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Abstract—The reliability of command and control (C2) oper-
ation of the UAV is one of the crucial aspects for the success of
UAV applications beyond 5G wireless networks. In this paper,
we focus on the short-packet communication to maximize the
coverage range of reliable UAV control. We quantify the relia-
bility performance of the C2 transmission from a multi-antenna
ground control station (GCS), which also leverages maximal-
ratio transmission beamforming, by deriving the closed-form
expression for the average block error rate (BLER). To obtain
additional insights, we also derive the asymptotic expression
of the average BLER in the high-transmit power regime and
subsequently analyze the possible UAV configuration space to
find the optimum altitude. Based on the derived average BLER,
we formulate a joint optimization problem to maximize the
range up to which a UAV can be reliably controlled from a
GCS. The solution to this problem leads to the optimal resource
allocation parameters including blocklength and transmit power
while exploiting the vertical degrees of freedom for UAV place-
ment. Finally, we present numerical and simulation results to
corroborate the analysis and to provide various useful design
insights.

I. INTRODUCTION

UAVs are envisioned to play a pivotal role in the devel-
opment of non-terrestrial networks beyond 5G [1]]. For the
successful deployment of UAV-based wireless networks, ensur-
ing air-space regulatory compliance and other safety measures
are of paramount importance. Various countries establish their
own set of requirements for using the air-space. For instance,
NASA in the United States is responsible for the specific
guidelines for UAV traffic management. Similarly, in Europe,
the U-space program under the SESAR joint undertaking aims
to establish the requirements for UAVs in European airspace
[2]]. In this vein, the reliability of the control and non-payload
communication (CNPC), also known as command and control
(C2), to UAV is critical to satisfy the strict guidelines. In
addition, the latency to control the UAV should be as low
as possible to avoid a delay in the real-time navigation of the
UAV.

Ultra-reliable and low-latency communication (URLLC)
services for C2 of UAVs are potentially useful for safe
flight operations and emergency situations. As such, short-
packet or finite blocklength transmission is considered to be
an enabler of the URLLC at the physical layer level [3].
In fact, various works have studied the different aspects of
UAV networks considering short-packet communication [4]-
[9]]. For instance, the authors studied a joint blocklength and
location optimization problem in [4] and joint transmit power
and placement optimization [35] for UAV relay systems. In

[6]], the achievable data rate was analyzed considering a 3D
channel model. Further, packet error probability and effective
throughput are derived in [7] for URLLC-based UAV com-
munications. However, all these works did not incorporate the
effect of small scale fading which is dominated in the dense-
urban environment. In contrast, by incorporating small- and
large-scale fading, the authors in [8] analyzed the reliability
performance of full-duplex multi-UAV networks, while the
work in [9] studied a cooperatively relaying UAV to investigate
the optimal blocklength and power in the UAV.

As noted above, the reliability of C2 communication for
UAVs is critical to the success of UAV applications. To this
end, differently from existing studies, this paper focuses on
URLLC-assisted UAV to maximize the range of reliable UAV
control. Specifically, our contributions can be summarized as
follows:

e We quantify the reliability performance of the short-
packet communication-assisted UAV control from a
multi-antenna ground station, which also performs
maximal-ratio transmission (MRT) beamforming, by de-
riving the closed-form expression for the average block
error rate (BLER).

« To obtain additional insights, we also derive the asymp-
totic expression for the average BLER in the high-
transmit power regime and subsequently obtain the UAV
configuration space towards finding the optimum altitude.

« Moreover, we formulate a joint optimization problem to
find the maximum coverage up to which a UAV can be
reliably controlled. Consequently, leveraging the vertical
degrees of freedom for UAV placement, we obtain the
optimal resource allocation parameters including block-
length and transmit power.

It is important to note that the study in this paper is useful
for various emerging applications of UAV such as disaster
resilient or emergency network services, hot-spot, on-demand
aerial access point, etc. For such applications, reliable control
of UAVs is very important to ensure safety compliance and
other regulation guidelines.

Notations: Throughout this paper, we use E[-] to represent
the expectation and CN(0, 0?) to represent the complex nor-
mal distribution having mean zero and variance 2. Also,
()T, (), ]|, and ||-]| denote transpose, conjugate, absolute
value, and Euclidean norm operations, respectively. fx(-) and
Fx(-) denote the probability density function (PDF) and the
cumulative distribution function (CDF) of a random variable
(RV) X, respectively, and IP(-) represents the probability.
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Fig. 1: System model

Q~1(-) is inverse of the Gaussian Q-function such that Q(z) =
[.°1/V2m exp(—t?/2)dt. Y[, -] and T'[-] denote, respectively,
the lower incomplete and the complete gamma functions [[10].

II. SYSTEM DESCRIPTIONS

We consider C2 operation of a UAV from a GCS as shown
in Fig. The GCS is considered to be equipped with Ny
number of antennas while UAV has a single antenna. In
general, C2 for UAVs often requires low data rates. Also, safe
navigation and regulatory compliance make UAV control a
time-sensitive process. For URLLC applications, short-packet
communication can be used for low-latency transmission [4].
Therefore, for efficient UAV control, we consider the short-
packet communication link for the C2 between the UAV and
the GCS [11f. Let h denotes the flying altitude of UAV and
R. indicates the coverage range for UAV control. Further, as
can be seen from Fig. [T} the UAV follows a circular trajectory
with radius R.. The GCS is located at the centre of the circular
trajectory projected on the ground.

To model ground-to-air (G2A) propagation, we adopt a
suitable channel model that accounts for both large-scale
fading and small-scale fading. More specifically, the large-
scale fading is primarily dependent on altitude, distance, and
elevation angle, which are dominant factors for G2A propaga-
tion. As such, the line-of-sight (LoS) probability between the
GCS and the UAV is given by [12], [13]

1

P =

($5.) Bldgn — 0’
where ¢4, represents the elevation angle between the GCS
and the UAV, B and C are constants that depend on the
environment, i.e., urban, dense urban, suburban, etc. Here, the
height of the GCS is considered negligible compared with
UAV altitude. Furthermore, based on the above formulations,
the path-loss exponent is given by [13], [[14]

O‘(¢g w) = P(¢g u)cg + fgs 2

where c, and f, are constants. To characterize the small-
scale fading, all the channel coefficients are subject to in-
dependent block Nakagami-m fading. In particular, let the
channel hg, from GCS to UAV be a INV; x 1 vector whose
entries follow Nakagami-m distribution with fading severity
parameter m, ,, and average fading power €, ,,,. Nakagami-m
distribution is a generalized model that can capture a variety

1+ Cexp(— M

of fading scenarios including Rician fading with parameter

2
_ K
Mgu = <1_(k+1) >
Let x. represents the unit energy control signal, i.e.,

E[|z%|] = 1, transmitted from the GCS. The corresponding
signal received at UAV is given by

yu =\ Pydy " RT wz, + ., 3)

where dg ., = +/(h?+ R2) is the distance between GCS
and UAV, P, is the transmit power, and 7, ~ CN(0,02)
denotes the additive white Gaussian noise (AWGN). The
transmitter leverages MRT beamforming [16] such that the
transmit beamforming vector w = TR h ik Based on (3), the
instantaneous signal-to-noise ratio (SNR) at UAV to decode
the control signal from GCS can be expressed as

[[15]], with K being a Rician factor.

g,u w - a(bg,u)
ng(¢q ) ng(f )

In ||? can be characterized by the Gamma distribu-

tion whose 'PDF and CDF can be, respectively, given by

Mg, uNy -1

Mg, o Nt
Mgu Mg,u
o(z) = _9uv ——  eX -],
fllhg,ull ( ) (Qg,u> F(mg,uNt) p( Qg,u )
(5)

1 Mg
Fthyqu(x) = WT (mg,uNt, Qgg:ux> . (6)
Recalling that GCS uses short-packet communication for
sending the C2 information to UAV. Since the metadata
becomes comparable to the payload data for the short-packet
transmission, the classical Shannon’s capacity theorem, which
is valid for infinite blocklength, does not hold in this case. The
achievable rate R, , under a finite blocklength of N, with a
BLER ZE ,, can be given by [16], [17]

Vo,u

—1/=
VT E) O

Ry ~logy (14+Agn) —

where V , is the channel dispersion and is given by

Vyu = (1 1+ Ag,u)‘g) (log, ¢)2. )

The approximation in (/) is very accurate for N, > 100.
For an n;, number of data bits in the blocklength of IV,, the
achievable rate can be given by Ry ., = ny/Np.

On the basis of the preceding formulation, in the next
section, we investigate the BLER to measure the reliability
performance of the control signal transmission.

ITII. RELIABILITY ANALYSIS

UAV’s safe navigation is critical for its potential use cases in
beyond 5G networks. Hence, the reliability of UAV’s control
is an important performance metric. We derive the BLER
for UAV to analyze the reliability performance of control
signal transmission from GCS. Firstly, rearranging (7), we can
express the instantaneous BLER as

Eg,u = Q (

N,
Vgpu (logy (1 +Agu) — Rg,u)> . 9)



Using (9), the average BLER can be obtained as

oo
ze / Zpufn, . (@)de,
0

where fa, (-) is the PDF of SNR A, ,. Since it is difficult
to derive the exact closed-form solution of (I0), we adopt the
following approximation [16] to first reduce (@) to

(10)

L, Agu < &g
Egu ™ 43—V Np(Agu = 9)s Egu < Agou < g
07 Aq,u 2 6(],’[},
an
_ 92ny/N, _ _ 1 N |
where ¢ = 2“7 1, ¥ P Egu = TN

Ogu = P+ 5 \N Based on the above, the following theorem

prov1des the closed-form expression for the average BLER at
UAV for the integer values of fading severity parameter mg .

Theorem 1: For the transmission of C2 signals from a GCS
to a UAV, the average BLER as a function of R. and A can
be given by

Mg owNg—1
- 1 Q,,P,

ENE(Re,h) =119 /N Z i

d_a(¢g,u)
279,
Mg,u0s

T<l+1 mg“”f’da<¢w>5 )
Qgu Py
T (l+1 ﬁda (ode ) |- 12
Proof: Refer to Appendix @ [ |

For the non-integer values of m, ,, the BLER expression is
given in the following corollary.

Corollary 1: For the non-integer values of mg ,,, the average
BLER can be obtained as

Qgu Py
~avg R h — 9./N E gu d*a@g,u)
© Fmgu+l+1)mgu02 o

x |7 (mq,u +1+1, QZngo d2es) g, )
Mg w0 (b .
—T<mg,u+l+1 QZ;P dg'P ) 8g.0 )] (13)
Proof: Refer to Appendix [B] [

To simplify the derived BLER expression and get more
insights, in the following corollary, we present its asymptotic
approximation in the high transmit power regime, that is,
P, — oo.

Corollary 2: In the high-transmit power regime, the asymp-
totic expression of BLER can be obtained as

mg,uNt
= R h) =V (M0 e,
P, S0 I‘(mg,uNt +2) Qg Py g.u
Mg,uNe+1 _ ¢gmg o Ne+1
x (6g,u g,u )

(14)
Proof: Refer to Appendix [C| [

Remark 1: Ir can be inferred from (14) that the BLER
decreases with a shorter coverage radius, therefore, to
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Fig. 2: Configuration space of UAV for a target BLER threshold

achieve a smaller BLER, the coverage radius must be
reduced. For practical applications, however, it is desirable
to have a maximum possible coverage range for the UAV
control in order to avoid frequent handovers. Therefore, there
exists a trade-off between the coverage radius and the BLER.
Nevertheless, a certain threshold of BLER can also ensure
sufficient reliability of control signal transmission. To this
end, the coverage radius can be maximized while satisfying a
certain BLER, i.e., a target reliability, requirement necessary
for guaranteeing the reliability.

Remark 2: Using the asymptotic expression in Corollary
2] we can determine the UAV configuration space which
encompasses all possible (R, h) values for a given BLER.
Concretely, we first re-express (14)) to obtain

as - 1
E;ﬁz(g{c7 h) 7ng,uNtf’(¢g,u)
dgu = ’

15
B (15)
with
Mg,u Ny
5 9\/Ny (mg,uog> ‘
F(mngt + 2) quP
% <6$3,uNt+1 ggng 11Nt+1) (16)

Based on the (I3), we can derive the following relation

:Rc = dg,u + COS (¢g,u)7
h=dg, -sin (¢g,u)7

with ¢g ., € [0,7/2). Using (I7), two-dimensional (2D) curve
of the configuration space is demonstrated on a R. — h plane
in Fig. 2| Apparently, the maximum coverage is obtained
corresponding to an optimal altitude on the boundary of the
configuration space.

(17a)
(17b)

IV. UAV CONTROL RANGE MAXIMIZATION

In this section, we formulate the problem to maximize the
coverage for UAV’s reliable control. The primary objective
here is to maximize the coverage for UAV control while
ensuring certain reliability requirement. Towards this goal, the
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Fig. 3: Average BLER vs. altitude and coverage

joint coverage maximization problem can be formulated as
follows

(P): max R,
h’P‘?’NI’
subject to : Z'% (R, h) < v, (18a)
0 <h < hmax (18b)
0 < Py < Prax (18¢)
0 < Np < Np max (18d)

In the above formulation, constraint (T8a) ensures the target
reliability requirement necessary for UAV control. The feasible
configuration space corresponding to this constraint can also
be seen from a 3D curve in Fig. 3] Moreover, following the
reasoning in Remark 2, the optimum coverage is obtained
when equality in constraint (I8a) holds. The limit in (T8B),
where hp.x represents the maximum altitude of the UAYV,
restricts the altitude of the UAV to comply with the aviation
authority requirements. The constraint in limits the max-
imum power at GCS. Intuitively, for maximizing the coverage,
the GCS must transmit with the maximum available power and
hence the equality in also holds such that Py = Ppax.
The blocklength is upper bounded by the constraint in (T8d)
which also translates to the latency constraint. Using (9), it can
be seen that BLER decreases with increasing blocklength for a
fixed data size as the (Q-function is a monotonically decreasing
function. Consequently, the best coverage is obtained at the
maximum blocklength, that is, N; = Npmax. As a result,
problem (P) can be reduced to

(P1): max Re,

subject to : (T8a)), (T8D).

To proceed further, we obtain the Lagrange dual function of
the problem (P1) as

G(A) = sup L(Re, h, Ay), (20)
where the Lagrangian is given by
L(Re, by Ai) = Re + A1 (Bps (Re, h) — vin)
+)\2(h_hmax)7 (21)
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Fig. 4: Coverage vs. altitude of UAV

with A = (A1, A2) representing nonnegative dual variables
associated with constraints (I8a) and (I8D). Thus, the resulting
dual optimization problem becomes

(P2) : min 5(A),
subject to : A > 0.

It is a known fact that dual function is always convex by
definition, and hence (P2) can be solved directly via standard
convex optimization solvers [18]]. Since we have obtained the
closed-form expression of the average BLER, the evaluation
of the optimal solution turns out to be quite efficient and fast.
In addition, the optimal altitude can also be obtained by an
exhaustive two-dimensional search within the feasible search
space.

V. NUMERICAL RESULTS

This section analyzes the performance of the derived frame-
work using the numerical and simulation results. For this,
various parameters are set, unless otherwise stated, as follows
[12], [16]: € = 0.5,B = 20,e,, = —1.5, f,, = 3.5, Mg =
1,Q5u = 1, Ny = 3, hmax = 1000 m, ny = 80, Np max =
100, Ppax = 30 dBm, 02 = —50 dBm. The accuracy of
the derived analytical results are also verified with extensive
Monte Carlo simulations.

In Fig.[d] we plot the coverage range of UAV control against
the altitude for different values of target reliability. Apparently,
the lower the target reliability, higher will be the UAV control
range. For example, the maximum range R.max ~ 330 m
at v, = 1075 while Repmax ~ 703 m at vy = 1073
Interestingly, the optimal altitude (h*) corresponding to the
maximum range (R max) for various reliability targets lies
along the same line. In other words, the ratio 2* /R max Or the
optimal elevation angle remains the same for different values
of Yth-

Fig. [B] demonstrates the effect of varying transmit power
at GCS on the average BLER performance. For this, the
coverage range is kept fixed at R, = 300 m, while the curves
are plotted for two different values of the UAV altitudes.
Evidently, the simulation results, denoted by markers, match
with the analytical results, represented by solid lines, thus
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verifying the accuracy of the theoretical analysis. In addition,
the asymptotic curves are well aligned with the analytical
and simulation results at the high-transmit power regime,
confirming their accuracy. From the pertinent curves, it can be
seen that the average BLER decreases with increasing transmit
power, which is expected since higher transmit power leads to
better received SNR at the UAV. This observation suggests that
the range of UAV control can also be increased by increasing
the transmit power, however, the constraint on the maximum
transmit power at GCS inhibits the reduction in BLER after a
certain point.

In Fig. [6] we illustrate the impact of blocklength on BLER
performance. Clearly, a large blocklength leads to better aver-
age BLER performance. Interestingly, the minimum BLER is
experienced at the same UAV altitude for different blocklength
sizes. In other words, the optimal height remains unaffected
of blocklength for a given coverage range. However, since a
larger blocklength results in a smaller BLER, the coverage
range can be increased for a given target reliability threshold.
To exemplify this, for a target reliability of 4, = 10~° (which
corresponds to 99.999% reliability), the maximum coverage
range is R. ~ 330 m for a blocklength of IV, = 100 while the
maximum coverage range is R. ~ 543 m for a blocklength
of N, = 200. Nevertheless, larger blocklength translates to
higher latency and thus it should be constrained to achieve
low latency transmissions.

A. Impact of Aerial Interference

Although it would be desirable to have the dedicated
resource blocks for the UAV C2 operations due to safety
concerns, for the completeness, we analyze the effect of the
interference from the neighbouring aerial vehicles on the
maximum coverage range. For this, we consider air-to-air
links to be modeled by a free space path loss model. Con-
sequently, following (@), the signal-to-interference-plus—(noisg:-

2 ,—a(Pg,u
ratio (SINR) at a UAV is given by A, ,, = Pg”?:“}lld%z +ig s
where L is number of interferer, P; is the transmit power at
each interferers, d; ,, is the distance between an ¢-th interferer
and UAV, and «, is the path-loss exponent. Using this SINR,
the BLER can be derived following the similar approach as

N, =100

A — = =N, =200
N, = 300

102 ¢

2
IS

Average BLER

100 ¢

0 100 200 300 400 500 600 700 800
h (m)
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in Appendix [A] and hence its expression is omitted here for
brevity. Analytical results are plotted in Fig. [7} while setting
P; = 5dBm, d; , = 300 m, and o, = 2, for varying numbers
of interferers and transmit antennas at GCS. Naturally, the
presence of interference leads to a higher average BLER
which, in turn, results in a relatively smaller coverage range.
However, the loss in BLER performance can be compensated
to some degree by increasing the number of antennas at GCS.

VI. CONCLUSION

We studied a coverage range maximization problem for
reliable UAV control. For URLLC-assisted C2 operation,
we considered short-packet communication for control links
between a multi-antenna ground control station and a UAV.
Subsequently, we analyzed the reliability performance by
deriving the closed-form expression for the average BLER.
Further insights were obtained by delving into the asymptotic
analysis at high transmit power regime. Finally, a joint opti-
mization problem is solved to obtain the maximum coverage
range upto which a UAV can be reliably controlled while
optimally allocating the available resources leveraging the
vertical degrees of freedom for UAV placement.



In essence, the developed framework leads to identification
of a feasible flying space within which the UAV can be
controlled reliably for various emerging applications.

APPENDIX A
PROOF OF THEOREM(I]
On invoking (TT) in (T0), we can re-express

—.avg = 9./N. FAg,u (IE)dZL’

€g,u

Using the SNR A ,, from (@), the CDF F,
of (6), can be derived as

(A.1)
. (), with the aid

2 j0(dg,u)

Pyl 2 o
Fp, . (z) =Pr % <xz|=Fp, 0 | 2l 2
. Ugdg,ug’u ’ P,
]. m 0.2do‘(¢g u)x
= Ty L | MealNe, =2 A2
['(mg,uNt) Mgt Qg Py (A2)

Using the series representation of the lower incomplete gamma
function as in [19, 8.352.1] and substituting the resulting
(A.2) in (A and thus performing certain substitutions and
reductions, we obtain

mguNe—1 1 Adg u .
228 =1-9y/N, Z Al!/Ag t' exp(—t)dt,
g,u
(A3)
where A = ?;9 wo dg ol@s.4) O evaluating the above integral,

the expression in 2Fheorem |I| can be derived.

APPENDIX B
PROOF OF COROLLARY [I]
To derive the BLER in Corollary [I] we invoke the following

series representation of lower incomplete Gamma function
(15]

7(03) X et e (). @

where M equals infinity provides exact values of Y(-,-).
However, even for M = 50, the series converges to sufficient
accuracy. After using (B:I) in (AZ2) and the obtained result
in (AZ), one can evaluate the resulting integral to obtain the

expression in (T3).

APPENDIX C
PROOF OF COROLLARY 2]

To derive the BLER at P, — oo, we first use the following
series expansion [20]]

~

X
Tlwa)=2"2 00T S o

(C.1)

Using the above approximation in (A.2)) and substituting the
result in (AZT)), we can express

1
ES (Re,h) =~ 9y/N, S
u( Py—oo ton r(mg,uNtH)
2 d’g,) Mg, ulNt
mg.u05dy i dz.  (C2)

Evaluation of the above integral yields the expression in
Corollary [2]
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