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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

Problem Formulation

minimize
C,T

J(C, T )

s.t. Motion model,
Channel model,
Trajectory constraints,
Communication constraints.
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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

Problem Formulation

minimize
C,T

J(C, T )

s.t. ẋ = f(x,u),
Channel model,
x(T ) = xg,
Communication constraints.
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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

Problem Formulation

minimize
C,T

J(C, T )

s.t. ẋ = f(x,u),
Channel model,
x(T ) = xg,
Communication constraints.

Should we consider:
ONLY the energy spent by the motors?
ALSO the energy spent by the transmitter?
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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

Problem Formulation

minimize
C,T

J(C, T )

s.t. ẋ = f(x,u),
Channel model,
x(T ) = xg,
Communication constraints.

In this example, we take E(0, T ) = fmech(T ).

How to include E(0, T ) into the
optimization problem?
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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

E(0, T ) = fmech(T )

Problem Formulation

minimize
C,T

J(C, T )

s.t. ẋ = f(x,u),
Channel model,
x(T ) = xg,
Communication constraints.

Depending on prior information:
STOCHASTIC model. (almost none)
MEASURMENT based model. (RF
measurements at some positions)
RAY TRACING model. (3D map)
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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

E(0, T ) = fmech(T )

Problem Formulation

minimize
C,T

J(C, T )

s.t. ẋ = f(x,u),

y(t) = h(p)s(t)
∥prx−ptx∥ + nrx(t),

x(T ) = xg,
Communication constraints.

Stochastic model with shadowing.
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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

E(0, T ) = fmech(T )

Problem Formulation

minimize
C,T

J(C, T )

s.t. ẋ = f(x,u),

y(t) = h(p)s(t)
∥prx−ptx∥ + nrx(t),

x(T ) = xg,
Communication constraints.

Does the transmitter use:
Power control?
Constant power?
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Case 1: Energy efficiency

Power control

Pref at the receiver whenever possible.
Requires feedback for channel estimation.
Transmitted data depends on time spent in
connected regions.

Constant power

Transmits with constant power, received
power depends on transmitter position.
No feedback required.
Transmitted data depends on trajectory.

BOTH MECHANISMS LEAD TO DIFFERENT PROBLEMS
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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

E(0, T ) = fmech(T )

Problem Formulation

minimize
C,T

J(C, T )

s.t. ẋ = f(x,u),

y(t) = h(p)s(t)
∥prx−ptx∥ + nrx(t),

x(T ) = xg,
Communication constraints.

For constant tx power the tx rate is

r(t) = B log2

(
1 +

h2(p)P

∥prx − ptx∥2σ2
n

)
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Case 1: Energy efficiency

A quadrotor must go from a starting point to a
goal point while transmitting as much data as
possible to a base station, using as little energy
as possible. This must be done in a finite time T .

E(0, T ) = fmech(T ) r(t)

Problem Formulation

minimize
C,T

J(C, T )

s.t. ẋ = f(x,u),

y(t) = h(p)s(t)
∥prx−ptx∥ + nrx(t),

x(T ) = xg,
Communication constraints.

How to include E(0, T )?
How to include r(t) ?
How to combine E(0, T ) and r(t)?
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Case 1: Energy efficiency

OP 1

maximize
u

∫ T

0

r(t)dt

E(0,T )

s.t. ẋ = f(x,u),

y(t) = h(p)s(t)
∥prx−ptx∥ + nrx(t),

x(T ) = xg,

OP 2

maximize
u,Emax

∫ T

0

r(t)dt− Emax

s.t. ẋ = f(x,u),

y(t) = h(p)s(t)
∥prx−ptx∥ + nrx(t),

x(T ) = xg,
E(0, T ) < Emax.

OP 3

minimize
u

ϑE(0, T ) + (1− ϑ)

(∫ T

0

r(t)dt

)−1

s.t. ẋ = f(x,u),

y(t) = h(p)s(t)
∥prx−ptx∥ + nrx(t),

x(T ) = xg,

OP 4

minimize
u,D

E(0, T ) +D−1

s.t. ẋ = f(x,u),

y(t) = h(p)s(t)
∥prx−ptx∥ + nrx(t),

x(T ) = xg,∫ T

0
r(t)dt > D.
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Case 1: Energy efficiency
438 IEEE TRANSACTIONS ON ROBOTICS, VOL. 36, NO. 2, APRIL 2020

penalization term that we propose is

Pobs = K1

j−1∑

n=0

exp

(
K2

‖qo − a∗(n, n+ 1)‖ − ro
ro

)
(30)

where K1 > 0, K0 > 0 are design parameters; a∗(n, n+ 1)
is the closest point to the obstacle center qo belonging to the
linear segment θcn + (1 − θ)cn+1 with θ ∈ [0, 1]. Using linear
algebra it is possible to show that

a∗(n, n+ 1) = θ∗cn + (1 − θ∗)cn+1 (31)

where:

θ∗(n, n+ 1)

= max

(
min

(
(cn − cn+1)

T(qo − cn+1)

‖cn+1 − cn‖2
, 1

)
, 0

)
. (32)

To take into consideration more obstacles it suffices to add
similar penalization terms per obstacle and in order to consider
obstacles with more complex shapes we could represent them
as the union of several small circular obstacles.

Finally, we have to mention that the purpose of this section
is to show that it is possible to integrate obstacle avoidance
mechanisms into our trajectory planning method. This means
that other and more sophisticated obstacle avoidance techniques
could also be adapted to our method.

VI. SIMULATIONS

In this section, we present some simulation results to gain
more insight into the trajectories produced by our method for
solving the minimum energy–maximum data problem described
in Section III. So, the function w(·) in (14) takes the form given
by (12).

For the drone we select the parameters presented in [12] which
represent a real drone. For the channel model, we select α = 2
and 1 dB for the variance of the shadowing.8

Now, for the communications system, we assume that during
each duplexing period the drone transmitsNs symbols using the
modulation schemes 4-QAM, 16-QAM, and 64-QAM (see [31])
which results in the following bit rates 2Rs, 4Rs, and 6Rs, where
Rs is the symbol transmission rate; we also select the thresholds
γj such that the bit error probability is always lower than 10−3;
finally, we set 10 log10(P/σ

2) = 40 dB.
Regarding the quantized function fQ(p(kT )) in (14) with

Q = 6 quantization levels (see Fig. 2) which results into six dif-
ferent regions {Ak}5

j=0 (see 16) whose boundaries are marked
by gray circles in Fig. 3. The quantization show f6(·) according
to the method described in (C) the AP is located at the origin,
shown in black in Fig. 3. The starting and goal points are set
to [75 0] and 80[cos(5π

9 ) sin( 5π
9 )] respectively (see Fig. 3),

while tf = 100 s. The simulations are then performed using
MATLAB.

In Figs. 3–5, we show the paths of the optimized trajectories
for various values of λ: λ = 1 (black); λ = 0.98 (blue); λ = 0.8

8These are realistic values close to the ones used in the literature for similar
applications [37].

Fig. 3. Optimum paths for different values of λ.

Fig. 4. Speed (top) and transmission (bottom) profiles for different values
of λ.

Fig. 5. Paths corresponding to the optimum trajectories (λ = 0.6) considering
the obstacle (blue) and without considering the obstacle (green). The magnified
image shows the vicinity of the obstacle.

(red); λ = 0.5 (green); λ = 0.2 (yellow); λ = 0.1 (magenta).
The case of λ = 1 results in the drone moving on a straight
line from the starting point to the goal point in a time tf using
minimum energy. We refer to such trajectory as the minimum
energy trajectory (MET) and will serve as comparison.

When the value ofλ is high (close to 1) the path of the optimum
trajectory deviates only slightly from the MET’s path, see Fig. 3.
This results in a slightly curved path attracted to the location of
the AP. Meanwhile, the speed profile remains very similar to
one of the MET, see Fig. 4 (top), but the profile of the bit rate
transmission is significantly different, see Fig. 4 (bottom).

D. Bonilla Licea, et al., “Communication-Aware Energy Efficient Trajectory Planning
With Limited Channel Knowledge,” in IEEE Transactions on Robotics, 2020
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Case 2: Disconnectity

E. Bulut et al, “Trajectory Optimization for Cellular-Connected UAVs with
Disconnectivity Constraint,” in IEEE International Conference on Communications Workshops, 2018.
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Thank you

Representative use cases and performance trade-offs
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