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ABSTRACT

In this article, an unmanned aerial vehicle (UAV), acting as a transmitter, employs different

power adaptation strategies in order to enhance the ergodic capacity of the wireless channel between it and a
receiver on the ground. We present the derivation of closed-form expressions for the channel capacity of the
recently developed UAV-to-ground fading channels under different power adaptation strategies. The power
adaptation strategies considered in this paper are optimal rate adaptation with fixed power (ORA), optimal
power and rate adaptation (OPRA), channel inversion with fixed rate (CIFR), and truncated channel inversion
with fixed rate (TIFR). In addition to ergodic capacity analysis, precise analytical formulas for the effective
capacity of the UAV-to-ground fading channels are derived. Additionally, all of these closed-form expressions
are verified by comparing them with numerical results obtained through Monte Carlo simulations.

INDEX TERMS Unmanned aerial vehicles (UAVs), power adaptation, effective capacity.

I. INTRODUCTION

Recently, unmanned aerial vehicles (UAVs) have become a
promising candidate technology for beyond fifth-generation
(5G) systems due to their high mobility and reasonable de-
ployment costs [1], [2], [3]. Moreover, a UAV can be deployed
in various scenarios related to wireless communications and
networking such as acting as an aerial base station, an aerial
relay node, or as the wireless backhaul of the network [4],
[5], [6]. This has motivated many researchers to develop
fading channel models that can best describe the received
signal’s fluctuation in the communication link between a UAV
in the air and a receiver (Rx) on the ground [7], and [8].
These new models were developed based on Nakagami-m and
inverse-gamma distributions to model multipath and shadow-
ing effects respectively.

Recently, scholars have investigated the performance
of wireless communication systems operating over
UAV-to-ground channels. The average bit error rate (ABER),
average ergodic channel capacity, and outage probability for
the UAV-to-ground channels were all examined by the authors
of [7]. Additionally, the authors of [9] only included the
average symbol error rate (ASER) for quadrature amplitude
modulation (QAM) schemes in their research. Maximum

ratio combining (MRC) performance was the focus of [10].
However, these previous papers considered the constant
transmit power case, referred to as optimal rate adaptation
(ORA), and did not investigate the effect of power adaptation
methods to improve the ergodic capacity of the channel.

In this paper, we consider other power adaptation tech-
niques in addition to ORA. In optimal power and rate
adaptation (OPRA), the channel fade level is tracked by both
the transmitter (Tx) and Rx, while in ORA, it is tracked by
the Rx alone. Thus, the OPRA requires feedback between the
Rx and Tx, which results in a higher complexity compared
to ORA. Two suboptimal adaptive techniques are considered,
which are channel inversion with fixed rate (CIFR), and trun-
cated channel inversion with fixed rate (TIFR). In previous
research work, the channel capacity was studied under differ-
ent power adaptation schemes over various fading channels
(e.g., Rayleigh [11], [12], Nakagami-m [13], Fluctuating Two-
Ray [14], and Fisher-Snedecor F [15]).

Shannon’s ergodic capacity has widely been used, but it
is not able to measure the system performance under quality
of service (QoS) constraints such as system delay and data
rate. Effective capacity has been proposed as an alternative
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performance metric owing to its ability to take into account the
system’s delay constraint [16]. Additionally, computation of
the effective capacity offers an efficient and convenient way to
evaluate the statistical QoS performance of wireless systems
from the networking perspective. This includes the analysis
of resource allocation management, spectral efficiency, user
scheduling schemes, and cognitive radio networks [17].

To the best of our knowledge, the effective capacity and er-
godic capacity of UAV communications under different power
adaptation schemes over shadowed fading channels have not
been investigated in the literature. This paper is the first to
evaluate the average ergodic channel capacity for each scheme
under the novel UAV-to-ground channel models with shadow-
ing, yielding closed-form expressions. Moreover, the effective
capacity of these channels is studied. The contributions of this
paper are as follows.

® Closed-forms expressions of the signal-to-noise ratio

(SNR) moments are derived in order to evaluate the
amount of fading of the UAV-to-ground fading channels.

e For each of the ORA, OPRA, CIFR, and TIFR adaptive

transmission protocols, closed-forms expressions of the
average channel capacity are obtained.

® Obtaining analytical expressions for the effective capac-

ity of UAV-to-ground fading channels.

® These closed-form expressions perfectly match with the

numerical results obtained by Monte Carlo simulation,
which in turn validates the accuracy of the theoretical
analysis provided in this paper.

This paper is organized as follows. In Section II, a math-
ematical overview of the UAV-to-ground channel models is
provided. In Sections III and IV, the amount of fading and
capacity analysis for different power adaptation methods are
derived respectively. Section V focuses on the effective ca-
pacity analysis. Finally, numerical results and conclusions are
discussed in Sections VI and VII, respectively.

The following mathematical notations are used throughout
this paper. E(.), P(.), fx(.), and Fx(.) represent the expec-
tation, probability, probability density function (PDF), and
cumulative distribution function (CDF) of a random variable
X, respectively.

Il. UAV CHANNEL MODELS

This section summarizes the UAV channel model under
double-shadowing and single-shadowing communication sce-
narios.

A. DOUBLE-SHADOWING (DS) COMMUNICATION
SCENARIO

In this scenario, a UAV in the air acts as a Tx and transmits
a signal to a Rx node on the ground. Shadowing regions exist
around both the Tx and Rx, which are separated by a large
distance. The received SNR, y, can be modeled as

y = N2LN3 L, (1)

where
® N;—je€{l,2}— represents the multipath fading coef-

ficient which follows the Nakagami-m distribution [18].
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where the distribution’s shaping parameter m; is the fad-
ing severity parameter, $2; is the scale parameter, and
I'(.) is the gamma function.

e ]; represents the shadowing effect of the channel, mod-
eled by the inverse gamma (IG) distribution [19], whose
PDF can be written as

7%

fi, () = —d——e ¥,

T (aj) x>0, 3)

where the shaping parameter of the distribution a; > 1
represents the severity of the shadowing and ¥ ; denotes
the scaling parameter.

The PDF of the received SNR can be given by [7]
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where Spg = F(ml)F(mzil"(uq)F(az)’ and G);°/(.|.) is the Meijer

G-function [[20], eq. (9.301)], which is a built-in function in
MATLAB. With the help of [21], (4) can be converted to an
expression employing the Fox H-function as
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The CDF of y can be expressed as:
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B. SINGLE-SHADOWING (SS) COMMUNICATION
SCENARIO

In the event of a single shadowing region located near one
of the Tx or the Rx, the channel is categorized as a single-
shadowing (SS) channel whose received SNR can be modeled
as:

y =NiN31. (7)
As shown in [7], the PDF of the received SNR can be repre-

sented as:
Sss o1 (mimy |1 —a
= —G ? —_ s
@) y 1.2 p—— mi, m
myny ‘ —a

Y
J/ml—l,m2—1>’ ®)

VOLUME 5, 2024




EEE

IEEE Open Journal of

Vehicular Technology

where Sgg = m From [21], (8) can be expressed
in terms of the Fox H-function as

mymy
Iy y) = Sss
2.1 (M (—a, 1)
XHLZ( ‘(ml—l,n, (mz—1,1>)' ®
The CDF of y is:
20 (mimy |1 —a,l
F, (V)—SSSng( = le’mz’())- (10)

1ll. AMOUNT OF FADING
According to [22], the amount of fading is a measure of the
severity of the channel by itself, which can be calculated as
E 2
_ B )2 - (11)
Ey))

where

o0
E(y") = fo Y fy(y)dy, (12)
where n € [1, 2].
1) DS case:
By substituting (5) in (12) and using [23], E(y?) and
E(y) can be evaluated for the DS case as shown in (13)
and (14) respectively.

mpma

)
E(y?) = SDS( ) L(my +2)I'(my +2)

X F(O{l — 2)F(O{2 — 2) (13)

mpma

E(V)—SD5< ) ['(my + DI (my 4 1)

x (g — DIMN(ep — 1). (14)

By substituting (13) and (14) into (11), we can obtain
the amount of fading final expression as shown in (15),
shown at the bottom of this page.

2) SS case:
Similarly for the SS case, E(y?) and E(y) can be eval-
uated as shown in (16) and (17) respectively.

demonstrated in (18).
C'(my 4+ 2)(my +2)TN(a — 2)

Sss[C(my + D(my + DM@ — D2
(18)

AJT'.SS:

IV. ERGODIC CAPACITY ANALYSIS
A. OPTIMAL RATE ADAPTATION (ORA)
In this scheme, the Tx does not adjust its transmit power
and just employs a constant power to transmit a signal to the
destination. The ergodic capacity can be evaluated as
B o0
C = — In(1+ dy, 19

s = [ mOEn5 dr (9)
where B is the channel bandwidth. To calculate the integral in
(19), the natural logarithm function can be re-written as

1,1
1,0/)°
1) DS case:

By substituting (4) in (19), the integration in (19) in-
volves the multiplication of two Meijer G-functions,
which can be expressed, with the help of [24], in a

closed-form expression as
BSps 43 (mim2|1 —az, 1 — 1,0, 1
my, my, 0,0 '
(2D

In(1 +y) = G373 (y (20)

Cora =

14

1 (2) 4,4

2) SS case:
Similarly, if (8) is plugged into (19) for the SS case,
Cora can be evaluated as
1—0(,0,1). 22)

BSSSG‘LZ nmimy
In2) >*\ y |m,m,0,0

Cora =

B. OPTIMAL POWER AND RATE ADAPTATION (OPRA)

In this power adaptation technique, the Tx adapts its transmit
power, P;(y ), according to the instantaneous SNR value [11].
The relation between the transmit power and instantaneous
SNR value can be written as

P(y)= P max <<i — l) ,O) s
Yo Y

(23)

]E(y ) = Sgg <m1m2) C'(my 4+ 2)'(my + 2) where P is the average power and Y, is the optimal threshold
SNR level below which no signal is transmitted, whose value
x Mo —2). (16) is determined by [11]
> (2-1) poay =1 (24)
E(V)—Sss< ) L(mi + DI (my + 1) . \ve v/)"7 vey =2
x T(a — 1). (17) The channel capacity under this scheme can be evaluated as
By plugging (16) and (17) into (11), we can derive CoprA = / ( )fy (y)dy, (25)
the resulting expression for the amount of fading, as In(2) 2)
r 2)r DM (o) —2)MN(ap — 2
AFps = (m + D0y + 2P0 =DM —2) (15)
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1) DS case:
Using the Fox H-function representation in (5) and
following a similar approach to what is found in [25],
Copra can be evaluated, after some mathematical ma-
nipulations, for the DS case as

C _ BSps
OPRA = 1~ 2
G2 mmy |1 —oy,1—as, 1,1
L\ 0 0,0,my,my ’
(26)
where the condition for y, is
myny 3,0 ((Mmim —ay, —ay, 1 _
7 SpsG35 (—7 Yo Clmy—1.my — 1) =1,
(27)

which can be evaluated numerically.

2) SS case:
Utilizing the Fox H-function representation in (9) and
applying a comparable method to the analysis found
in [25], Copra for the SS case can be evaluated as

BSss 4y (mima |1 —a,l1,1
C = ’ T , (28
OPRA= @) 34\ "y 7°00,0,m1,m (28)
where the condition for y, is
mymy 3.1 [ Mima —a, 1 .
7 SSSGM( 7 y”—],ml—l,m2—1>_1'

(29)

C. CHANNEL INVERSION WITH FIXED RATE (CIFR)

In this case, the Tx adjusts its transmit power in order to
maintain a constant SNR at the Rx. This can be achieved by
inverting the instantaneous channel state. The average channel
capacity under this scheme can be evaluated as

1
CCIFR = IB%logz 1+ . 30)
Iy~ (ndy
1) DS case:
By substituting (4) in (30) and using [23], the integra-
tion in (30) can be evaluated for the DS case as

mpma

o0
/ y 'y W) dy = Sps—
0 Y

x 'y + DI +1). (31)

2) SS case:
Likewise, in the case of SS, the integration in (30) can
be assessed as follows:

mimy

o0
/ y Uy () dy = Sss—
0 Y

X ['(my — DI (¢ +1).

T(my — 1)

(32)

74
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D. TRUNCATED CHANNEL INVERSION WITH FIXED RATE
(TIFR)

When the transmission experiences a deep fade, a large
amount of power is required to invert the channel gain. To
avoid this, the channel inversion is only performed above a
fixed cut-off value y,. If y < y,, the channel is not used.
The average channel capacity under this truncated channel
inversion can be evaluated as [11]

1
Crirr = Blog, [ 1+ Py > yo), (33)
2( Lv7y (y)dy)

where Y, is selected either to maximize Ctipr or to achieve a
specified outage probability.
1) DS case:
Utilizing the Fox H-function representation as de-
scribed in (5), and adopting a methodology akin to the
one presented in the work of [25], the integration in (33)
for the DS case can be evaluated as

o fy )

Yo

mpma

dy = Sps

2.3 [ Mimz
X G3’3 (TV()
14

—Otz,—oll,l
O,m1 —l,mz—l ’
(34

P(y > y,) can be computed as

miny
P(y > yo)=1— SDSG§;§<7%

1_(X2,1_a1,1)

my, my, 0
(35)
2) SS case:
In a similar manner, the integration in (33) can be com-
puted as
o0
fy ) mymy
Ly = Sgs—
Yo 14

3,1 M1
X Gzy3<T Yo
4

—a, 1
0,m —1,my— 1"
(36)

The calculation of P(y > y,) is achievable as

2.0 (MmN l—oa,l
P(y > yo) =1 —SssGy3 (_7 "‘ml,mz,())'
(37

V. EFFECTIVE CAPACITY
As seen in [17], the effective capacity can be obtained by

-B
Cp = —log, E[1+y)]). (38)

where

E[(1+y>—A]=/O A+ f00dy. (39
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The term (1 +3)™* can be expressed in terms of Meijer
G-function as

1-A
1+y)" " : 40
( +V) F(A) 1,1<V’ 0 > (40)
The parameter A is evaluated as
0TB
= 41)
In(2)

where 0 is the buffer occupancy decay rate and T is the block
length. we can observe that the effective capacity aligns with
Shannon’s classic ergodic capacity when there is no delay
constraint as 6 approaches zero.
1) DS case:
By substituting (4) and (40) in (39), the integra-
tion in (39) involves the multiplication of two Meijer
G-functions, which can be expressed, with the help
of [23], in a closed-form expression as

Sps.
1 A d
[Taen oy = 22
33 (Mmm2 |l —ay, 1 —oy, 1
XG3'3< v my, my, A )

(42)

Thus, the final expression of the effective capacity for
the DS case can be expressed as shown in (43), shown
at the bottom of this page.

SS case:

Similarly for the SS case, the integration in (39) can be
evaluated as

2)

Sgss
14+y)™ d
[ asn sy = 2
s (M|l —o,l
XG2’3< v ml,mz,A>'

(44)

Thus, the closed-form expression of the effective capac-
ity for the SS case can be formulated as shown in (45).

(45)
VI. NUMERICAL RESULTS
In this section, we present some plots that illustrate the perfor-
mance of UAV-to-ground channels with shadowing. For the
Monte Carlo simulation, 10° realizations of fading channels
are generated to validate the analytical expressions in the

mymy

v

1l—a,l
my, my, A

Sss 32

— 20
r@) 23

—-B
0g;

SS

6 T

% DS Simulation
O  SS Simulation
CIFR

ORA

OPRA

TIFR

[

w »
T T

Normalized Average Channel Capacity (b/s/Hz)
N

10
Average SNR 7 in dB

15 25

FIGURE 1. Normalized average channel capacity under different power
adaptation schemes. Solid and dash lines represent corresponding
analytical expressions of the SS case and DS one respectively.

TABLE 1 Simulation Parameters for Fig. 1

[ Parameter [ m; [ m
[ Value [ 15 ] 18 [ 35 [ 36 |

In Fig. 1, the normalized average channel capacity, C/B,
is plotted as a function of the average received SNR ¥ in
dB. For TIFR case, y, is 0.1. The fading channel parameters
can be found in Table 1. The reason behind this choice is to
match those produced in [7]. The normalized average channel
capacity curves for the ORA scheme precisely match those
curves produced in [7], which provides a benchmark for the
rest of our analysis. As expected, the SS case achieves better
performance than the DS one. This is because shadowing
exists in two scattering regions around the Tx and Rx in the
DS scenario. Whereas in the SS one, shadowing is present in
only one of the two regions. Another method to validate this
fact is by computing the amount of fading using (15) and (18)
for the DS case and SS one respectively. AFps = 6.02 and
AFgs = 3.32. As we can see, the amount of fading is greater
for the DS case than the SS one.

In addition, the OPRA method achieves the optimal channel
capacity in comparison to other methods. As opposed to using
the fixed average power to send a signal in ORA, the Tx in the
OPRA case modifies its transmit power in accordance with
the instantaneous channel status. At the high SNR region, the
average channel capacity in ORA and OPRA strategies con-
verges. This is because y, — 1 as ¥ — 0o, which indicates

Sos.
T(A)

—B
log, (

A

previous sections.
DS 3,3
Ce Gy’ (
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o
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Average SNR 7 in dB

FIGURE 2. Optimal cutoff SNR, y,, versus the average SNR 7 in dB.

3.5

——-DS
%  Simulation v
| |——SS

= N
o N o

Normalized Effective Capacity (b/s/Hz)

Average SNR 7 in dB

FIGURE 3. Normalized effective capacity versus average SNR in dB.

that the transmit power under the OPRA case becomes almost
equal to the average power. The corresponding optimum cut-
off values can be found in Fig. 2.

Fig. 2 provides the optimal cut-off SNR values, y,, for
OPRA as a function of the average SNR ¥ in dB. The
channel parameters are the same as Fig. 1, while varying
a1 (a2 = a1 4 0.1). In order to produce this figure, (27) and
(29) were evaluated numerically for the DS case, and SS one
respectively. It is clear that y, increases as the average SNR
increases, with a maximum value of 1. For the same value of
average SNR, the cutoff value decreases as the channel goes
through severe shadowing, which is indicated by increasing
the value of ;.
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FIGURE 4. Normalized effective capacity versus A.

In Fig. 3, the normalized effective capacity, Cg/B, is plotted
as a function of the average received SNR » in dB. The
fading channel parameters were chosen to become (m; =
m; +0.2, 1 = 3.1, and ap = 3.3) and A = 3. The curves
produced through our analysis precisely match those pro-
duced via Monte Carlo simulation, which in turn validates our
analysis. As the value of m increases, it becomes evident that
capacity improves because the multipath effect of the channel
diminishes. As anticipated, the SS scenario outperforms the
DS scenario in terms of effective capacity performance.

In Fig. 4, the normalized effective capacity, denoted as
Cg/B, is plotted versus the parameter A. The parameters
characterizing the fading channel were deliberately set as
follows: m; = 1.5,mp = 1.8, p = o1 + 0.2, and ¥ = 10 dB.
As the value of A increases, the effective capacity decreases.
The normalized effective capacity decreases as the channel
experiences significant shadowing. This is evident when the
parameter ¢/ increases.

VII. CONCLUSION

In this paper, closed-form expressions for the amount of
fading as well as average ergodic channel capacity under
different power adaptation schemes were evaluated. Based on
the obtained results, the performance of OPRA significantly
outperforms all other techniques. This superiority is primar-
ily attributed to the substantial power allocation required by
channel inversion to mitigate the effects of severe channel
fading. But, it does come at the expense of complexity and the
need for a feedback channel between Tx and Rx. Furthermore,
closed-form equations for the effective capacity were formu-
lated. These expressions are in terms of the Gamma function
or Meijer G-function, both of them are built-in functions in
MATLAB, which makes our expressions easy to implement.
Then, all theoretical findings were verified through Monte
Carlo simulations.
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