
has also provided a detailed channel model, including the
LoS probability and path-loss and fading models, in different
environments in its technical report on cellular support for
UAVs [23].

UAV Wobbling. One unique feature of aerial wireless com-
munications, which can be viewed as an impairment, is the
fact that UAVs may experience wobbling, i.e., typically small
and random fluctuations of the UAV platform due to various
reasons, such as wind gusts and lack of fixed infrastructure
[25]. Since this area of research is still at its nascent stage,
there are only a handful of works that incorporate UAV
wobbling [8]–[11], [26]–[29]. For instance, the authors in
[9] provided a stochastic model for UAV wobbling and then
studied a resource allocation problem in UAV-assisted cellular
networks. Considering directional antennas, the antenna gain
mismatch problem due to random UAV wobbling for an air-
to-air network was studied in [11], where the authors also
provided closed-form statistical channel models for the air-to-
air links. In [8], the authors studied the impact of random UAV
wobbling on the air-to-ground wireless channel and obtained
the coherence time of the channel under different stochastic
wobbling models. Following [8], the authors in [27] studied
the Doppler effect at millimeter-wave (mmWave) frequencies
for an air-to-ground channel under random UAV wobbling.
The authors in [28], [29] extended the UAV wobbling model
in [8] to a 3D setup and obtained the channel coherence time.
Apart from analytical results, measurement campaigns have
also reported the impact of wobbling as an important source
of error in establishing a strong connection in aerial wireless
networks [30], [31]. In particular, in [30], the authors used a
channel sounder to investigate an air-to-ground wireless link,
from which they observed that the variations of the received
power from a completely static UAV are much less than that
of a hovering UAV. These studies highlight the importance of
considering UAV wobbling in aerial wireless communications.

Hardware Impairments. The unfavorable impact of RF
imperfections on various aspects of communication systems
has been studied extensively during the past decades. Perhaps
one of the most comprehensive books on this subject is
[12], where the authors describe in detail three fundamental
hardware impairments, i.e., phase noise, in-phase/quadrature
(I/Q) imbalance, and power amplifier (PA) nonlinearity, along
with a general error model that characterizes the effect of
all three impairments on the received signal in a wireless
channel. This general error model [12, Ch. 7] motivated many
researchers to redefine and solve fundamental communication-
theoretic problems under a more realistic impairments-aware
channel model [13], [32]–[39]. For instance, the authors in
[32] quantified the aggregate effect of hardware impairments
on two-hop relaying systems [40]–[42] and obtained closed-
form expressions for the outage probability in these networks.
In [33], the authors analytically proved that the capacity of a
multiple-input multiple-output (MIMO) channel will be lim-

ited when hardware impairments are assumed, which signifies
the fundamental impact of these impairments on the wireless
channel. The problem of MIMO transmission with residual
RF impairments on the transmitter side was studied in [34],
where the authors showed that such hardware impairments
substantially degrade the performance of MIMO detection
algorithms. In [13], the authors incorporated hardware im-
pairments in the analysis of massive MIMO systems, and
demonstrated the existence of a bound on the capacity of each
user equipment (UE). Another interesting work that studied the
impact of hardware impairments on massive MIMO systems
is [35], where the authors perform two types of simulations
considering additive and multiplicative stochastic impairment
models, as well as more accurate deterministic behavioral
models.

Although sparse, there are a few works that study the
impact of hardware impairments in UAV communications [43],
[44]. For example, the authors in [43] studied a UAV-aided
non-orthogonal multiple access (NOMA) relaying network,
where both the UAV-relay and terrestrial UEs suffer from
residual hardware impairments. Quite surprisingly, none of
the recent works consider the impact of UAV wobbling along
with other impairments. In this paper, we analyze the joint
impact of hardware impairments and UAV wobbling on the
wireless channel and provide a unified impairments-aware air-
to-ground channel model. We summarize our contributions
next.

B. Contributions

This paper provides a unified model for the air-to-ground
wireless channel that suffers from both UAV wobbling and
hardware impairments. In particular, we assume that a hover-
ing UAV (transmitter) communicates with a UE on the ground
(receiver) in a multi-path environment with Rician fading.
Both the UAV and the UE suffer from various hardware
impairments, such as phase noise, I/Q imbalance, and PA
nonlinearity. Apart from these hardware impairments, we
assume that the UAV also suffers from random wobbling, i.e.,
unpredictable physical fluctuations due to not having a fixed
aerial infrastructure. Note that the presented air-to-ground
channel model is applicable whenever there is an LoS link
between a UAV and a ground UE, and the consideration of
nonidealities make it a highly realistic model. This canonical
setting appears in many real-world applications. For example,
consider a UAV that is dispatched for a search and rescue
mission in inclement weather, where establishing a reliable
communication between the UAV and the UEs is critical.
Having an improper model by ignoring environmental fac-
tors and hardware shortcomings, the UAV may not be able
to establish reliable communication links to the UEs. We
model UAV wobbling using two different random processes,
i.e., the Wiener process and the sinusoidal process (backed
by analytical and experimental studies [8], [27], [30]), and
characterize the properties of each process separately. As for
the hardware impairments, we model the aggregate effect
of all of them as two multiplicative and additive distortion
processes (backed by analytical and experimental studies [12]),
and study them in both nonstationary and stationary scenarios.
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TABLE I: Acronyms used in this paper.

Acronym Description Acronym Description

3GPP third generation part-
nership project NoImp No-Impairment

ACF autocorrelation func-
tion NonSI Non-Stationary-

Increments

AWGN additive white Gaus-
sian noise NonSt Non-Stationary

AoD angle-of-departure PA power amplifier

I/Q in-phase/quadrature pdf probability density
function

ITU international telecom-
munication union PDP power delay profile

LAP low altitude platform PSD power spectral den-
sity

LTV linear time-variant RF radio frequency
LoS line-of-sight rms root-mean-square

MIMO multiple-input
multiple-output SI Stationary-Increments

mmW millimeter-wave UAV unmanned aerial vehi-
cle

MPC multi-path component UE user equipment
NLoS non-line-of-sight WSS wide-sense stationary

NOMA non-orthogonal multi-
ple access

Although modeling these hardware impairments is known and
well-accepted in the literature, the interplay between hardware
impairments and UAV wobbling has not been studied yet. For
this setup, our contributions are highlighted next.

1) Unified Impairments-Aware Wireless Channel Model:
We present a unified channel model in a multi-path Rician
fading environment that accounts for both UAV wobbling
and hardware impairments. Our proposed model consists of
a modified time-varying channel impulse response and a
distortion-plus-noise process, where the former is affected by
UAV wobbling and only the multiplicative distortion part of
the hardware impairments, while the latter is affected by UAV
wobbling and both the multiplicative and additive distortion
parts of the hardware impairments.

2) Derivation and Evaluation of Key Channel Metrics: We
rigorously derive channel ACFs for both nonstationary and
stationary impairments. Using these results, we extensively
study four key metrics that are used to characterize a wireless
channel, i.e., (i) PDP, (ii) coherence time, (iii) coherence
bandwidth, and (iv) PSD of the distortion-plus-noise process.

3) Design Insights and Implications on Higher Frequen-
cies: We demonstrate that even with stationary hardware
impairments, the received signal could be nonstationary due to
the oscillatory nature of UAV wobbling, a phenomenon that
could only be observed in air-to-ground wireless communi-
cations. The analysis presented in this paper suggests a high
sensitivity of key channel metrics to both UAV wobbling and
hardware impairments, especially at higher carrier frequen-
cies. A particularly noteworthy implication of our results is
the degradation of channel coherence time at higher carrier
frequencies because of these effects. To the best of our
knowledge, this is the first work that proposes an impairments-
aware unified channel model for UAV communications and
characterizes the key metrics associated with the channel.

For the reader’s reference, list of the acronyms used in this
paper is provided in Table I.
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Fig. 1: Spatial setup: The UAV platform wobbles and the UAV
transceiver suffers from various hardware impairments.

II. SYSTEM MODEL
A. Spatial Setup

We consider a rotary-winged UAV that hovers in the air
and communicates with a ground UE. We assume that there
are N multi-path components (MPCs) from scatterers which
contribute to the total received signal at the ground UE. To rep-
resent our system model, we use Cartesian coordinate system,
where the ground is aligned with the xy-plane, and the UAV
platform centroid, ground UE, and the i-th scatterer (i.e., the
i-th MPC) are located at PD = (0, yD, zD), PU = (xU, yU, 0),
and PSi = (xSi , ySi , zSi), respectively. As seen from Fig. 1,
we assume that the UAV is equipped with an antenna that
is located at a distance of yD from the centroid of the UAV
platform, so that the initial location of the antenna is (0, 0, zD).
Furthermore, for the ease of notation, we use the convention
that the UE is the zeroth MPC. The UAV-UE, UAV-MPC, and
MPC-UE distances are represented by d0(t), di(t), and dSi,U

for the i-th MPC at time t, respectively. Also, the angle-of-
departure (AoD) from the UAV to the i-th MPC (measured
with respect to the z-axis) is denoted by ωi. Based on the
defined convention, the AoD from the UAV to the UE is
denoted by ω0.

B. Impairments

We categorize the nonidealities that degrade reliable aerial-
terrestrial communications as UAV wobbling and hardware
impairments, which are introduced next.

UAV Wobbling: The agility of UAVs comes at the price of
not having a fixed infrastructure, which could even lead to in-
stability because of wind gusts or bad weather conditions [11].
Considering these natural phenomena and the high vibration
frequency of UAVs’ propellers, UAVs may experience small
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random physical vibrations, which are referred to as wobbling
in this paper. Although this wobbling is typically small [25],
its impact on the received signals could be non-negligible,
especially at high carrier frequencies. Furthermore, this impact
could be even more severe if the UAV is equipped with
a directional antenna instead of an omnidirectional antenna.
As shown in Fig. 1, we represent the wobbling pitch angle
at time t by θ(t), which shows the deviation of the UAV
platform from its initial state. In this paper, we model θ(t)
using stochastic processes [8] and study the impact of UAV
wobbling on different aspects of the wireless channel. More
technical discussions are presented in Section III-C.

Hardware Impairments: Because of their inherent physical
characteristics, RF transceivers are known to suffer from
hardware impairments, such as PA nonlinearity, I/Q imbalance,
and phase noise [12], [34]. Although various models for each
hardware impairment can be found in the literature [45]–
[47], we intend to consider the aggregate effect of all such
impairments in this work for the sake of generality. The
fundamental impact of each of these impairments on the trans-
mitted and received signals usually includes an attenuation
and phase rotation of the original signal (i.e., multiplicative
effect) along with a leakage of different carriers or symbols
into each other (i.e., additive effect). Due to these factors, the
influence of each hardware impairment can be modeled as an
affine linear function. Therefore, the combined effect of these
hardware impairments can be modeled as two multiplicative
and additive distortion noise processes at both the transmitter
and receiver [12, Sec. 7.2.2]. Mathematically speaking, the im-
paired transmitted and received signals in complex baseband
can be written as
s(t) = χT(t)s̃(t) + ηT(t), r(t) = χR(t)r̃(t) + ηR(t), (1)

where s̃(t) and r̃(t) are the unimpaired transmitted and
received signals, s(t) and r(t) are their impaired counterparts,
and χT(t) and ηT(t) (resp. χR(t) and ηR(t)) are the multi-
plicative and additive distortion noise processes at the trans-
mitter (resp. receiver), respectively. Note that these RF impair-
ments are nonstationary in nature, and thus, these distortion
noises are assumed to be time-dependent in general [12, Sec.
7.2.3]. These four noise processes are characterized by their
ACFs, i.e., AχT

(t1, t2) = E [χ∗T(t1)χT(t2)], AχR
(t1, t2) =

E [χ∗R(t1)χR(t2)], AηT
(t1, t2) = E [η∗T(t1)ηT(t2)], and

AηR
(t1, t2) = E [η∗R(t1)ηR(t2)]. Furthermore, we assume

that these four processes are independent from each other
and the additive distortions have zero means [12], [32], i.e.,
E [ηT(t)] = E [ηR(t)] = 0. Since wide-sense stationary (WSS)
processes are an important class of random processes, we will
also study our channel metrics (described next) when hardware
impairments are assumed to be WSS. In that case, the above-
mentioned ACFs will only be functions of t2 − t1.
C. Preliminaries and Assumptions

Before presenting our channel model, we provide some
preliminary results and review the well-established assump-
tions and properties of the unimpaired channel model [48,
Ch. 3]. We start by establishing a connection between UAV-
MPC distances at different times and the wobbling pitch angle,
presented next (see [8, Lemma 1] for the proof).

Lemma 1. Assuming that yD � di(t) and θ(t) � 1 rad for
a wobbling UAV, we have

di(t+ ∆t)− di(t) ≈ yD cos(ωi)[θ(t+ ∆t)− θ(t)]. (2)

Corollary 1. If θ(t) is a random process with stationary
increments, i.e., θ(t + ∆t) − θ(t) and θ(∆t) have the same
distribution, we have di(t+ ∆t)− di(t) ≈ yD cos(ωi)θ(∆t).

Since the distance between the transmitter and receiver
changes with time due to UAV wobbling, we observe a
Doppler shift in the channel. Specifically, the Doppler phase
shift for the i-th MPC can be written using (2) as

ϕDi(t,∆t) =
2π

λ
yD cos(ωi)[θ(t+ ∆t)− θ(t)], (3)

where λ = c
fc

is the signal wavelength, c is the speed of light,
and fc is the carrier frequency.

We consider a multi-path channel with one LoS and N non-
line-of-sight (NLoS) links. In Fig. 1, the LoS path from the
UAV to the ground UE is represented by a green dashed line
and the NLoS path from the UAV to the i-th MPC and then
to the ground UE is represented by red dotted lines. Without
hardware impairments, the received signal in the complex
baseband and the time-varying channel impulse response can
be written, respectively, as [48], [49]

r̃(t) =

N∑
i=0

αi(t)e
−jϕi(t)s̃(t− τi(t)) + ñ(t),

c̃(τ ; t) =
N∑
i=0

αi(t)e
−jϕi(t)δ(τ − τi(t)), (4)

where αi(t), ϕi(t), and τi(t) are the amplitude, phase, and
delay of the i-th MPC, respectively, ñ(t) is the AWGN, c̃(τ ; t)
is the unimpaired time-varying channel impulse response, and
δ(.) is the Dirac delta function. From (4), one can easily verify
the following convolution integral for the channel, which is
considered as a linear time-variant (LTV) system:

r̃(t) =

∫ ∞
−∞

c̃(τ ; t)s̃(t− τ) dτ + ñ(t). (5)

We assume that each of the resolvable MPCs is associated
with a single reflector. Therefore, αi(t) would not change
considerably over the time period of interest, and thus, we
drop its t argument henceforth [48]. We also consider the well-
accepted Laplacian model for |αi|2 as

|αi|2 =
1

2β
e−
|ωi−ω0|

β , 1 ≤ i ≤ N, (6)

where β > 0 is a scaling parameter [50], [51] and for
the AoD we assume that ωi ∼ U [0, π2 ). Therefore, the
power of the i-th MPC is derived as Pαi := E

[
|αi|2

]
=

1
2π

(
2− e−

ω0
β − e−

π/2−ω0
β

)
. Furthermore, assuming Rician

fading model with factor K, we can write |α0|2 =

K
∑N
i=1 |αi|2 = K

∑N
i=1

1
2β e−

|ωi−ω0|
β , which gives the power

of the LoS component as Pα0
:= E

[
|α0|2

]
= NKPαi .

Remark 1. Instead of using the Laplacian model, we could
have used more elaborate 3GPP-based path loss models [23,
Table B-2]. However, since our fundamental results (provided
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next) are agnostic to the choice of the channel model, we fa-
vored the current channel model assumptions that are equally
well accepted in the literature [48], [50], [51] and also
mathematically more tractable than the 3GPP-based models.

The delay of the i-th MPC can be written as τi(t) ≈
τi(0) =

di(0)+dSi,U

c , where we assumed that the delay also
does not change significantly over time. In fact, since the UAV-
UE distance is in the order of hundreds of meters or even
kilometers, the delay will be in the order of microseconds.
However, using (2), it is clear that the added distance due
to UAV wobbling is in the order of centimeters, which
makes the corresponding residual delay to be in the order of
nanoseconds. Hence, our approximation is valid, and we also
define τi := τi(0) for simplicity. Assuming that the location of
the UE (PU) is known and the MPCs are distributed randomly
on the ground, the propagation delay of the i-th MPC can
be written as τi = τ0 + τ∆i, where τ0 = d0

c is the UAV-
UE delay and τ∆i is the excess delay of the i-th MPC. We
assume that τ∆i is distributed exponentially with parameter
ρi, which depends on the propagation environment [51], [52].
Therefore, the probability density functions (pdfs) of τ0 and
τi can be written as
fτ0(τ) = δ(τ − τ0), fτi(τ) = ρie

−ρi(τ−τ0)1(τ − τ0), (7)

where 1(.) is the indicator function.
As for the phase of the i-th MPC, on the other hand, the

small distance variations described earlier become more im-
portant since they will be multiplied by the carrier frequency,
causing Doppler phase shift. We write the phase of the i-th
MPC as

ϕi(t) =
2π

λ
(di(0) + dSi,U) +

2π

λ
yD cos(ωi)[θ(t)− θ(0)]

= 2πfcτi + ϕDi(t), (8)

where ϕDi(t) := ϕDi(0, t) is the Doppler phase shift at time
t given in (3).

D. Metrics
We consider multiple key channel-related metrics in this

paper, which are described next. We represent the time-varying
channel impulse response by c(τ ; t), where τ is the delay
variable and t is the observation time, and define its ACF
as Ac(τ ; t,∆t) = E [c∗(τ ; t)c(τ ; t+ ∆t)]. Note that since
the channel is assumed to be nonstationary, we present our
definitions/results in their general form. Throughout the paper,
we assume that the channel undergoes uncorrelated scattering.

1) PDP: We define PDP in a nonstationary multi-path
channel as the average received power at a given multi-
path delay τ and a specific observation time t [48], [51].
One way to obtain the PDP is to evaluate the ACF of
the time-varying channel impulse response at ∆t = 0, i.e.,
Pc(τ ; t) = Ac(τ ; t,∆t = 0) = E

[
|c(τ ; t)|2

]
. However, as we

will see in the next section, the time-varying channel impulse
response entails a sum of Dirac delta functions (see (4) and
(13)), which introduces a singularity problem (delta squared)
into this definition. One way to avoid this issue is to isolate
one of the delta functions by writing the channel ACF as
Ac(τ ; t,∆t) = Pc(τ ; t)δ(∆t), and redefining the PDP with
only one delta function as Pc(τ ; t) [53].

2) Coherence Time: Coherence time is defined as the period
of time over which the channel remains almost constant,
calculated as follows: First, we evaluate the ACF of the time-
varying channel impulse response, i.e., Ac(τ ; t,∆t). Note that
for a nonstationary channel, this ACF is a function of τ , t,
and ∆t. Then, we take the Fourier transform of this ACF with
respect to the delay variable τ and represent the new frequency
variable by ∆f , i.e., AC(∆f ; t,∆t) = Fτ{Ac(τ ; t,∆t)}.
Now, setting ∆f = 0 and normalizing this ACF, we define
coherence time as

TCoh(t) := min

{
∆t :

|AC(t,∆t)|
max |AC(t,∆t)|

≤ γT

}
, (9)

where AC(t,∆t) = AC(∆f = 0; t,∆t) and γT is a predefined
threshold [8], [54].

3) Coherence Bandwidth: Coherence bandwidth is defined
as the range of frequencies over which the channel remains
almost constant, calculated as follows: We first obtain the
Fourier transform of the channel ACF as we did in the
definition of coherence time, i.e., AC(∆f ; t,∆t). Then, setting
∆t = 0 and normalizing this ACF, we define coherence
bandwidth as

BCoh(t) := min

{
∆f :

|AC(∆f ; t)|
max |AC(∆f ; t)|

≤ γB

}
, (10)

where AC(∆f ; t) = AC(∆f ; t,∆t = 0) and γB is a prede-
fined threshold.

4) PSD of Distortion-Plus-Noise: As seen already, UAV
wobbling and hardware impairments will cause both multi-
plicative and additive distortions to the received signal. In this
paper, we treat the additive distortion as noise, and together
with additive white Gaussian noise (AWGN), study their PSDs
as our last metric of interest. The PSD of nonstationary
signal x(t) is defined as the Fourier transform of its time-
averaged ACF, i.e., Sx(f) = F∆t{〈E[x∗(t)x(t + ∆t)]〉t},
where 〈y(t)〉t = limT→∞

1
2T

∫ T
−T y(t) dt represents averaging

y(t) over time [55, Sec. 7.2].

III. IMPAIRMENTS-AWARE UNIFIED CHANNEL MODEL

A. Unified Channel Model

Now, let us revisit (4) when there exist hardware impair-
ments. Using (1), we can write the received signal in complex
baseband as

r(t) = χR(t)

[
N∑
i=0

αi(t)e
−jϕi(t)s(t− τi(t))

]
+ ηR(t) + ñ(t)

= χR(t)

[
N∑
i=0

αi(t)e
−jϕi(t)

(
χT(t− τi(t))s̃(t− τi(t))

+ ηT(t− τi(t))
)]

+ ηR(t) + ñ(t)

=
N∑
i=0

αi(t)e
−jϕi(t)χR(t)χT(t− τi(t))s̃(t− τi(t))+n(t),

(11)

where n(t) is the combined effect of AWGN, wobbling, and
hardware impairments, given as
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n(t) =
N∑
i=0

αi(t)e
−jϕi(t)χR(t)ηT(t− τi(t)) + ηR(t) + ñ(t).

(12)

From (11), we obtain the time-varying channel impulse re-
sponse as

c(τ ; t) =
N∑
i=0

αi(t)e
−jϕi(t)χR(t)χT(t− τi(t))δ(τ − τi(t)),

(13)

where the impact of UAV wobbling is hidden in the phase
term, i.e., ϕi(t) (see (8)), while hardware impairments mani-
fest their effect as multiplicative distortion noises, i.e., χR(t)
and χT(t−τi(t)). This modified time-varying channel impulse
response together with the new noise term in (12), also
referred to as the distortion-plus-noise process in this paper,
construct our impairments-aware unified channel model for
air-to-ground wireless communications. Completely analogous
to the convolution integral for the without-impairment scenario
in (5), we can write the input-output relation of the new
channel (which is also an LTV system) as

r(t) =

∫ ∞
−∞

c(τ ; t)s̃(t− τ) dτ + n(t). (14)

Note that the input to the channel will still be the unimpaired
signal s̃(t).

B. Metrics: General Results

In order to further characterize this unified channel model,
we obtain the metrics defined in Section II-D next. The
following lemma provides the channel ACF in the time-delay
domain.
Lemma 2. For a nonstationary air-to-ground wireless channel
with physical nonidealities (due to UAV wobbling) and hard-
ware impairments (due to intrinsic RF components), where the
time-varying channel impulse response is given by (13), the
channel ACF can be written as

ANonSt
c (τ ; t,∆t) =

N∑
i=0

AχR(t, t+∆t)AχT(t−τ, t−τ+∆t)

×E
[
|αi|2exp

{
−j

2π

λ
yD cos(ωi)[θ(t+∆t)−θ(t)]

}]
fτi(τ),

(15)

where the superscript NonSt stands for “Non-Stationary” and
fτi(τ) represents the pdf of τi.

Proof: We write the channel ACF as

ANonSt
c (τ ; t,∆t) = E [c∗(τ ; t)c(τ ; t+ ∆t)]

= E

[
N∑
i=0

N∑
k=0

α∗iαke−j(ϕk(t+∆t)−ϕi(t))χ∗R(t)χR(t+ ∆t)

× χ∗T(t− τi)χT(t− τk + ∆t)δ(τ − τi)δ(τ − τk)

]

=
N∑
i=0

N∑
k=0
k 6=i

E
[
α∗iαke−j 2π

λ (dk(0)+dSk,U
−di(0)−dSi,U)

× e−j(ϕDk
(t+∆t)−ϕDi

(t))χ∗R(t)χR(t+ ∆t)

× χ∗T(t− τi)χT(t− τk + ∆t)δ(τ − τi)δ(τ − τk)
]

+
N∑
i=0

E
[
|αi|2e−j(ϕDi

(t+∆t)−ϕDi
(t))χ∗R(t)χR(t+∆t)

× χ∗T(t−τi)χT(t−τi+∆t)δ(τ−τi)δ(τ−τi)
]
.

Since dSk,U − dSi,U � λ, we observe that Zk,i =[
2π
λ (dSk,U − dSi,U) mod 2π

]
is a uniformly distributed ran-

dom variable from 0 to 2π [56, Lemma 4]. Therefore,
E
[
e−jZk,i

]
= 0 because of which the double-summation in

the last equality is zero. As for the single summation term,
we encounter the singularity issue (delta squared) discussed
earlier in Sec. II-D1. To avoid this singularity problem, we
isolate one of the delta functions [53] and rewrite the channel
ACF with only one delta function as ANonSt

c (τ ; t,∆t)

=
N∑
i=0

E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]

× χ∗R(t)χR(t+∆t)χ∗T(t−τi)χT(t−τi+∆t)δ(τ−τi)
]

=
N∑
i=0

∫ ∞
−∞

E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
]

×AχR
(t, t+∆t)AχT

(t−τi, t−τi+∆t)δ(τ−τi)fτi(τi)dτi,

which gives the result in (15) by applying the sifting property
of the delta function.

The following corollary simplifies (15) further by consider-
ing WSS hardware impairments.

Corollary 2. Assuming WSS hardware impairments, the chan-
nel ACF can be simplified as

AWSS
c (τ ; t,∆t) =

N∑
i=0

AχR
(∆t)AχT

(∆t)

× E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
]
fτi(τ). (16)

Note that the superscript WSS only pertains to “hardware”
impairments, not UAV wobbling. In addition, assuming that
θ(t) is a random process with stationary increments, we have

AWSS−SI
c (τ ; ∆t) =

N∑
i=0

AχR
(∆t)AχT

(∆t)

× E
[
|αi|2e−j 2π

λ yD cos(ωi)θ(∆t)
]
fτi(τ), (17)

which will not be a function of t anymore. Thus, the channel
in this special case becomes stationary. The abbreviation SI
in the superscript stands for “Stationary-Increments”.

The following theorem gives the channel PDP for both
nonstationary and WSS impairments.

Theorem 1. The PDP of the air-to-ground wireless channel
for the nonstationary and WSS hardware impairments can be
formulated, respectively, as

PNonSt
c (τ ; t) =

N∑
i=0

PαiPχR(t)PχT(t−τ)fτi(τ),

PWSS
c (τ) =

N∑
i=0

PαiPχRPχTfτi(τ), (21)
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ANonSt
C (∆f ; t,∆t) = Fτ{ANonSt

c (τ ; t,∆t)} (18)

=
N∑
i=0

AχR
(t, t+∆t)E

[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
] ∫ ∞

0

AχT
(t− τ, t− τ + ∆t)fτi(τ)e−j2π∆fτ dτ,

AWSS
C (∆f ; t,∆t) =

N∑
i=0

AχR
(∆t)AχT

(∆t)E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
] ∫ ∞

0

fτi(τ)e−j2π∆fτdτ, (19)

AWSS−SI
C (∆f ; ∆t) =

N∑
i=0

AχR(∆t)AχT(∆t)E
[
|αi|2e−j 2π

λ yD cos(ωi)θ(∆t)
] ∫ ∞

0

fτi(τ)e−j2π∆fτdτ, (20)

where PχR(t) := AχR
(t, t) = E

[
|χR(t)|2

]
and PχT(t−τ) :=

AχT
(t − τ, t − τ) = E

[
|χT(t− τ)|2

]
are the powers of the

multiplicative distortion noises at the receiver and transmitter
at times t and t− τ , respectively. The definitions of their WSS
counterparts are similar, i.e., PχR

:= E
[
|χR|2

]
and PχT

:=
E
[
|χT|2

]
. Clearly, we also have PWSS−SI

c (τ) = PWSS
c (τ).

Proof: Setting ∆t = 0 in (15) and (16), we get (21).
Note that UAV wobbling does not play any role in deter-

mining the PDP. Further, from (21), we observe that the PDP
will be proportional to the pdfs of the propagation delays
of different MPCs [57, p. 348]. Using Theorem 1, we can
also determine the average and root-mean-square (rms) delay
spreads for nonstationary and WSS hardware impairments,
respectively, as

µNonSt(t) =

∫∞
0
τPc(τ ; t) dτ∫∞

0
Pc(τ ; t) dτ

=

∑N
i=0 Pαi

∫∞
0
τPχT(t−τ)fτi(τ) dτ∑N

i=0 Pαi
∫∞

0
PχT(t−τ)fτi(τ) dτ

, (22)

σNonSt(t) =

√∫∞
0

(τ − µ(t))2Pc(τ ; t) dτ∫∞
0
Pc(τ ; t) dτ

=

√√√√∑N
i=0Pαi

∫∞
0

(τ−µ(t))2PχT(t−τ)fτi(τ) dτ∑N
i=0 Pαi

∫∞
0
PχT(t−τ)fτi(τ)dτ

, (23)

µWSS =

∫∞
0
τPWSS

c (τ) dτ∫∞
0
PWSS

c (τ) dτ
=

∑N
i=0 Pαi

∫∞
0
τfτi(τ) dτ∑N

i=0 Pαi
,

(24)

σWSS =

√∫∞
0

(τ − µWSS)2PWSS
c (τ) dτ∫∞

0
PWSS

c (τ) dτ

=

√√√√∑N
i=0 Pαi

∫∞
0

(τ − µWSS)2fτi(τ) dτ∑N
i=0 Pαi

. (25)

As for the coherence time/bandwidth, we need to first derive
the Fourier transform of the channel ACF with respect to the
delay variable τ . Following Lemma 2, this can be written for
nonstationary impairments as (18), while for WSS hardware
impairments, it can be simplified as (19), both shown at top of
this page. Note that when θ(t) has the stationary-increments
property, (19) is further simplified as (20), which is not a
function of t anymore. The following two theorems give
the coherence time and coherence bandwidth of the channel,
respectively.

Theorem 2. The coherence time of the air-to-ground channel
can be formulated as in (9), where the ACFs for nonstationary
and WSS hardware impairments are given, respectively, as

ANonSt
C (t,∆t) =

N∑
i=0

AχR
(t, t+ ∆t)

× E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
]

×
∫ ∞

0

AχT(t−τ, t−τ+∆t)fτi(τ) dτ, (26)

AWSS
C (t,∆t) =

N∑
i=0

AχR
(∆t)AχT

(∆t)

× E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
]
.

(27)

Furthermore, when θ(t) is a random process with stationary
increments, we have

AWSS−SI
C (∆t) =

N∑
i=0

AχR
(∆t)AχT

(∆t)

× E
[
|αi|2e−j 2π

λ yD cos(ωi)θ(∆t)
]
. (28)

Proof: Setting ∆f = 0 in (18), (19), and (20), we end
up with the final results.

Remark 2. In an ideal scenario where there is no hardware
impairments and the UAV platform is “completely” stable, we
have θ(t) ≡ 0, ∀t, which results in a constant value for the
channel ACF for all t and ∆t. Therefore, the coherence time
will be infinity in this scenario.

Theorem 3. The coherence bandwidth of the air-to-ground
channel can be formulated as in (10), where the ACFs for
nonstationary and WSS hardware impairments are given as

ANonSt
C (∆f ; t)=

N∑
i=0

PαiPχR(t)

∫ ∞
0

PχT(t−τ)fτi(τ)e−j2π∆fτdτ,

(29)

AWSS
C (∆f)=

N∑
i=0

PαiPχR
PχT

∫ ∞
0

fτi(τ)e−j2π∆fτdτ, (30)

respectively. Clearly, we also have AWSS−SI
C (∆f) =

AWSS
C (∆f).

Proof: Setting ∆t = 0 in (18) and (19), we end up with
the final results.
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Remark 3. Since only the normalized values of the ACFs
matter for the sake of evaluating the coherence bandwidth, we
can ignore PχR(t) and PχRPχT in (29) and (30), respectively,
as they are not functions of ∆f or the summation dummy
variable i.

Remark 4. It is interesting to note that hardware impairments,
when assumed to be WSS, as well as UAV wobbling do not
have any impact on the coherence bandwidth of the channel.
Furthermore, coherence bandwidth in the ideal no-impairment
scenario will be the same as that of the WSS hardware
impairments.

Up until now, our focus was mainly on the characteristics
of the channel, where using the time-varying channel impulse
response c(τ ; t), we studied the PDP, coherence time, and
coherence bandwidth. Note that one can easily obtain other
channel-related metrics, such as delay spread and Doppler
spread by using the metrics derived in this section. Let us
now study the behavior of the effective received noise at the
ground UE by analyzing the PSD of the aggregate distortion
caused by UAV wobbling and hardware impairments at both
the transmitter and receiver plus the AWGN at the receiver,
i.e., n(t) defined in (12). The following theorem establishes
this result.

Theorem 4. The PSD of the distortion-plus-noise process n(t)
can be written as (31), shown at top of the next page, where
N0

2 is the AWGN power and 〈.〉t denotes averaging over time.

Proof: We start by writing the ACF of n(t) as

ANonSt
n (t, t+∆t) = E [n∗(t)n(t+∆t)]

(a)
= E [ñ∗(t)ñ(t+∆t)]

+ E [η∗R(t)ηR(t+∆t)]+E

[( N∑
i=0

α∗i e
jϕi(t)χ∗R(t)η∗T(t−τi(t))

)

×
( N∑
i=0

αie
−jϕi(t+∆t)χR(t+∆t)ηT(t+∆t−τi(t+∆t))

)]
(b)
=Añ(∆t)+AηR(t, t+∆t)+E

[ N∑
i=0

|αi|2e−j(ϕi(t+∆t)−ϕi(t))

× χ∗R(t)χR(t+ ∆t)η∗T(t− τi)ηT(t− τi + ∆t)

]
= Añ(∆t) + AηR(t, t+ ∆t) +

N∑
i=0

AχR(t, t+ ∆t)

× E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
]

×
∫ ∞

0

AηT
(t− τi, t− τi + ∆t)fτi(τi) dτi,

where in (a) we used the independence between distortion
noises and AWGN and the assumption that ηR(t) and ñ(t)
have zero means, and in (b) we used the same reasoning
as in the proof of Lemma 2 to demonstrate that the cross
terms in the double-summation are zero, and we also used the
approximation τi(t) ≈ τi(0) = τi. Note that ñ(t) is a white
process, and thus, we have Añ(∆t) = N0

2 δ(∆t), where N0

2
is the noise power. To obtain the PSD of any nonstationary
random process, we need to first average its ACF over time

t, and then take its Fourier transform with respect to ∆t [55,
Sec. 7.2]. Therefore, the PSD of n(t) is written as in (31).

Corollary 3. The PSD of the distortion-plus-noise process
n(t) when hardware impairments are WSS can be written as
(32), shown at top of the next page. Furthermore, assuming
that θ(t) is a random process with stationary increments, this
result is further simplified as (33).

Proof: Following the proof of Theorem 4 and assuming
WSS hardware impairments, the ACF of n(t) is simplified as

AWSS
n (t, t+ ∆t) = Añ(∆t) + AηR(∆t)

+
N∑
i=0

AχR
(∆t)AηT

(∆t)E
[
|αi|2e−j 2π

λ yDcos(ωi)[θ(t+∆t)−θ(t)]
]
,

which results in (32) after averaging over t and taking the
Fourier transform with respect to ∆t. Moreover, if we assume
that θ(t) is a random process with stationary increments, the
process n(t) becomes stationary and we have

AWSS−SI
n (∆t) = Añ(∆t) + AηR(∆t)

+
N∑
i=0

AχR
(∆t)AηT

(∆t)E
[
|αi|2e−j 2π

λ yD cos(ωi)θ(∆t)
]
,

which gives (33) after taking its Fourier transform.

Remark 5. In the ideal no-impairment scenario (also see
Remark 2) the PSD of n(t) can be simplified as follows:

SNoImp
n (f) =

N0

2
+ (PηR +NPχRPηTPαi) δ(f),

where the superscript NoImp stands for “No-Impairment”,
PηR

:= AηR
(0), and PηT

:= AηT
(0).

C. Metrics: Evaluations for Some Case Studies

The results we have derived so far are general and hold for
any UAV wobbling model and any distribution of delay and
distortion noise processes. However, to gain useful insights, it
is instructive to simplify these results for specific case studies.
We consider some reasonable models in this section and eval-
uate the metrics derived in the previous section accordingly.

1) UAV Wobbling: We consider two different random pro-
cesses for modeling the UAV pitch angle θ(t): (i) Wiener pro-
cess, and (ii) sinusoidal process. Let us review the properties
of each process first.
• Stationary-Increments – Wiener Process: This canon-

ical model is defined as a process with independent,
stationary, and Gaussian increments that is continuous in
time t. Furthermore, its value at t = 0 is assumed to be
zero. Therefore, we have θ(t+ ∆t)− θ(t) dist.

== θ(∆t) ∼
N (0,∆t), where dist.

== stands for equality in distribution.
Since Wiener processes are scale-invariant, we can make
the variance of θ(∆t) dimensionless by multiplying it
with the proportionality constant b = 1 s−1. Following
the characteristic function (cf) of Gaussian random vari-
ables, we have

E
[
ejω(θ(t+∆t)−θ(t))

]
= E

[
ejωθ(∆t)

]
= e−

ω2

2 ∆t. (36)
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SNonSt
n (f) =

N0

2
+ F∆t{〈AηR

(t, t+ ∆t)〉t}+ (31)

N∑
i=0

F∆t

{〈
AχR

(t, t+∆t)E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
] ∫ ∞

0

AηT
(t− τi, t− τi + ∆t)fτi(τi) dτi

〉
t

}
,

SWSS
n (f) =

N0

2
+ F∆t{AηR(∆t)}+

N∑
i=0

F∆t

{
AχR(∆t)AηT(∆t)

〈
E
[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
] 〉

t

}
, (32)

SWSS−SI
n (f) =

N0

2
+ F∆t{AηR

(∆t)}+
N∑
i=0

F∆t

{
AχR

(∆t)AηT
(∆t)E

[
|αi|2e−j 2π

λ yD cos(ωi)θ(∆t)
]}

, (33)

GSI
i (∆t) = E

[
|αi|2e−j 2π

λ yD cos(ωi)θ(∆t)
]

=


∫ π/2

0
1
πβ e−

|ωi−ω0|
β e−

2π2

λ2 y
2
D cos2(ωi)∆t dωi, i 6= 0

2NKPα1
e−

2π2

λ2 y
2
D cos2(ω0)∆t, i = 0,

(34)

GNonSI
i (t,∆t) = E

[
|αi|2e−j 2π

λ yD cos(ωi)[θ(t+∆t)−θ(t)]
]

=

{∫ π/2
0

∫∞
−∞

1
πβ e−

|ωi−ω0|
β fQ(q)sinc

(
2
λθmyD cos(ωi) (sin(2πq(t+ ∆t))− sin(2πqt))

)
dq dωi, i 6= 0

2NKPα1

∫∞
−∞ fQ(q)sinc

(
2
λθmyD cos(ω0) (sin(2πq(t+ ∆t))− sin(2πqt))

)
dq, i = 0,

(35)

• Non-Stationary-Increments – Sinusoidal Process: This
model is motivated by the random oscillatory behavior
of wobbling. We assume that θ(t) = L sin(2πQt), where
L ∼ U [−θm, θm) and Q ∼ fQ(q) are the amplitude
and frequency of the variations of the UAV pitch angle,
respectively, with θm and fQ(.) being the maximum
UAV pitch angle and some given pdf, respectively. We
also assume that L and Q are independent. Clearly, the
independent and stationary-increments property does not
hold for this process. Following the cf of uniform random
variables, we have E

[
ejω(θ(t+∆t)−θ(t))] =∫ ∞

−∞
sinc

(ω
π
θm (sin(2πq(t+∆t))−sin(2πqt))

)
fQ(q)dq,

(37)

where sinc(x) = sin(πx)
πx .

Using (6), (36), and (37), we introduce and evaluate equa-
tions (34) and (35), shown at top of this page, which will be
used extensively in our derivations. Note that the superscript
NonSI stands for “Non-Stationary-Increments”, and the func-
tions GNonSI

i (t,∆t), 1 ≤ i ≤ N are all equal to each other.
The same is also true for the functions GSI

i (∆t), 1 ≤ i ≤ N .

Remark 6. The Wiener process is proposed as a purely
theoretical model that provides a reasonable baseline for
the more practical sinusoidal process, where the latter is a
realistic model that captures both oscillatory behavior and
randomness of UAV wobbling. Note that the sinusoidal process
does not have stationary increments because of which the
received signal is nonstationary (the channel ACF will be a
function of both t and ∆t).

2) Distortion Noises: As for the additive distortion noise,
we assume WSS Gaussian processes both at the transmitter
and receiver, which is backed by measurements and theoretical
studies [12], [32]. Although various models are available
for the covariance function of Gaussian processes [58], we

consider the squared exponential model in this paper. Hence,
the ACFs for the additive distortion noises can be written as

AηT(∆t) = κ2
ηT

e
− (∆t)2

2l2ηT , AηR
(∆t) = κ2

ηR
e
− (∆t)2

2l2ηR , (38)

where κ2
ηT

(κ2
ηR

) and lηT (lηR ) are design parameters, which
represent the maximum power and the characteristic length-
scale of the additive distortion noise process at the transmitter
(receiver), respectively. On the other hand, the research on
representative models for the multiplicative distortion noise
processes is scarce. As also pointed out in [12, p. 261],
researchers usually ignore the time-dependence and random-
ness of these distortion processes and assume deterministic
multiplicative errors. In this paper, we study two representative
models based on random processes (WSS and nonstationary)
for these multiplicative errors listed below:
• WSS – Gaussian Process: Similar to the additive dis-

tortion noise, we assume the canonical Gaussian process
for the WSS multiplicative distortion noises. The ACFs
in this case can be written as

AχT
(∆t) = κ2

χT
e
− (∆t)2

2l2χT , AχR
(∆t) = κ2

χR
e
− (∆t)2

2l2χR ,
(39)

where κ2
χT

, κ2
χR

, lχT
, and lχR

are defined similar as
before.

• Nonstationary – Sinusoidal Process: As a canonical
nonstationary model, we again use the sinusoidal process
in this case that was also used to model UAV wobbling
above. In particular, we define χT(t) = LT sin(2πQTt)
and χR(t) = LR sin(2πQRt), where LT (LR) and QT

(QR) are the amplitude and frequency of variations of
χT(t) (χR(t)), respectively. Therefore, we can write their
ACFs as

AχT(t, t+ ∆t) =

PLT

∫ ∞
−∞

sin(2πqt) sin(2πq(t+ ∆t))fQT
(q) dq, (40)
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AχR
(t, t+ ∆t) =

PLR

∫ ∞
−∞

sin(2πqt) sin(2πq(t+ ∆t))fQR(q) dq, (41)

where PLT
= E

[
|LT|2

]
, PLR

= E
[
|LR|2

]
, and fQT

(.)
and fQR

(.) are the pdfs of QT and QR, respectively. Fur-
ther discussion about the choice of different parameters
for this model will be provided in Section IV.

Remark 7. In the nonstationary setup, one could also assume
a Wiener process for the multiplicative distortion noise pro-
cesses. However, since the ACF of the Wiener process W (t)
is simply the minimum value of its observation times, i.e.,
AW (t, t+∆t) = t for non-negative ∆t, all of our metrics will
quickly diverge using this model. Hence, the Wiener process
is not a suitable model for the multiplicative distortion noise.

Remark 8. As mentioned earlier, RF impairments are nonsta-
tionary in nature and represent time-dependent behaviors. We
extend the generalized error model proposed in [12, Ch. 7] by
statistical characterization of the additive and multiplicative
terms (as opposed to deterministic terms), which are more
suitable for wireless systems with RF imperfections, such as
the aerial-terrestrial setup considered in this paper.

Using these models for UAV wobbling and distortion noise
processes, we will now evaluate the metrics derived in Section
III-B.

PDP: Using Theorem 1, we obtain the PDP for nonstation-
ary and WSS hardware impairments, respectively, as

PNonSt
c (τ ; t) = Pα1

PLR
PLT

∫ ∞
−∞

sin2(2πqt)fQR
(q) dq

×
∫ ∞
−∞

sin2(2πq(t− τ))fQT
(q) dq

×

(
NKδ(τ − τ0) +

N∑
i=1

ρie
−ρi(τ−τ0)1(τ − τ0)

)
, (42)

PWSS
c (τ) = Pα1

κ2
χR
κ2
χT

×

(
NKδ(τ − τ0) +

N∑
i=1

ρie
−ρi(τ−τ0)1(τ − τ0)

)
, (43)

where we used the relations Pαi = Pα1 = 1
2π

(
2 − e−

ω0
β −

e−
π/2−ω0

β
)
, 1 ≤ i ≤ N , and Pα0 = NKPα1 . From (24) and

(25), we obtain the average and rms delay spreads for WSS
hardware impairments, respectively, as

µWSS = τ0 +
1

N(K + 1)

N∑
i=1

1

ρi
, (44)

σWSS =

√√√√ 2

N(K+1)

N∑
i=1

1

ρ2
i

− 1

N2(K+1)2

(
N∑
i=1

1

ρi

)2

. (45)

Coherence Time: From Theorem 2, (34), and (35), one can
obtain the coherence time of the channel for different impair-
ment scenarios. Since the equations become quite intricate in
all cases, we need to perform numerical integration to calculate
the coherence time. However, when hardware impairments are
WSS, the final equations could be simplified further. Using

the predefined functions GNonSI
i (t,∆t) and GSI

i (∆t), we can
simplify the ACFs as

AWSS
C (t,∆t) = κ2

χR
κ2
χT

e
−
(

1
2l2χR

+ 1
2l2χT

)
(∆t)2

×
(
GNonSI

0 (t,∆t) +NGNonSI
1 (t,∆t)

)
,

AWSS−SI
C (∆t) = κ2

χR
κ2
χT

e
−
(

1
2l2χR

+ 1
2l2χT

)
(∆t)2

×
(
GSI

0 (∆t) +NGSI
1 (∆t)

)
,

where we used the fact that GNonSI
i (t,∆t) =

GNonSI
1 (t,∆t), 1 ≤ i ≤ N , and GSI

i (∆t) = GSI
1 (∆t), 1 ≤

i ≤ N . Note that the maximum value for both ACFs is
2κ2

χR
κ2
χT
N(K + 1)Pα1 , which occurs at ∆t = 0. Therefore,

the coherence time for WSS hardware impairments when θ(t)
does not and does have the stationary-increments property
can be written, respectively, as

TWSS
Coh (t) = min

{
∆t :

e
−
(

1
2l2χR

+ 1
2l2χT

)
(∆t)2

2N(K + 1)Pα1

×
∣∣GNonSI

0 (t,∆t) +NGNonSI
1 (t,∆t)

∣∣ ≤ γT

}
, (46)

TWSS−SI
Coh = min

{
∆t :

e
−
(

1
2l2χR

+ 1
2l2χT

)
(∆t)2

2N(K + 1)Pα1

×
∣∣GSI

0 (∆t) +NGSI
1 (∆t)

∣∣ ≤ γT

}
, (47)

which needs to be solved numerically for ∆t. These equations
can be further simplified for the limiting case of K →∞, i.e.,
a purely LoS channel with no multipath, as follows:

TWSS,LoS
Coh (t)= lim

K→∞
TWSS

Coh (t)=min

{
∆t : e

−
(

1
2l2χR

+ 1
2l2χT

)
(∆t)2

×
∫ ∞
−∞

fQ(q)sinc

(
2

λ
θmyD cos(ω0)

× (sin(2πq(t+ ∆t))− sin(2πqt))

)
dq ≤ γT

}
,

TWSS−SI,LoS
Coh = lim

K→∞
TWSS−SI

Coh

= min

{
∆t : e

−
(

1
2l2χR

+ 1
2l2χT

)
(∆t)2

e−
2π2

λ2 y
2
D cos2(ω0)∆t ≤ γT

}

=

√
4π4

λ4 y
4
D cos4(ω0)−2 log(γT)

(
1
l2χR

+ 1
l2χT

)
− 2π2

λ2 y
2
D cos2(ω0)

1
l2χR

+ 1
l2χT

.

Coherence Bandwidth: We use Theorem 3 along with
(39), (40), and (41) to derive the coherence bandwidth of the
channel. Following Remark 3, we do not need to evaluate
PχR(t) and PχR

PχT
in (29) and (30), respectively, as they

will be canceled out when normalizing the ACF. Let us start
with simplifying the channel ACF when hardware impairments
are nonstationary. Setting ∆t = 0 and t 7→ t− τ in (40), and
swapping the integrals in (29), we can write

ANonSt
C (∆f ; t) = Pα1

PχR(t)PLT

[
NK

∫ ∞
−∞

fQT
(q)
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×
∫ ∞

0

sin2(2πq(t−τ))δ(τ−τ0)e−j2π∆fτdτdq+
N∑
i=1

∫ ∞
−∞
fQT

(q)

×
∫ ∞
τ0

sin2(2πq(t− τ))ρie
−ρi(τ−τ0)e−j2π∆fτ dτ dq

]

= Pα1
PχR(t)PLT

e−j2π∆fτ0

[
H0(t) +

N∑
i=1

Hi(∆f ; t)

]
,

where

H0(t) = NK

∫ ∞
−∞

fQT
(q) sin2(2πq(t− τ0)) dq,

Hi(∆f ; t) =
ρi

2(ρi+j2π∆f) −
∫ ∞
−∞

fQT
(q)

×
(

ρie
j4πq(t−τ0)

4(ρi+j2π∆f+j4πq) + ρie
−j4πq(t−τ0)

4(ρi+j2π∆f−j4πq)

)
dq.

Taking the absolute value of ANonSt
C (∆f ; t), we can write the

coherence bandwidth as

BNonSt
Coh (t)=min

∆f :

∣∣∣H0(t)+
∑N
i=1Hi(∆f ; t)

∣∣∣
max

∣∣∣H0(t)+
∑N
i=1Hi(∆f ; t)

∣∣∣≤γB

,
(48)

which needs to be solved numerically for ∆f . On the other
hand, for WSS hardware impairments, the channel ACF can
be further simplified as

AWSS
C (∆f) =Pα1

PχR
PχT

[
NK

∫ ∞
0

δ(τ − τ0)e−j2π∆fτ dτ

+
N∑
i=1

∫ ∞
τ0

ρie
−ρi(τ−τ0)e−j2π∆fτ dτ

]

=Pα1
PχR

PχT
e−j2π∆fτ0

[
NK+

N∑
i=1

ρi
ρi+j2π∆f

]
,

which gives the coherence bandwidth as

BWSS
Coh = min

∆f :

∣∣∣K+ 1
N

∑N
i=1

ρi
ρi+j2π∆f

∣∣∣
K+1

≤γB

. (49)

Observe that the coherence bandwidth is not a function of UAV
wobbling or hardware impairments in this case (see Remark
4). Similar to the case of coherence time, for K →∞, one can
easily see that the terms containing Hi(∆f ; t) can be ignored
with respect to H0(t), which makes the solutions of (48) and
(49) trivial. In fact, for any γB < 1 in this case, we have
BNonSt,LoS

Coh (t) = BWSS,LoS
Coh = ∞. This observation can be

seen in Fig. 8, as well.
PSD of Distortion-Plus-Noise: Theorem 4 gives the PSD

of the distortion-plus-noise process n(t) for the general case
where hardware impairments are nonstationary and UAV
wobbling does not necessarily have the stationary-increments
property. One could use (37), (38), and (41) to obtain an
equation for the PSD of n(t), but as is clear from the form of
these equations, this derivation quickly becomes intractable.
Therefore, for the sake of simplicity, we only analytically
evaluate the PSD of the distortion-plus-noise process when

hardware impairments are WSS. Let us first analyze the PSD
of n(t) when UAV wobbling has the stationary-increments
property. Following (33) in Corollary 3, we have

SWSS−SI
n (f)

=
N0

2
+ F∆t

{
κ2
ηR

e
− (∆t)2

2l2ηR

}

+
N∑
i=0

F∆t

{
κ2
χR

e
− (∆t)2

2l2χR κ2
ηT

e
− (∆t)2

2l2ηT GSI
i (∆t)

}

=
N0

2
+ F∆t

{
κ2
ηR

e
− (∆t)2

2l2ηR

}

+ F∆t

{
κ2e−

(∆t)2

2l2 2NKPα1
e−u

2 cos2(ω0)∆t

}
+NF∆t

{
κ2e−

(∆t)2

2l2

∫ π/2

0

1

πβ
e−
|ωi−ω0|

β e−u
2 cos2(ωi)∆tdωi

}
=
N0

2
+ κ2

ηR

√
2πl2ηR

e−2π2l2ηR
f2

+ κ2
√

2πl2e−2π2l2f2

(
2Pα0e

1
2 l

2u4 cos4(ω0)ej2πl2u2 cos2(ω0)f

+N

∫ π/2

0

1

πβ
e−
|ωi−ω0|

β e
1
2 l

2u4 cos4(ωi)ej2πl2u2 cos2(ωi)fdωi

)
,

(50)

where we defined the parameters κ2 = κ2
χR
κ2
ηT

, l−2 =

l−2
χR

+ l−2
ηT

, and u2 = 2π2

λ2 y
2
D to simplify the equations, and in

the last equality we used the Fourier transform of a Gaussian
function, i.e., Fx

{
e−ax

2
}

=
√

π
a e−

π2

a f
2

. As for the case
where UAV wobbling does not have the stationary-increments
property (see (32) in Corollary 3), we need to first average
GNonSI
i (t,∆t) over time t. Following the same procedure as

above, we can write the PSD of n(t) as

SWSS
n (f)

=
N0

2
+ F∆t

{
κ2
ηR

e
− (∆t)2

2l2ηR

}

+
N∑
i=0

F∆t

{
κ2
χR

e
− (∆t)2

2l2χR κ2
ηT

e
− (∆t)2

2l2ηT

〈
GNonSI
i (t,∆t)

〉
t

}
=
N0

2
+ κ2

ηR

√
2πl2ηR

e−2π2l2ηR
f2

+ 2Pα0 lim
T→∞

1

T

∫ T

0

∫ ∞
−∞

∫ ∞
−∞

κ2e−
(∆t)2

2l2

× sinc

(
2

λ
θmyD cos(ω0) (sin(2πq(t+∆t))−sin(2πqt))

)
× fQ(q)e−j2πf∆t dq d∆t dt

+N lim
T→∞

1

T

∫ T

0

∫ ∞
−∞

∫ π
2

0

∫ ∞
−∞

κ2e−
(∆t)2

2l2
1

πβ
e−
|ωi−ω0|

β

× sinc

(
2

λ
θmyD cos(ωi) (sin(2πq(t+∆t))−sin(2πqt))

)
× fQ(q)e−j2πf∆t dq dωi d∆t dt, (51)

where in the last equality we used the definition of Fourier
transform and swapped the order of limit and integral.
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Fig. 2: PDP for ideal and impaired hardware scenarios. Assumptions:
N = 20, K = 11.5, and κ2

χT
= κ2

χR
= 0.5 W. HI stands for

hardware impairment.

IV. SIMULATION RESULTS

In this section, we provide numerical results to obtain
further insights on the impact of UAV wobbling and hardware
impairments on the key performance metrics of wireless
channels. We assume that a rotary-winged UAV hovers in
the air and communicates with a UE on the ground in a
multi-path channel. The parameters of the channel used in
this paper are as follows: Number of MPCs N ∈ {20, 10}
for sub-6 GHz and mmWave frequencies, respectively, carrier
frequency fc ∈ {2.4, 6, 30} GHz (thus, signal wavelength λ ∈
{12.5, 5, 1} cm), UAV-UE distance d0 = 300 m (thus, UAV-
UE delay τ0 = 1 µs), UAV-UE AoD ω0 = 20◦, reciprocal of
the mean excess delay of the i-th MPC ρi ∼ U [107, 108) s−1,
Rician K factor K ∈ {0, 1, 5, 11.5} [59, Table 1] (note that
K = 0 represents the Rayleigh channel), scaling parameter of
the Laplacian angular power spectrum β = 1, and noise power
N0

2 = 5×10−9 W. The UAV antenna is placed at a distance of
yD = 40 cm from the UAV platform centroid. Note that these
are just nominal values and our results are not impacted by
their choice. Due to many reasons discussed earlier, the UAV
may wobble, which is modeled using two random processes,
i.e., the Wiener and sinusoidal processes. The UAV pitch
angle in the latter case is bounded to θm ∈ {5, 7, 10}◦ [25]
with a frequency of variations that is uniformly distributed
between 5 and 25 Hz. Both the UAV and the UE suffer from
hardware impairments as well, and the parameters defined
in this paper for modeling the hardware impairments are
as follows: Maximum power and the characteristic length-
scale of the WSS additive/multiplicative distortion noise pro-
cesses at the transmitter/receiver are {κ2

ηT
, κ2
ηR
, κ2
χT
, κ2
χR
} ∈

{0.1, 0.5, 1} W and {lηT
, lηR

, lχT
, lχR
} ∈ {0.01, 0.05, 0.1} s,

respectively, and power of amplitude and frequency of vari-
ations of nonstationary multiplicative distortion noise process
at the transmitter/receiver are PLT = PLR = 0.5 W and
{QT, QR} ∼ U [5, 15) Hz, respectively. A summary of the
parameters used in this paper is provided in Table II.
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Fig. 3: Coherence time: Normalized channel ACF for different
random processes. Assumptions: N = 20, K = 11.5, fc = 6 GHz,
θm = 5◦, and lχT = lχR = 0.05 s.

A. PDP

In Fig. 2, we plot the PDP for different scenarios. In
particular, we highlight the impact of hardware impairments
on the PDP by comparing the ideal case (no hardware im-
pairment) with those of impaired scenarios. The gap in the
power of the received signal between the ideal and impaired
cases is clear in this figure, which is around 6 dB for WSS
hardware impairments with κ2

χT
= κ2

χR
= 0.5 W. As shown

before, note that UAV wobbling has no impact on the PDP. It
can also be observed that the difference between the WSS
and nonstationary hardware impairments in terms of their
respective PDPs is not very high. This observation further
motivates the use of WSS processes for modeling hardware
impairments as they are more tractable than nonstationary
models, which are otherwise more realistic [12, Sec. 7.2.3].

B. Coherence Time

We show the impact of UAV wobbling and hardware
impairments on the channel coherence time in Figs. 3-6.
The general trends of the normalized channel ACF for the
Wiener and sinusoidal processes are depicted in Fig. 3. Note
that we used the WSS hardware impairment model to obtain
these figures. Since the channel ACF becomes nonstationary
for the sinusoidal process, we plotted it at different time
instants to show its progression over time. Also, from this
figure, we observe that channel coherence time is minimized
at t = 0 s, and thus, we use this time instant as a rep-
resentative one to determine the channel coherence time.
Assuming that γT = 0.5, we find that TWSS

Coh (0) = 5.13
ms and TWSS−SI

Coh = 643 µs, which makes sense intuitively,
as the variations in θ(t) for the Wiener process can grow
without bounds. In Fig. 4, we compare the normalized channel
ACF for different random processes and impairment levels.
As seen in this figure, hardware impairments do not have
any noticeable effect on the channel ACF when θ(t) follows
the Wiener process. Although this was expected, we observe
that hardware impairments do not severely degrade coherence
time for the sinusoidal process either. In particular, we have
TWSS−SI

Coh = {639, 643} µs and TWSS
Coh (0) = {4.36, 5.16} ms



13

TABLE II: Simulation parameters used in this paper.

Parameter Value(s) Description
N {20, 10} number of MPCs
fc {2.4, 6, 30} GHz carrier frequency
λ {12.5, 5, 1} cm signal wavelength
d0 300 m UAV-UE distance
τ0 1 µs UAV-UE delay
ω0 20◦ UAV-UE AoD

ρi ∼ U [107, 108) s−1 reciprocal of the mean excess delay
of the i-th MPC

K {0, 1, 5, 11.5} Rician K factor

β 1
scaling parameter of the Laplacian
angular power spectrum

N0
2

5× 10−9 W noise power

yD 40 cm distance between UAV antenna and
its platform centroid

θm {5, 7, 10}◦ UAV pitch angle upper bound in
sinusoidal wobbling model

L ∼ U [−θm, θm)
amplitude of variations in sinu-
soidal wobbling model

Q ∼ U [5, 25) Hz frequency of variations in sinu-
soidal wobbling model

κ2ηT
, κ2ηR

,

κ2χT
, κ2χR

{0.1, 0.5, 1} W
maximum power of the WSS addi-
tive/multiplicative distortion noise
processes

lηT , lηR ,
lχT , lχR

{0.01, 0.05, 0.1} s
characteristic length-scale of the
WSS additive/multiplicative distor-
tion noise processes

PLT
, PLR

0.5 W
power of amplitude of nonstation-
ary multiplicative distortion noise
process

QT, QR ∼ U [5, 15)
frequency of variations of non-
stationary multiplicative distortion
noise process

for lχT = lχR = {0.01, 0.1} s. The impact of carrier frequency
and maximum UAV pitch angle on the coherence time for the
sinusoidal process is depicted in Figs. 5 and 6. From a physical
standpoint, we observe that the channel phase directly depends
on the UAV-UE distance and the carrier frequency (see (8)).
Therefore, increasing θm (thus, the UAV-UE distance) or fc

results in higher channel variations, which, in turn, decreases
the channel coherence time. Numerically speaking, we have
TWSS

Coh (0) = {32.52, 5.13, 0.98} ms for fc = {2.4, 6, 30} GHz
and θm = 5◦ and TWSS

Coh (0) = {32.52, 11.13, 6.63} ms for
θm = {5, 7, 10}◦ and fc = 2.4 GHz. As is clear from these
numbers, channel coherence time is heavily degraded at high
frequencies due to UAV wobbling and hardware impairments
(less than 1 ms at fc = 30 GHz), which renders channel
estimation and tracking very challenging.

C. Coherence Bandwidth

In Figs. 7 and 8, we plot the normalized channel ACF as a
function of ∆f to investigate the impact of different impair-
ments on the channel coherence bandwidth. From (49), we
observe for WSS hardware impairments that the normalized
ACF monotonically goes from 1 to K

K+1 as ∆f goes from
0 to ∞. Interestingly, Fig. 7 shows that this is also the case
for nonstationary hardware impairments as long as t > τ0.
Assuming that γB = 0.95, we have BWSS

Coh = 10.75 MHz and
BNonSt

Coh (t) = {0.51, 12.21, 11.21} MHz at t = {τ0, 2τ0, 4τ0}.
Note that the behavior of the nonstationary hardware impair-
ments quickly converges to that of the WSS one. In Fig. 8,
we show the channel ACF at time instant t = 0 s for different
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Fig. 4: Coherence time: Normalized channel ACF for different
random processes and impairment levels. Assumptions: N = 20,
K = 11.5, fc = 6 GHz, θm = 5◦.
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Fig. 5: Coherence time: Normalized channel ACF for different fc.
Assumptions: K = 11.5, θm = 5◦, and lχT = lχR = 0.05 s.
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Fig. 6: Coherence time: Normalized channel ACF for different θm.
Assumptions: K = 11.5, fc = 2.4 GHz, and lχT = lχR = 0.05 s.

Rician K factors. As the power of the LoS link increases with
respect to the powers of other MPCs, we expect to have lower
delay spreads, and thus, higher coherence bandwidths.
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Fig. 7: Coherence bandwidth: Normalized channel ACF for different
impairment models and times t. Assumptions: N = 20 and K =
11.5.
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Fig. 8: Coherence bandwidth: Normalized channel ACF for different
Rician K factors. Assumptions: WSS hardware impairments and
N = 20.
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Fig. 9: PSD of n(t) for different impairment levels. Assumptions:
Wiener wobbling, WSS hardware impairments, N = 20, K = 11.5,
fc = 2.4 GHz, and θm = 5◦.

D. PSD of Distortion-Plus-Noise
We provide numerical results for the PSD of n(t) in Figs.

9-11. Assuming both Wiener and sinusoidal models for UAV
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Fig. 10: PSD of n(t) for different impairment levels. Assumptions:
Sinusoidal wobbling, WSS hardware impairments, N = 20, K =
11.5, fc = 2.4 GHz, θm = 5◦.
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Fig. 11: PSD of n(t) for different θm. Assumptions: WSS hardware
impairments, N = 20, K = 11.5, fc = 2.4 GHz, κ2

ηT
= κ2

ηR
=

κ2
χR

= 1 W, lηT = lηR = lχR =0.01 s.

wobbling, we plot the PSD of n(t) for different hardware
impairment levels in Figs. 9 and 10, respectively. We observe
that increasing the maximum power of the WSS hardware
impairment model (κ2 parameters, e.g., κ2

ηT
) while keeping

the characteristic length-scale of this model (l parameters,
e.g., lηT

) constant simply shifts the PSD upward (in dB),
which means that the total power of n(t) (integral of its PSD)
increases. On the other hand, increasing the l parameters while
keeping the κ2 parameters constant squeezes the PSD curve
toward the 0 Hz frequency, which could either increase or
decrease the total distortion-plus-noise power depending on
the specific values of the l and κ2 parameters and the wobbling
model. In Fig. 11, we assume that UAV wobbling follows a
sinusoidal model and compare the PSD of n(t) for different
values of the maximum UAV pitch angle. As is clear in this
figure and assuming realistic values for θm, the PSD of n(t)
is resilient to this impairment and does not degrade noticeably
with increasing the maximum UAV pitch angle.

Remark 9. Hardware impairments are the primary factors
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in determining the PDP, coherence bandwidth of the channel,
and PSD of distortion-plus-noise process, while UAV wobbling
dominates the coherence time of the channel.

V. CONCLUSION

In this paper, we developed a unified air-to-ground channel
model that accounts for multiple impairment types. Specif-
ically, we considered a multi-path Rician channel, where
a ground UE receives data from a hovering UAV via one
LoS and multiple NLoS paths. Two fundamentally different
impairment types have been considered in this paper, i.e.,
UAV wobbling and hardware impairments (RF nonidealities
at both the UAV and the UE). We modeled the UAV pitch
angle wobbling by two different stochastic processes, one
with independent and stationary increments (the Wiener pro-
cess) and another with bounded fluctuations to represent the
oscillatory nature of wobbling (the sinusoidal process). As
for the RF nonidealities, we modeled the combined effect of
all hardware impairments as two multiplicative and additive
distortion noise processes. Using these models, we concretely
analyzed the channel ACF and provided easy-to-use equations
for four key channel-related metrics, i.e., PDP, coherence time,
coherence bandwidth, and PSD of the distortion-plus-noise
process. Our results demonstrated a heavy degradation of the
channel coherence time at high carrier frequencies due to
UAV wobbling and hardware impairments, which effectively
makes channel estimation more challenging at mmWave and
higher frequencies. To the best of our knowledge, this is the
first work that provides a comprehensive analysis of the joint
effect of UAV wobbling and hardware impairments on the
air-to-ground wireless channel. One meaningful extension of
this work is to provide the same analysis when the UAV is
mobile, which makes the effective Doppler phase shift even
more complicated. The impairments associated with the air-
ground wireless channel could potentially be compensated
using UAVs equipped with reconfigurable intelligent surfaces
(RIS). However, as with any new technology, this addition
will bring its own challenges [60] that need to be properly
addressed and is left as a promising future work. Another
extension of this work is to consider a more elaborate model
for the MPCs by parameterizing the clusters and the rays
within clusters to obtain an even more precise air-to-ground
channel model. Also, analyzing the air-to-ground impairments-
aware wireless channel when centralized or distributed MIMO
setups are considered (instead of single-antenna transceivers)
is another future line of research.
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