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Abstract—In this paper, we consider the deployment of un-
manned aerial vehicles (UAVs) along a straight road, and aim to
minimize the total energy consumption of UAVs, including the
baseband processing energy, the wireless fronthauling energy and
the constant circuit energy. Specifically, the horizontal location,
vertical location, coverage radius and the functional split scheme
selection of UAVs are jointly optimized. Both the user data rate
and the total delay consisting of baseband processing and fron-
thaul transmission are guaranteed. To reduce the optimization
complexity, we further derive the upper and lower bounds of
the optimal number of UAVs. Numerical results show that, with
flexible functional split, the energy consumption of UAVs can
be considerably reduced compared with fixed functional split.
We also observe that more baseband functions should be placed
at the UAV side when the distance between the UAV and the
baseband units (BBU) on the ground is larger.

Index Terms—Functional split, UAV deployment, Cloud-Radio
Access Network (C-RAN), fronthaul.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) have recently gained
growing attentions due to their flexibility to provide better
coverage, good mobility and high probability of line-of-sight
(LoS) channels [1]. UAVs can be rapidly deployed to pro-
vide coverage in emergency scenarios, or assist the ground
networks when they are overloaded. Batteries are often used
on UAVs, to support the communication power, the mobility
power, and etc. The power consumption of communications
can limit the flying time of UAVs due to their limited battery
capacity [2], [3].

Some key factors like the coverage size, transmitting power
and on-board circuit power are recently explored for energy
efficient UAV deployment. In [4], an analytical approach is
proposed to get the optimal vertical location of a single UAV
to maximize the coverage. A 3-D energy efficient UAV de-
ployment algorithm is proposed in [5], jointly considering the
vertical location and the coverage size of UAVs. The overall
UAV transmission power of multiple UAVs is minimized while
satisfying the users’ data requirement in [6]. In [7], the energy
efficient UAV deployment considering the user density and the
on-board circuit power is analyzed.

By centralizing some baseband functions at the baseband
units (BBU) on the ground, the computation complexity of
a UAV can be reduced in the context of cloud radio access
network (C-RAN), and thus the processing energy introduced
by baseband processing at UAVs can potentially be saved [8].
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Fig. 1. (a) UAV deployment along a straight road with two UAVs. (b)
Ilustration of the flexible functional split in the uplink.

However, UAVs need to communicate with the BBU through
wireless fronthaul under limited rate. Flexible functional split
can tradeoff between the baseband processing complexity of
UAVs and the wireless fronthaul rate requirement [9]. As
illustrated in Fig. 1(b), with more baseband functions at the
UAY, i.e., at the right side of the blue line corresponds to
each split scheme, the required fronthaul rate is smaller, but
the baseband processing complexity is larger, consuming more
baseband processing energy, and introducing larger processing
delay [10]. In short, the functional split scheme affects both
the energy efficiency and the delay performance of the UAV
communication system. Note that the path loss of the wireless
fronthaul is affected by the distance between the UAV and
the BBU. The locations of UAVs, including the horizontal
locations and the vertical locations, affect the channel state
of the wireless fronthaul, which will potentially affect the
functional split scheme. The locations of UAVs have different
effects on the user data rate and the wireless fronthaul, and
thus the UAV deployment and the functional split should be
jointly optimized.

In this paper, we investigate the energy-efficient UAV de-
ployment jointly with the functional split selection. The uplink
scenario is considered, and we aim to minimize the total
energy consumption of all the UAVs, including the baseband
processing, the wireless fronthaul and the constant circuit
energy consumption, while guaranteeing the given user data
rate, the processing and fronthauling delay constraints. We
further analyze the minimum number of UAVs to guarantee
the coverage, and the upper bound of the optimal number of
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UAVs, based on which, the optimal energy consumption is
obtained with reduced complexity. Numerical results validate
the gain brought by the joint optimization of flexible functional
split and UAV deployment over the fixed functional split
scheme.

The paper is organized as follows. The system model is
described in Section II. The energy-efficient UAV deployment
problem is formulated and analyzed in Section III. The numer-
ical results are presented in Section IV. The paper is concluded
in Section V.

II. SYSTEM MODEL

We consider the deployment of UAVs for the uplink, where
the UAVs serve as access points and receive the data from the
users, and then transmit the corresponding baseband signals to
the BBU on the ground with wireless fronthaul, as illustrated
in Fig. 1.

A. UAV Coverage

We aim to cover a straight and horizontal road of length
L. The vertical location of the road is denoted as 0, and
the horizonal range of the road is from —% to % The
vertical locations of all the users are assumed to be 0, as they
correspond to vehicles on the road. The BBU is placed at the
center of the coverage area, and thus both the vertical and the
horizonal locations are denoted by 0.

We assume that N UAVs are needed to guarantee the
coverage, and the horizontal locations of the UAVs are denoted
by I = {l1,l2,...,In}, where [,, is the horizontal location of
UAV-n, and l,, < [,4+1 for 1 < n < N — 1. The coverage
radius of UAV-n is denoted by r,, i.e., the coverage range
of UAV-n is [l, — rp,l, + 7). Assume that there is no
overlap between the coverage areas of UAVs, and we thus
have l,41 — 1, = rp, + 7p41 for 1 < n < N — 1, and
li—1r1 = —é, INn+ry = % The vertical location of UAV-n
is hy,. Denoted by r = {ry,rs,...,7n} the coverage radius of
all the UAVs, and h = {hq, ha, ..., hy} the vertical locations
of all the UAVs.

B. Channel Model

To guarantee the quality of services of users, the channel
capacity between the user and the serving UAV should be
no smaller than a given transmission rate R,. According to
[4], [11], the channel between the user and the UAV can
be classified into LoS condition and non-line-of-sight (NLoS)
condition. Let £ = 0 represent LoS link, & = 1 represent NLoS
link, the path loss is expressed as

u _ Mo (47Tfudu/c)2 s
Fld) = { m (47 fudu/0)?,

where 79 and 7); are constant parameters related to the
environment, d, is the distance between the UAV and the user,
fu is the carrier frequency of the air interface, and c is the light
speed. According to [4], [11], the probability that the channel
is LoS can be expressed as
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€=0
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where 6, is the elevation angle between the user and the UAYV,
a and b are constant parameters. The average path loss between
the user and the UAV is

Lu(dmeu) - PO(OU)Lg(du) + (1 - PO(GU))Lli(du) (3)

To guarantee the user data rate R, the transmission power
of the user, denoted by P, ¢(d,), should satisfy

Pu,& (du) > (4)

Ry =logy [ 1+ —;
' 2( Le(du)No

where Ny is the noise power. The transmission power of the
user can be expressed as

Pyg(dy) = Lg(du) No(2™ = 1). (5)
The average transmission power of the user is then

Py(du; 0u) = Po(0u) Pajo(du) + (1 — Po(6u)) Pui(da)  (6)
= No(2f — 1)L¥(dy, 6,). (N

The average transmission power P,(d,,6,) increases with the
distance between the user and the UAV d,, and decreases with
the elevation angle 6,. The maximum average transmission
power of the user is achieved at the edge of each UAV cell.
For the user at the edge of the cell coverage of UAV-n, we
have

h2 +12,0,, = (180tan™ ' (h,/ry)) /7, (8)

u,n —

and note that h,, is the vertical location of UAV-n, and r,, is
the coverage radius of UAV-n. To guarantee that the average
transmission power of any user is no larger than a given power
threshold Py, the user transmission power constraint of UAV-n
can be expressed as

Pu(du,n7 eu,n) S Pth- (9)

The channel conditions of the wireless fronthaul can also
be classified into LoS and NLoS. The wireless fronthaul path
loss of UAV-n can be expressed as

= { P <=0

’ m (4r fedn/c)”, =1
where f; is the carrier frequency of the wireless fronthaul, and
ds p, 1s the distance between the BBU and UAV-n, expressed as
dr,n, = \/h2 + 2. Accordingly, the probability of LoS channel
between UAV-n and the BBU can be expressed as

1

(10a)
(10b)

Po(ef,n) - 1 + ae—b(ef‘ﬂ*a) ) (11)
where 6, is the elevation angle of UAV-n,
Or.n = (180 tan™" (hy/|1n])) /7. (12)

The average path loss between UAV-n and the BBU is
L'(dtn, 0rn) = Po(0r,n) Loy (din) + (1= Po(0r.0)) Ly, (di ).
The wireless fronthaul rate of UAV-n Ry, and the transmis-

sion power P, satisfy that Rg,, = log, (1 + m)
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C. Delay Constraint

We assume that the distribution of the active users is
modeled by a uniform distribution with density A, i.e., the
active users covered by each UAV is proportional to the
coverage radius. Each UAV can be configured with one of
K candidate functional split schemes. Given the selected
functional split scheme k, the computation complexity on the
UAV to process the baseband signals of one user in each
subframe is cj, the corresponding data of baseband signals
to be transmitted via the fronthaul, as measured by bits, is
sk. We assume that with larger k, more baseband functions
are placed at the UAV, and thus the computation complexity
to process the baseband signals is larger, but less baseband
signals need to be transmitted via the fronthaul to the BBU,
ie., ¢ < Ccpq1 and s > spqq for 1 <k < K — 1.

For UAV-n, its selected functional split scheme is denoted
by k. Denoted by k = {ki,ka,...,kx} the functional split
scheme for all UAVs. The computation operations required to
process the baseband signals is 27, ¢, , and the data amount
of baseband signals is 2Ar, sy, . Denoted by C the computa-
tion capacity of each UAV, and P, the processing power when
the UAV is processing the baseband signals. Note that all the
computation capacity is used to process the baseband signals
to minimize the processing delay, and thus the processing
power of different functional split schemes is the same, while
the processing delays are different. The baseband processing
and baseband signals transmission should be completed within
a delay constraint D. Assume that the BBU has enough
computation resources, and thus the baseband processing delay
at the BBU is ignored. In summary, the delay constraint can

2y 227,
be expressed as —~ ke + ;,4 Skn < D,
n

III. ENERGY EFFICIENT UAV DEPLOYMENT

A. Problem Formulation

The total energy consumed in each subframe by UAV-n can
be expressed as

2T, CL 2T, SE
ey pp, R
o TR

where Ej is the circuit energy consumption from down
conversion, filter, and etc., which is assumed to be constant,
PC% is the energy consumed by the baseband process-
ing, and P, 2”% is the energy consumed by the wireless
fronthaul. We aim to minimize the total energy consumption
of all UAVs, and the corresponding optimization problem is

formulated as

En = PC +EO7 (13)

o, S s
S.t. Pu(du,na au,n) < ]Dthv (15)
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where Eq. (15) is the constraint of the user transmission power,
Eq. (16) is the delay constraint, Eq. (17) and Eq. (18) are the
constraints to guarantee that there is no coverage hole and
we assume that there is no coverage overlap. Note that the
fronthaul rate I, is not a variable to be optimized, because
the minimum energy consumption is obtained when

2Arpcr,  2ArnSk,
C Rf,n,

ie, Rp, is determined by the coverage radius r, and
functional split scheme k,. The reason is that the energy
consumed by wireless fronthaul, i.e., anz’\gﬂ, increases
with Ry, and thus E,, increases with Rg,. The minimum
value of E, is achieved when Ry, is minimized, we thus
have 2)\78(kn + 2/\7n5kn - D.

The number of UAVs N is a variable to be optimized, and
the dimension of optimization variables I, h,r k is 1 x N.
To solve PO, we first fix the number of UAVs N, obtain
the corresponding optimal energy consumption, and then get
the optimal N by comparing the energy consumption of all
possible V. We need to determine the lower bound of the
optimal N to guarantee that the problem formulation has
solutions, and the upper bound of the optimal N to reduce the
feasible region, , i.e., the searching complexity of the problem.

B. Lower Bound of the Optimal Number of UAVs N

To satisfy the delay constraint, the baseband processing
delay should be smaller than the delay bound D, and thus the
coverage radius of UAV-n should satisfy 2””“" < D, ie,
rn < 2§D On the other hand, given the coverage radius
., there s%ould exist a vertical location h, to satisfy the
user transmission power constraint. The maximum r,, can be

obtained by solving the following problem:

=D, (19)

Pl max r,
Tnshn

s.t.  Py(rp, hn) < P, (20)

0<r, < 21

2)\61 '

Denoted by 7, the maximum 7, obtained by solving P1, the
lower bound of N, denoted by Ny, can be expressed as

Nmin = ’7 L —‘ )
2T max

where [2] is the minimum integer that no smaller than z.

C. Upper Bound of the Optimal Number of UAVs N

To obtain an upper bound of the optimal number of UAVs
N, we first obtain an upper bound of the optimal energy
consumption. If the horizontal location of a UAV is Z, we first
explore the corresponding vertical location h and coverage
radius 7 to minimize energy density p(l), which is defined as

(22)

A E

where E is the energy consumption of the UAV given I, h,
7 and functional split scheme k. Energy density p(l) is the

(23)
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average energy consumed to serve the users in unit coverage
length. The minimum p(l) can be obtained by solving the
following problem:

P2 min p(l) (24)
7,0k

st. Py(7,h) < Py, (25)

p . 26

0<i<y P (26)

Denoted by p*(I) the minimum energy density given [. As the
wireless fronthaul energy consumption increases with |l | given
h, 7 and k, energy density p(l) is an increasing function of |I],
the optimal energy density p*(I) also increases with |I|. For
UAV-n, we have 2‘% > p*(0), and we thus have

N N
> En= 2rp*(0) = Lp*(0),
n=1 n=1

i.e., the total energy consumption of all the UAVs should be
no less than Lp*(0), and thus a lower bound of the optimal
energy consumption is

27)

Ey, = Lp*(0). (28)

The maximum energy density is achieved when \[ | = %,
which can be expressed as p*(%).

Lemma 1. An upper bound of the optimal energy consumption
is Eub = p*(%)L + Eo.

Proof. When the horizontal location of the UAV is [ = % we
can obtain the corresponding vertical location h*, coverage ra-
dius 7#* and functional split scheme k* to minimize the energy
density, p* (%) can be obtained by solving P2. Let N=[X%1.
We design a deployment scheme where [,, = —% + (2n— 1) A
rn:f*,hn:fz*,andkn:l;:*forlSngN—l.As
[l| < %, the energy consumed by the wireless fronthaul is
less than the scenario when the horizontal location of the UAV

is %, and we thus have

L
B, <27p*(35), 1<n<N-1 (29)
For UAV-N, Iy = (N — 1)r rn =L —(N=1)7*, hy = h*,

and ky = k*. As Iy < = and N § 7*, the average energy
consumed by wireless fronthaul of each user is smaller than
the scenario when | = % and the coverage radius is 7*, i.e., the
energy density introduced by the wireless fronthaul is smaller,
while the energy density introduced by baseband processing
is the same with the scenario when [ = £ and the coverage
radius is 7*. The baseband processing energy and wireless
fronthaul energy should satisfy

2\r ey 2T N Sk L
P, ~ 4+ P ~o< 20" (=), 30
G + Pr v Rin /)(Q)TN (30)
i.e., the energy consumption of UAV-N satisfies
L
Eyn <E0+2p*(§)7']\/‘ 31
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Fig. 2. The optimal power consumption of UAVs.

Further according to Eq. (29), we have

ZE < p*(

which completes the proof. O

L + Eo, (32)

We are now able to obtain an upper bound of the optimal
number of UAVs N with the upper bound of the optimal
energy consumption in Lemma 1. As the minimum energy
consumed by baseband processing of each user is determined
by the functional split scheme, the minimum energy consump-

C
functional split scheme 1 has the least basebgnd functions
at the UAV. When N > 2 )L+E° BALA/C " the sum of
the constant energy consumption and the baseband processing
energy is larger than the upper bound of the optimal energy
consumption, which can be ignored when solving P0. We thus
get an upper bound of N as

( ) L+ E(] P )\Lcl

N .
< Eq (33)

The optimal solution of PO is in the region where N <
p* (%) L+Eo—P. 2kt
Eo :

IV. NUMERICAL RESULTS

We set the user density as A=0.1 m~!. The carrier frequency
of the air interface is 2.4GHz, the equivalent bandwidth of
each user is 2MHz. Two candidate functional split schemes
are considered [12], the average required fronthaul rate of
each user in functional split scheme 1 is 80Mbps, and the
baseband processing complexity of each user is 1.2GPoS. The
average required fronthaul rate of each user in functional split
scheme 2 is 24Mbps, and the baseband processing complexity
of each user is 4GPoS. The bandwidth of wireless fronthaul is
100MHz, and the carrier frequency is 5SGHz. The computation
capacity of the UAV is 100GPoS, and the processing power of
the UAV is 10W. The constant onboard circuit power is 10W.
The baseband processing delay and fronthaul delay of each
subframe should not exceed 2ms. The average transmission
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Fig. 4. The horizontal locations, vertical locations and selected functional
split schemes of the UAVs when the coverage length is 1500m.

power constraint of each user is 10mW, and the required user
data rate is 6Mbps. The noise power is Ny = —174dBm/Hz.

The total power of UAVs with flexible functional split is
presented in Fig. 2, compared with the schemes with one
fixed functional split scheme. We can see that with flexible
functional split, the power consumption of all the UAVs
can be considerably reduced. Note that the curves are not
smooth because the optimal number of UAVs changes with
the coverage length, which is an integer, as illustrated in Fig.
3. The upper and lower bounds of the optimal number of UAVs
are presented in Fig. 3, the gap between the upper bound and
the lower bound is small, which makes it possible to traverse
all possible values of the optimal number of UAVs.

In Fig. 4, the optimal horizontal locations, vertical locations
and selected functional split schemes of UAVs are presented,
when the coverage length is 1500m. The optimal number of
UAVs is 6. Functional split scheme 1, which has less baseband
functions at the UAV side, is selected by the 2 UAVs nearest to
the BBU, and functional split scheme 2 is selected by the other
4 UAVs far from the BBU. With larger distance between the
UAYV and the BBU, the vertical location of the UAV becomes
larger to reduce the probability of NLoS link.

V. CONCLUSIONS

In this paper, we consider the UAV deployment jointly
with the functional split scheme selection of each UAV. We
optimize the horizontal location, the vertical location, the
coverage radius, the functional split scheme of each UAYV,
to minimize the energy consumption of all UAVs, under the
constraints of the average user transmission power, and the
total delay including baseband processing and fronthauling. To
obtain the optimal energy consumption, we derive the upper
and lower bounds of the optimal number of UAVs. Numerical
results show that, by jointly considering the UAV deployment
and flexible functional split, the energy consumption of UAVs
can be reduced compared with fixed functional split scheme.
We also find that when the distance between the UAV and the
BBU is larger, more baseband functions should be placed at
UAVs, and the UAV should fly higher.

ACKNOWLEDGMENT

This work is sponsored in part by the Nature Science
Foundation of China (No. 91638204, No. 61571265, No.
61621091), and Hitachi Ltd.

REFERENCES

[1]1 Y. Zeng and R. Zhang, “Energy-efficient UAV communication with tra-
jectory optimization,” IEEE Transactions on Wireless Communications,
vol. 16, no. 6, pp. 3747-3760, 2017.

[2] L. Gupta, R. Jain, and G. Vaszkun, “Survey of important issues in UAV
communication networks,” IEEE Communications Surveys & Tutorials,
vol. 18, no. 2, pp. 1123-1152, 2016.

[3] M. Alzenad, A. El-Keyi, F. Lagum, and H. Yanikomeroglu, “3-D
placement of an unmanned aerial vehicle base station (UAV-BS) for
energy-efficient maximal coverage,” IEEE Wireless Communications
Letters, vol. 6, no. 4, pp. 434-437, 2017.

[4] A. Al-Hourani, S. Kandeepan, and S. Lardner, “Optimal LAP altitude
for maximum coverage,” IEEE Wireless Communications Letters, vol. 3,
no. 6, pp. 569-572, 2014.

[5] R. I. Bor-Yaliniz, A. El-Keyi, and H. Yanikomeroglu, “Efficient 3-D
placement of an aerial base station in next generation cellular networks,”
in IEEE International Conference on Communications (ICC), 2016, pp.
1-5.

[6] M. Mozaftari, W. Saad, M. Bennis, and M. Debbah, “Optimal transport
theory for power-efficient deployment of unmanned aerial vehicles,” in
IEEE International Conference on Communications (ICC), 2016, pp.
1-6.

[71 J. Lu, S. Wan, X. Chen, and P. Fan, “Energy-efficient 3D UAV-
BS placement versus mobile users’ density and circuit power,” arXiv
preprint, arXiv:1705.06500, 2017.

[8] China Mobile, “C-RAN: the road towards green RAN,” White Paper,
Version 3.0, Dec 2013.

[9]1 U. Détsch, M. Doll, H.-P. Mayer, F. Schaich, J. Segel, and P. Sehier,

“Quantitative analysis of split base station processing and determination

of advantageous architectures for LTE,” Bell Labs Technical Journal,

vol. 18, no. 1, pp. 105-128, 2013.

X. Wang, L. Wang, S. E. Elayoubi, A. Conte, B. Mukherjee, and

C. Cavdar, “Centralize or distribute? A techno-economic study to

design a low-cost cloud radio access network,” in /EEE International

Conference on Communications (ICC), 2017, pp. 1-7.

A. Al-Hourani, S. Kandeepan, and A. Jamalipour, “Modeling air-to-

ground path loss for low altitude platforms in urban environments,”

in IEEE Global Communications Conference (GLOBECOM), 2014, pp.

2898-2904.

C.-Y. Chang, R. Schiavi, N. Nikaein, T. Spyropoulos, and C. Bonnet,

“Impact of packetization and functional split on C-RAN fronthaul

performance,” in IEEE International Conference on Communications

(ICC), 2016, pp. 1-7.

[10]

(1]

[12]



