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Abstract—Millimeter-wave rotary-wing (RW) unmanned aerial
vehicle (UAV) air-to-ground (A2G) links face unpredictable
Doppler effect arising from the inevitable wobbling of RW
UAV. Moreover, the time-varying channel characteristics during
transmission lead to inaccurate channel estimation, which in turn
results in the deteriorated bit error probability performance of
the UAV A2G link. This paper studies the impact of mechanical
wobbling on the Doppler effect of the millimeter-wave wireless
channel between a hovering RW UAV and a ground node. Our
contributions of this paper lie in: i) modeling the wobbling
process of a hovering RW UAYV; ii) developing an analytical model
to derive the channel temporal autocorrelation function (ACF)
for the millimeter-wave RW UAV A2G link in a closed-form
expression; and iii) investigating how RW UAV wobbling impacts
the Doppler effect on the millimeter-wave RW UAV A2G link.
Numerical results show that different RW UAV wobbling patterns
impact the amplitude and the frequency of ACF oscillation in
the millimeter-wave RW UAV A2G link. For UAV wobbling, the
channel temporal ACF decreases quickly and the impact of the
Doppler effect is significant on the millimeter-wave A2G link.

Index Terms—Channel modeling, Doppler effect, Millimeter
wave, Rotary-wing UAV.

I. INTRODUCTION

In the 5G era, unmanned aerial vehicle (UAV) air-to-
ground (A2G) links have been widely investigated to facilitate
numerous applications such as flexible coverage and capacity
enhancements, emergency assistance, disaster relief, etc. [,
[2]. Moreover, the integration of UAV and millimeter-wave
communications has been proposed to provide a high data
rate UAV A2G link to support these applications [3]. The
miniaturization of the aerial base station for UAV carrying
could be realized due to the small wavelength in millimeter-
wave frequency [4]. The integration of a high beam directive
antenna is a novel solution to provide the high-capacity
communication links [3]—[[7].

However, in an UAV A2G link, UAV hovering in the air may
experience mechanical wobbling in millimeter scale owing
to imperfect mechanical control and various environmental
issues, such as wind gusts, bad weather, and high vibration
frequency of their propellers and rotors [8]], [9]. In other
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words, UAV can be seen as mobile transceivers with non-
negligible velocity in hovering status, which leads to a severe
Doppler effect in the millimeter-wave RW UAV A2G link
[10], [11]. Moreover, the time-varying channel characteristics
in A2G link lead to outdated channel state information from
the channel estimation, resulting in deteriorated bit error
probability (BEP) performance of the UAV A2G link. [12].
Therefore, to reap the benefits of millimeter-wave RW UAV
communications, the wireless channel for millimeter-wave
UAV A2G link should be distinctly characterized with regard
to the Doppler effect.

A. Related Works

To this end, the research on millimeter-wave RW UAV
A2G propagation channel is still in its infancy. The reli-
able analytical A2G channel model approaches, which can
be categorized as deterministic models and geometry-based
stochastic models (GBSMs), are necessary to characterize the
propagation behavior of the millimeter-wave UAV channel
[13]], [14]. The deterministic method can depict the realistic
behavior of the electromagnetic wave propagation by ray-
tracing software with high accuracy [13]. The GBSM can
obtain the spatial-temporal channel characteristics in a geomet-
ric simulated environment, with low computational complexity
[14]]. For instance, in [16]-[18]], the 3D geometry-based UAV-
multi-input-multi-output (MIMO) A2G channel model was
proposed to indicate the space-time correlation function of the
high mobility fixed-wing (FW) UAV, where GBSMs could be
used to derive the channel characteristics, such as the temporal
autocorrelation function (ACF), the Doppler power spectrum
density (PSD), and spatial correlation. The mmWave FW UAV-
MIMO GBSM, which used the birth-death process to model
the non-stationary property of scatterers in mmWave UAV
A2G link, was proposed in [19]. Since the FW UAV requires
continuous stable high-speed mobility, the Doppler effect in
the FW UAV A2G link can be analyzed and compensated by
using the space-time correlation function for non-stationary
UAV scenarios [20]. However, the Doppler effect of the RW
UAV brought by mechanical wobbling at hovering status
cannot be analyzed by mentioned channel model method due
to the intrinsic randomness of the RW UAV wobbling [9].

A handful of UAV A2G research works have considered
the wobbling of RW UAV [3]], [8], [21]]. In [3]], the authors
discussed the antenna mismatch of the transmitter and the
receiver caused by wobbling in the millimeter-wave RW UAV
A2G link. In [8]], the authors studied the impact of UAV
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wobbling on the coherence time of the wireless channel using
Rician fading, where the assumption of wobbling process is
too ideal for the practical environment. In [21]], the authors
analyzed the impact of propellers’ rotation on the Doppler
shift of RW UAV A2G channel.

To summarize, none of the state-of-the-art RW UAV A2G
channel models has studied the Doppler effect brought by the
wavelength-scale mechanical wobbling at hovering status in
millimeter-wave bands.

B. Contribution

In this paper, we present the first attempt to analyti-
cally investigate the impact of UAV mechanical wobbling
on the Doppler effect in millimeter-wave RW UAV A2G
links. Specifically, the channel temporal ACF and the Doppler
PSD of millimeter-wave RW UAV channel under mechanical
wobbling are derived. The major contributions of this paper
are summarized as follows:

o The RW UAV movement model at hovering status under
mechanical wobbling is introduced. Two parameters, i.e.,
the vibration frequency and the velocity envelope covari-
ance, are defined to capture the characteristic of UAV
mechanical wobbling.

o The channel temporal ACF of millimeter-wave RW UAV
A2G link is derived in a closed-form expression based
on RW UAV mechanical wobbling movement model at
hovering status. The analytical expression of the channel
temporal ACF is verified by Monte Carlo simulations.

o The Doppler PSD of millimeter-wave RW UAV A2G
link with mechanical wobbling is computed based on the
analytical channel temporal ACF.

o A key observation is that even for small UAV wobbling,
the BEP performance of the UAV A2G link deteriorates
quickly making the link difficult to establish a reliable
communication link.

The proposed analytical model of the channel temporal ACF
and the Doppler PSD will be applied to predict the impact of
the mechanical wobbling on the Doppler effect in millimeter-
wave RW UAV A2G links.

The rest of this paper is organized as follows. In Section II,
the system model and assumptions of the RW UAV mechanical
wobbling at hovering status in millimeter-wave UAV A2G link
are presented. In Section III, analytical results of the channel
temporal ACF and the Doppler PSD in millimeter-wave RW
UAV A2G link under mechanical wobbling are derived. In
Section IV, numerical results are provided to verify our ana-
Iytical expressions and impacts of UAV mechanical wobbling
on millimeter-wave RW UAV channel at hovering status are
discussed. Finally, in Section V, our main conclusions and
some future research directions are drawn.

II. SYSTEM MODEL

In this section, we first introduce the system model and
assumptions in millimeter-wave RW UAV A2G link. Then, we
derive the UAV wobbling movement process of the millimeter-
wave RW UAV A2G link.

v=v,tv,tv,

] Ground node N
[ Scatterers o=y

. [ |
® UAV transceiver

LN

== a

Fig. 1. The millimeter-wave UAV A2G link with UAV mechanical wobbling.

In this study, we design a millimeter-wave UAV A2G link
between a hovering UAV and a ground node. As shown in
Fig. [l the UAV is equipped with a single horn directional
antenna (transceiver) located at the bottom of the UAV plat-
form. The directional horn antenna supports the directional
beam to overcome high attenuation of the millimeter-wave
propagation [22]], [23]. According to Fig. [l the velocity of
the UAV mechanical wobbling is denoted as v, which could
be superposed by following a Cartesian coordinate system, i.e.,
Vv = vy + vy + v,. Moreover, one axis direction of Cartesian
coordinate system is set as the same direction as the UAV
A2G link to support the following analysis. More specifically,
in Fig. [l the x-axis is set as the same direction as the link
and the radial velocity between the UAV and the ground node
1S Vy.

All key assumptions applied in this paper are listed as
follows.

Assumption 1. The hovering height of RW UAV is much higher
than those of building and other scatterers to keep the LoS
wireless A2G link, as in [24)]. Moreover; the probability of the
LoS link between RW UAV and BS is high and the dominant
propagation mechanism is free space transmission [23]]. When
the UAV is hovering at high altitude, for multipath channel
model, scatterers nearby the ground node will be considered
together. Therefore, all links in this paper based on Assumption
1 are assumed as LoS links.

Assumption 2. The velocity of the UAV mechanical wobbling
is the superposition of the radial velocity and the tangential
velocity in the millimeter-wave RW UAV A2G link, which is
shown in Fig.[ll The tangential velocity of the UAV wobbling
may lead to variation of angle of arrival and departure in UAV
A2G link, which could affect the Doppler effect in the UAV
A2G channel model. However, this effect could be negligible
when the ground node position is fixed and the RW UAV
is hovering at a high altitude [26l], which are defined in
Assumption 1. Therefore, the Doppler effect in our model is
only caused by radial velocity of the RW UAV wobbling. We
model the radial velocity, denoted by V (t), to describe the
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Fig. 2. The analytical and simulation cr(zi at different cases with oy = 1. The time separation of movement caused by motor vibration will be in millisecond
scale. Solid lines illustrate analytical results and markers show simulation results.

wobbling movement of the RW UAV [27]].

Assumption 3. Since the RW UAV mechanical wobbling has
period property, V (t) is assumed periodical variation in the
time domain [8]], [21]]. Moreover; the envelope of velocity is
time-varying in practical scenarios. Therefore, the value of
time-varying V (t) is assumed as

V (t) = a(t) cos (wyt + ¢o), (1)

where a(t) is the random amplitude envelope of the radial
velocity under RW UAV wobbling, w, is the mechanical
vibration frequency from rotor, t is the time, and ¢ is the
random phase at t = 0, which is uniformly distributed from 0
to 2m.

Assumption 4. For the sake of simplicity, a(t) is assumed
to be a stationary Gaussian random process with the distri-
bution N'(0,02). In practical scenarios, the radial velocity
of RW UAV wobbling may be influenced by wind gusts and
mechanical vibration. Therefore, the autocorrelation of a(t)
and a (t + At) is assumed as E [a(t)a (t + At)] = o2e 1A,
where o2 is the variance of the radial velocity and y is the
parameter to measure how fast the envelope of radial velocity
changes with time.

Based on Assumption 3, the wobbling distance d () of the
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Fig. 3. The impact of oy on channel temporal ACF. Solid lines illustrate analytical results and markers show simulation results.

hovering RW UAV system is calculated by with temporal correlated velocity, i.e., wind guts.
e When p = 0 and w, # 0, the UAV wobbling movement

t t
i is influenced by mechanical vibration with a stationar
d(ty= [ V(#)dt = [ Re{a(t) e/ T%}dt. (2 18 y ) Y
®) / ®) / c {a( e } @ amplitude of the movement velocity.
0 0
Based on all agsumptions, patterns of UAV wobbling move- In this paper, we define the average wobbling movement
ment are summarized as follows: distance of different UAV movement patterns as

e When p # 0 and w, # 0, the UAV wobbling movement
is influenced by random mechanical vibration and the
autocorrelation of the movement velocity simultaneously.

e When i = 0 and w, = 0, the UAV moves towards to a oq = \/E [|d(t) —d(t+ At)ﬂ. 3)
random direction with a stationary Gaussian distributed
velocity, like the FW UAV.

e When p # 0 and w, = 0, the UAV wobbling movement
does not have mechanical vibration but moves randomly ~Lemma 1. When At approaches infinity, the variance of
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vibration distance 03 is computed by

— [ # 0,0y #0,

T
2 At? _ _
9 UVT’ ILL—O,WV—O, (4)
g7 =
d 2 At
W H # Oawv = 07
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0371*“2(;““), uw=0,w, # 0.
Proof: See Appendix A. [ ]
To validate Lemma 1, o3 are plotted against At in Fig.
2l where analytic results computed by (@) are compared
with Monte-Carlo simulation with 10* realizations. Since the
motor vibration frequency is high, the time separation of UAV

movement caused by motor vibration will be in millisecond
scale. The following observations are made therein.

g

o The analytical results match the simulation well.
« Except for the scenario with y = 0 and w, # 0, o3
increases with At enlarging.
o For the scenario with ;. = 0 and wy, # 0, the UAV moves
periodically.
o The w, has a significant impact on the amplitude of the
o2,
According to [28]], the channel impulse response (CIR) of
RW UAV channel with mechanical vibration can be written as
the function of the UAV wobbling distance, i.e.,

e efa(t)ed(wvtteo)

h(t) = hoe © Jrefa }dt, (5)
where hg is the amplitude of the CIR, w. is the carrier
frequency, and c is speed of light.

Assuming that h(t) is stationary [[14], the channel temporal
ACF, defined by [29], is employed to characterize the time-
varying characteristics of the wireless channel. Using CIR
defined in (@), the channel temporal ACF can be computed
by

C (A1) =

[hol?
where (-)* denotes the complex conjugate operator. When the
received signal is non-stationary, the channel temporal ACF
becomes a function of both ¢ and ¢ + At and will be denoted
as C(t,t + At).

In the next section, C' (At) will be derived in a closed-form
expression. Based on the closed-form channel temporal ACF,
the Doppler PSD will be calculated.

E[h(t) h* (t + At)], (6)

ITI. ANALYTICAL RESULTS
A. Closed-form Channel Temporal ACF Expression
The closed-form expression of the channel temporal ACF
is derived in this subsection.

Theorem 1. The channel temporal ACFE, C (At), can be
computed by (Z), which is shown at the top of this page, where

Jo(+) denotes Bessel function of the first kind with an order
zero.

Proof: See Appendix B. |
From Theorem 1, we notice that the closed-form expression
of channel temporal ACF given in (Z) is directly applicable
for p # 0 and w, # 0 scenario. Moreover, to apply the
results to the scenario with © = 0 or w, = 0, the channel
temporal ACF for (1 # 0, wy = 0), (u = 0, wy # 0),
and (u = 0, wy, = 0) are derived as follows by using some
straightforward derivations.
When p # 0, w, = 0, the channel temporal ACF, C (At),
is computed by

C (At) = 3*0»503(5_5)2(#At+e*1tm71)
2
xJo (jO.SU%(f—;) (HAE 4 e rAE - 1)> .

When =0, wy, # 0, the channel temporal ACF, C (At),
is computed by

®)

We

C (At) _ eféaf(cwv)z(lfcos(wvAt))
2
xJo (j%as(c‘fjv) (1 — cos (wvAt))) .

When p = 0, wy = 0, the channel temporal ACF, C (At),
is computed by

O (At) = [e—%‘zaf(%“)z] Jo (j%ﬁaz(%y) . (10)

(C))

B. Doppler PSD

The Doppler PSDs of the proposed channel model can be
computed by applying the Fourier transform of the channel
temporal ACF with respect to time separation At [30].

F(fp) = / C (At) e 2T ALgAL,

— 00

(1)

where fp is the Doppler frequency.

IV. NUMERICAL RESULTS

In this section, the impacts of the mechanical vibration
frequency and the velocity envelope covariance on channel
temporal ACF and Doppler PSD of millimeter-wave RW UAV
channel are investigated.

The numerical results of channel temporal ACF are pro-
vided. The parameters used for channel temporal ACF simu-
lations are summarized in Table[l In the simulation, the carrier
frequency is 28 GHz, which is widely used in the millimeter-
wave UAV channel [19], [31]]. Since the system is working
in the millimeter-wave bands and the mechanical wobbling
is millimeter-wave-scale, the distance variance parameters
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TABLE I
SIMULATION PARAMETERS FOR ACF
o Wy oy [m/s] oq [m] Figure
0 0 0.001/2 0.001A¢ 3(a)
0 0 0.005+/2 0.005At 3(a)
0 0 0.011/2 0.01At 3(a)
0 20m 0.001 % 0.001sin(LweAt) | 3(b)
0 20m 00052 0.005sin(LweAt) | 3(b)
0 207 0.01 5% 0.01sin(wy At) 3(b)
30 0 0.001,/72 0.001v/At 3(0)
300 0.005\/7 0.005v/At 3(c)
300 0.01/1t 0.01VAT 3(c)
30 20m | 0.001 \/ vt 0.001v/A? 3(d)
30 20m | 0,005/ 0.005v/A% 3(d)
30 20m | 001,/ 0.01VAL 3(d)
0 107 00052 0.005sin(LweAt) | 4G
0 207 0.005 % 0.005sin(3wyAt) | 4(a)
0 30m 0.005 <% 0.005sin(2wyAt) | 4(a)
30 107 | 0.005 \/ vt 0.005v/A% 4(b)
wZ4p?
30 207 | 0,005/ < 0.005v/At 4(b)
wZ4p?
30 307 | 0,005/ 0.005v/At 4(b)
100 0.005/72 0.005v/At 5@)
300 0.005,/f 0.005v/At 5(a)
50 0 0.005,/% 0.005v/At 5(a)
10 20m | 0.005 \/ st 0.005v/A% 5(b)
30 20m | 0,005/ “ 0 0.005v/A% 5(b)
wZ4p?
50 207 | 0.005/ S 0.005v/At 5(b)

could be set as the 1 mm, 5 mm, and 10 mm, which is
presented in o, and o4 as the constant 0.001, 0.005, and
0.01, respectively. When p = 10, 30, and 50 at At = 0.001
second, it means the E [a(t)a (t + At)] = 0.99, 0.97, and
0.95, respectively. If the autocorrelation of a(t) and a (t + At)
is low, the channel temporal ACF will decrease too fast. When
wy = 107, 207, and 307, it means that mechanical vibration
change frequencies are 5 Hz, 10 Hz, and 15 Hz, respectively.

Fig. 3] shows the channel temporal ACFs for analytical
and simulation model at different o,. The simulation and
analytical results fit well, which ensures the correctness of our
derivations. According to Fig. 3l when o, increases, the chan-
nel temporal ACF decreases faster for all cases. In different
scenarios cases, the channel temporal ACF presents different
models. For Fig. 3 (b), since © = 0 and w, # 0, the UAV
wobbling movement is influenced by mechanical vibration
with a stationary amplitude of the movement velocity. Hence,
the channel temporal ACF changes with mechanical vibration
in periodic. When p # 0 and w, # 0, the o, has a more
significant impact of channel temporal ACF than that of other
scenarios.

Fig. d presents the impact of w, on channel temporal ACF.
When w, enhances, according to Fig. [ (a), the channel tem-
poral ACF changing frequency is increase. Since w, enhances,

o
o

o
~

Autocorrelation
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Fig. 4. The impact of wy on channel temporal ACF. Solid lines illustrate
analytical results and markers show simulation results.

it also caused o, boost, which results in the decrease rate of
channel temporal ACF rising. According to Fig. @ (b), the
channel temporal ACF has some fluctuations at the value of
wy much bigger than ;.. Meanwhile, the simulation results are
compared with the analytical results to ensure the correctness
of our derivations.

Fig. [§ illustrates the impact of p on channel temporal
ACF. For Fig. [l (a), the channel temporal ACF decreases
faster, when p increases. In this situation, the UAV wobbling
movement does not have mechanical vibration. Therefore, the
velocity change may be caused by environmental factors, i.e.,
wind gusts. For Fig. 5] (b), when p increases with mechanical
vibration, the channel temporal ACF will decrease slower. The
reason for this situation is p has a greater effect of the increase
or decrease trend of o4 than w, at 1 # 0 and w, # 0 scenario.

Fig. l6] can be used to explain why the decrease rate of
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channel temporal ACF abate when p rise in Fig. 13 (b).
According to Fig. [l (a), when p increases, o5 will decrease
firstly and then increase very slow. According to Fig. 3l when
oy increases, the decrease rate of channel temporal ACF
will boost. Therefore, the decrease rate of channel temporal
ACF will abate when p increases at y # 0 and wy # 0
scenarios. Moreover, in Fig. [6] (b), at the same time slot, when
1 enhances, the channel temporal ACF enhance firstly and
then keep flat because the value of o3 change little.

Fig. [ shows the impact of o, on Doppler PSD. We can
observe that the shape of the Doppler PSD slightly widens
along the Doppler frequencies axis. According to Fig. [ (a),
when p and wy are all 0, there are no Doppler PSD drift over
time. It means when the UAV is moving toward the ground in
fix velocity, like the FW UAYV, the Doppler PSD is the steepest.
Furthermore, the value of Doppler PSD will increase, when o,
enhances. For Fig. [7] (b), it is observed that the Doppler PSD

0.2
——w =107
- = =w =207
05F e w,=30m
t\lbU 0.1 E
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Fig. 6. (a) The impact of px on 0(21 with different wy; (b) The impact of
on channel temporal ACF at different time slot.

drift due to the RW UAV wobbling movement. Moreover, as
oy increasing, the fluctuation of Doppler PSD will be widened.

Fig. 8| compares the different value of w, on Doppler PSD.
When the value of w, rises, the fluctuation range of Doppler
PSD broadens. The Doppler frequency of the bulge is rise
when the value of w, increases. The fluctuation becomes
significant as w, enhances.

Fig. 9] illustrates the impact of 1 on Doppler PSD. When p
increases, the fluctuation of Doppler PSD abates. However, u
will not change the Doppler frequency of the bulge. Moreover,
the value of p influences the number of Doppler PSD bulges.

Fig. shows the average bit error probability (ABEP)
performance of millimeter-wave UAV A2G link employing
with M-ary PSK or M-ary QAM signals under mechanical
wobbling. The p is 30 and w, is 207 in this case. For
millimeter-wave UAV A2G link, the channel estimation pro-
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Fig. 7. The impact of oy on Doppler PSD with different x and wy .

cess finished at ¢ = 0 and then the signal transmission begins.
According to the ABEP performance of the transmission
becomes worse with time under mechanical wobbling. A key
observation is that even for small UAV wobbling, the ABEP of
the millimeter-wave RW UAV A2G link deteriorates quickly,
which may lead to a unreliable communication link.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, we have proposed the analytical model of
the Doppler effect brought by the mechanical wobbling in the
millimeter-wave RW UAV A2G link. Applying the RW UAV
wobbling movement model at hovering status, the closed-form
expression of channel temporal ACF has been derived and
verified via Monte-Carlo simulation. Moreover, the Doppler
PSD of millimeter-wave RW UAV channel has been computed
based on the analytical channel temporal ACF. Numerical
results show that the mechanical vibration frequency and the
radial velocity envelope covariance interact on the decrease

10
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£
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o
o
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Fig. 8. The impact of wy on Doppler PSD with o = 0.0054/ — and
n = 30.
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Fig. 9. The impact of p on Doppler PSD with o = 0.0054/ VT and
wy = 2007.

rate and fluctuation model of channel temporal ACF. The
Doppler spread range broadens as mechanical vibration fre-
quency enhances while the value and number of Doppler
PSD bulge degrade as radial velocity envelope covariance
increases. A key observation is that even for small UAV
wobbling, the BEP of the UAV A2G link deteriorates quickly,
making the link difficult to establish a reliable communication
link. Therefore, the UAV designer has to jointly consider the
vibration frequency and the radial velocity envelope covariance
carefully to mitigate the impact of the Doppler effect brought
by the RW UAV mechanical wobbling on the A2G wireless
link.

In the future, the following issues need to be addressed. (1)
The low-altitude RW UAV scenario will be considered because
the probability of the LoS link will decrease and the tangential
velocity will lead to the Doppler effect when UAV located at
low-altitude [32]] [23]. (2) The mechanical vibration frequency
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o o HAt Gw2 — p? — w2e A cos (wy At) — 2uwye A sin (wy At) 4 p2e”PAt cos (wy At) (16)
oi=o0 .
R (2 +w2)®
RW UAV wireless channel impacts the performance of UAV
102 I small cell networks will be evaluated. The coverage rate and
©—BPK data rate will be evaluated for various system schemes [23]
—¥— QPSK
—8—8PSK :
—0—16PSK
103} APPENDIX
& A. Proof of Lemma 1
m
< Substituting @) into @), the o with different time slots ¢
104 and t5 can be expressed by (I2), which is shown at the top of
this page.
Since E[a(t)a(t+ At)] = o2e #At the Ela(t1)a(t2)]
can be expressed by
105 ‘ ‘ Ela(t1)a(ty)] = o2e Hh—tal, (13)
0 0.01 0.02 0.03 0.04
Time () Moreover, the E [cos (wyt1 + ¢o) cos (wyta + ¢o)] can be
(a) PSK calculated by
e N E [cos (wyt1 + ¢o) cos (wyla + ¢o)]
——BPSK = 0.5E [COS (2¢0 + wyt1 + wyta) + cos (wv |t1 — t2|)]
——QAM = 0.5cos (wy [t1 — t2]) -
—8—80QAM (14)
4 160AM 4 Then, substitute (I3) and (I4) into (12, the o3 could be
107¢ shown as
& At to
o 02 =0.502 [ [e #2710 cos (wy (ta — 1)) dt1dits
4 5
10} +0.502 [ [ e #t1imt2) cos (wy (£ — t2)) dtydts.
0t
’ (1)
After integral computation of (13), the result is shown in
. (I6), which is shown at the top of this page.
107 ‘ ‘ 2 pAt . ..
0 0.01 0.02 003 0.04 The o7 s part in (I6) SlilOWS. the main increase trend of
Time (9) the o3 when At approaches infinity. When p # 0, wy # 0
(b) OAM and p # 0, wy = 0, the result shown in (@) only considers
the o2 Né‘i’f}Q part in (@), because this part have the main

Fig. 10. The ABEP performance of millimeter-wave RW UAV A2G link
under mechanical wobbling employing with PSK and QAM signals.

and the radial velocity envelope covariance, i.e., w, and u
will be measured practically. (3) Beyond the A2G wireless
channel, the air-to-air (A2A) wireless channel will be modeled
considering the UAV wobbling [23]]. (4) How the wobbling of

influence of the value 0(21. When wy, =0, 4 =0 and w, # 0,
= 0, the result shown in @) can be computed by direct
mathematical computation based on ().

B. Proof of Theorem 1

Based on the CIRs of millimeter-wave UAV A2G link
shown in (@), the channel temporal ACF (non-stationary case)
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can be computed by

t+AtL .
I a(t)e?(wvttdo) gy

7jw—CCRe{
C(t,t+At)=E |e : (17)

It can be seen that the C'(¢,¢+ At) is a function of
time ¢ and time separation At. Since the (I7) includes a
definite integral function, the integral part can be calculated
by Riemann sum [34], i.e.,

C(t,t+ At) =

N-1 ; nAt
we A At ido IOV (tHERT
. e,Jw_Cc le})oRe{Wt n§:0a(t+nTt)eJ 0¢ v (e 2R )}

(18)

n+1
1 — e ST e R (19)

k=2

Proof: See Appendix C. [ ]
According to Lemma 2] the stationary assumption is used
to derive the close-from channel temporal ACF expression. It
leads to the expression of C (t,t+ At) can be simplified to
@20), which is shown at the top of this page, by replacing
a(t+ 22L) in (I8). by and by in @0) are random parameters

obey independent and identically distributed (i.i.d.) Gaussian
distribution.
Then, according to characteristic function E [e/'eX¢] =

2,2
eth“c_gcth, where t. is the argument of the characteristic
function, X, is the random variable obeys Gaussian distribu-
tion, p. is the mean of X, and af is the variance of X, the
C (At) in 20) can be computed [33]. In our case, by is X,
te 18 0, and ¢, is 1. Therefore, the channel temporal ACF can
be simplified as

O (t,t+ At) = e 000k (btHAD, 1)

where )
o2 (t,t + At) = (%) (a+B). 22)

Therein, « and 3 are computed by (23) and @4), which are
shown at the top of this page, respectively.

According to definite-integral notation in [34], the (23) and
@4) can be equaled to @3) and 28), which are shown at the
top of this page, where the variable n in (23) is replaced by
dx in 23), and the variable k and n in (24) are replaced by
dxq and dxo in (26), respectively.

The results of (23) and 28) are computed and substituted
into (22)), the results are described in (27), which is shown at
the top of this page. It can be seen that 0% (At) is a function
of ¢, p, wy, we, ¢, and At. The wyt and ¢ are set to ¢ in
@D, where w,t + ¢g = ¢. In 28), which is shown at the top
of this page, the 2¢ + w, At is set to ¢’, which can simplify
the computation. Then, substituting 28} into 1), the channel
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€1y

temporal ACF closed-form can be computed by using Bessel
function [34]]. The closed-form result is shown in (7).

C. Proof of Lemma

If the (9 is correct, according to Assumptions 4, the
autocorrelation value of a (¢ + "1TM) and a (t+ "QTM) at
n1 < no should be computed as

R(At)=E[a(t+ &) a* (t +

—n ("2*1:711)At '

na At
) o)

Since the by in (I9) are a series of i.i.d. random variable,
so the expectation of b can be computed as

17 kl = k27

0, ki # ko.
According to (30), the R (At) can be computed as (1)),
which is shown at the top of this page. Then, the result in (29)

can be computed easily by using geometric sequence property
and straightforward mathematics based on (31).

E [bkl X bk2] = (30)
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