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ABSTRACT

Advances in planning and controls algorithms for Unmanned Autonomous Vehicles (UAVs) have
led to a substantial increase in a wide variety of applications. An important task for UAVs is au-
tomated high-precision homing-and-docking. This requires the UAV to autonomously estimate its
relative bearing to the home docking station and plan its optimal approach accordingly.

This paper presents the design of homing and navigation system for UAVs that can operate in
near-field scenarios. The system incorporates a dual-transmitter/receiver design and through a
modified angle of arrival and motion estimation routine, the UAV can determine its relative bearing
to the homing station while simultaneously planning the optimal approach. The approach planning
algorithm will be described, along with theoretical analysis and simulated results documenting its
performance in comparison to other techniques.

INTRODUCTION

Remote navigation and tracking remains a critically important task for vehicle automation and con-
trol [1]. As robotics and control systems have improved in recent years, more complicated tasks
of Unmanned Autonomous Vehicles (UAVs) have been completely automated without the need
for manual guidance or intervention. UAV systems can now navigate over far distances along a
set of way-points fully autonomously and adapt to obstacles along the way. One task that remains
difficult to automate, however, is precision homing and docking of UAVs with its respective base
station.

During the homing and docking operation, the UAV must track its spatial position with respect to
the base station with high precision as it makes its approach [2]. Tracking telemetry systems for
both aeronautical and nautical vehicles developed currently, allow for navigation on large scales
on the order of kilometers. The tracking sensors in these systems, such as radar and sonar systems,
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are designed to operate in far-field scenarios where targets are very far from the homing beacon,
and typically their perofrmance will degrade significantly as the target enters the near-field of the
transceivers [3]. Therefore upon successful guidance to a homing station, the automated guidance
and tracking system will relieve control to manual pilotting for the more difficulty landing or dock-
ing maneuvers. Current geo-spatial tracking techniques such as the Global Positing System (GPS)
can achieve sufficient precision for automated docking given adequate calibration, but its accu-
racy can vary greatly depending on many different environmental factors and is also susceptible to
jamming and spoofing attack. A remote tracking system for UAVs with accurate performance in
near-field scenarios to aid in automated homing and docking would therefore be highly desirable.
These systems should also have high power and computationally efficient, so as to not over-exceed
the vehicles payload.

Figure 1: UUV homing and docking conceptual diagram

This paper presents a remote sensing and tracking solution for homing and docking exercises of
UAVs based upon a novel bearing angle estimation routine that can operate in near-field sensing
scenarios. The original motivations for this work stemmed from past efforts on designing auto-
mated homing-and-docking procedure for Unmanned Underwater Vehicles (UUVs) [4, 5]. The
UUVs operating mode consisted of autonomously navigating through a surveillance mission, and
upon returning to its home base station it required manual piloting to complete the more com-
plicated docking procedure. To conserve pilot time and communication bandwidth, the preferred
solution would have been to completely automate the approach and docking of the UUV with the
home base. A conceptual diagram of this scenario can be seen in Fig. 1. The underwater environ-
ment imposed very low-power and size constraints on any tracking system to be integrated with
the UUV, as well as restricted the use of optical and GPS tracking systems. To satisfy these re-
quirements, we proposed a sonar tracking system that could be integrated into the communications
systems of the UUV. In the next section we first provide a brief description of classical bearing-
angle estimation in sonar systems, along with a description of their limitations in near-field sce-
narios. Our proposed solution to improve the accuracy of these techniques is then presented along
with analysis of its performance and implementation details. Theoretical and numerical results are
given in support of the improvement claims, as well as a brief discussion on the implications for
future work.
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BEARING ANGLE ESTIMATION FOR HOMING AND DOCKING NAVIGATION

A. Far-Field Bearing Angle Estimation

Bearing angle estimation was an early tool used in radio and sonar navigation for aircraft and sea-
craft. Knowledge of the bearing and heading of the craft were critical pieces of information for
pilots who faced limited visibility. The tracking systems consisted of a homing beacon that trans-
mited a radar or sonar pulse with reasonable enough power to be distinguished from background
noise, and two or more receivers on the vehicle that measure the transmitted pulse. Assuming that
the target was in the far-field of the transmitter, at least hundreds of wavelengths in distance, then
the incoming wave-front would be approximately planar. This technique is commonly referred to
as mono-pulse bearing-angle estimation due to a single repetitive pulse being transmitted by the
homing beacon, and a conceptual diagram of this system can be seen in Fig. 2.

Figure 2: Mono-pulse bearing angle estimation system.

Through trigonometric relationships, it can be shown how to relate the bearing angle θB to propa-
gation delay of the pulse ∆t between the two receivers and the speed of propagation of the wave
cp.

sin(θB) ≈ ∆r · cp
D

(1)

Calculating the time-delay between the pulse measured at the first and second receiver, along with
knowledge of the distance between the receivers D, provides enough information to estimate the
bearing angle θB [6].

As can be seen in Fig. 2 the wave-front becomes more spherical as the receiver array approaches
the homing beacon. This degrades the estimation accuracy of the bearing angle and limits the
systems ability to navigate autonomously. Furthermore, in this configuration the time-delay ∆t
and thus the bearing angle are dependent on the tilt of the receiver array relative to the transmitter
array. These drawbacks illustrate the need for improvements in near-field estimation scenarios.
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B. Near-field Bearing Angle Estimation using Dual-Transceiver Arrays

To increase the near-field accuracy of the bearing angle estimation, we propose a slight modifica-
tion of the mono-pulse estimation routine. Including an additional transmitter at the homing beacon
can significantly improve the bearing angle estimation accuracy and allow for automated homing
and docking. This dual-transceiver approach with two transmitters acting as homing beacons and
two receivers integrated on the UUV is illustrated in Fig. 3.

(a) Dual transceiver UUV and homing beacon (b) UUV approach guided by the homing beacon

Figure 3: Dual Transceiver Approach

The goal of this method is to aid in autonomous trajectory planning of the UUV, so that it can
approach and maneuver into its home dock along a smooth trajectory as seen in Fig. 3b. This re-
quires an estimate of the bearing angle of the UUV θB as well as its relative tilt angle with respect
to the transmitter array θT . If the UUV can measure both of these remotely, they can be periodi-
cally adjusted during the approach by the system controller to ensure a smooth docking procedure.
An optimal approach path will be one that ensures both the tilt angle θT and the bearing angle θB
approach zero at approximately the same time and at a reasonable speed.

For the mono-pulse bearing angle-estimation routine, the difference in propagation distance be-
tween the transmitter and both receivers was needed to determine θB. For the Dual-transceiver
approach, there are four total propagation paths. Let rij be defined as the propagation path be-
tween the ith transmitter and the jth receiver. The new geometry and propagation paths of each
signal can be seen in Fig. 4. The time delay corresponding to each propagation path will be

tij =
rij
cp

(2)

so that if the transmitter sends the signal s0(t), the signal measured at receiver j from transmitter i
will be

sij(t) = s0(t− tij) (3)

Given that the transmitter and receiver do not share an absolute time base as in a GPS system,
only the difference in the time-delays can be measured. In the far-field scenario, the time delay
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(a) Dual Transceiver Propagation Distances (b) Dual Transceiver Incoming Wave-fronts

Figure 4: Dual Transceiver Geometry

differences between the transmitters t11 − t12 or t22 − t21 could be used to estimate the bearing
angle θB as in Equ. (1). However, as discussed a large error term distorts the estimate as the
receiver approaches the transmitter beacon. However, if the difference of both these time-delays is
calculated the main error contributors tend to cancel preserving the accuracy of the original bearing
angle estimate. A new estimation parameter ∆1 can then be defined as the difference between the
two delays multiplied by the propagation speed cp

∆1 =
cp
2

((t11 − r21)− (t22 − t12))

=
1

2
((r11 − r21)− (r22 − r12)) (4)

where the factor of 1/2 is meant to apply an averaging effect. The bearing angle estimation can
then be calculated using the same trigonometric relationship

sin(θT ) ≈ ∆1

D
(5)

The other advantage of the dual-transceiver approach, is the propagation delays can also be used
to estimate the tilt angle θT . Referring again to the geometry in Fig. 4, it can be seen that θT will
be approximately proportional to the difference r11− r22. This quantity can be computed again by
the time-delay difference between t11 and t22 as

∆2 = cp · (t11 − t21)
= (r11 − r21) (6)

The second estimation parameter ∆2 can then be used to estimate the tilt angle through

sin(θT ) ≈ ∆2

D
(7)
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The dual-transceiver method effectively parameterizes the bearing and tilt estimation problem into
two quantities defined as the difference in time-delays between the transmit signals, all of which
can be calculated using classical signal processing techniques with only measurements made at
the receiver array without the need for a common time-base. Implementing the signal processing
procedures requires careful transmit signal and array design that is discussed in the following
section.

C. Signaling Techniques for Dual-Transceiver Arrays

For the mono-pulse estimation routine, the choice of transmit waveform is relatively unconstrained.
For the dual-transceiver approach described, designing the transmit signals so as to avoid interfer-
ence and aliasing at the receiver array is an important consideration. It is also important to not
impose a signaling scheme that imposes a high-level of complexity on both the transceiver hard-
ware and estimation algorithm.

A Continuous Wave (CW) transmit signal consisting of a single frequency component is a low cost
transmit signal that imposes a relatively low computational burden on the receiver to estimate time
and phase delays, which comprise the required parameters discussed earlier. Let us define the base
transmit waveform as

s0(t) = ejω0t (8)

The signals radiated from transmitter one and two need to be differentiated at the receiver so the
respective time-delays tij from each transmitter can be calculated. The signals will therefore need
to be orthogonal along some basis. A conventional approach to achieve this, is to modulate the CW
signal with two orthogonal time-codes before transmission. A low-cost method is to apply on-off
keying modulation to the transmit signal so that transmitters are never transmitting simultaneously.
A transceiver architecture that implements this approach with two orthogonal modulated transmit
signals is illustrated in Fig. 5.

With the orthogonal coding of the CW waveform, each transmit signal can be disambiguated at
both receivers. The delayed CW signal measured at the jth receiver from the ith transmitter will
be

sij(t) = ejω0(t−tij) (9)

If the receiver moves only a small distance over the pulse-width of the transmitted signal, then
the relative phase-difference between each signal can be used to estimate the relative propagation
difference between each waveform. Using a quadrature receiver, the phase component of the sij(t)
can be computed as

φij = ∠
(
sij(t) · e−jω0t

)
= ∠e−jω0tij = ∠e−j2π

rij
λ (10)
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Figure 5: Transceiver Architecture

The first estimation parameter to calculate the bearing angle can be calculated as

∆1 =
λ0
2π

(
φ11 − φ21

2
− φ22 − φ12

2

)
=
r11 − r21

2
− r22 − r12

2
(11)

The second estimation parameter to calculate the tilt angle can also be calculated as

∆2 =
λ0
2π

(φ11 − φ22)

= (r11 − r22) (12)

The second equality in both Equations (11) and (12). will be valid if the propagation differences
do not exceed λ

2
, which can be enforced by requiring the distance between the transmitters and

receivers D to be
D ≤ λ0

2
(13)

To determine the accuracy of the dual-transceiver approach a numerical simulation was run that
implemented the solution proposed here. For this simulation the transmit frequency was set to
5kHz and in underwater environments the speed of propagation of sonar signals is approximately
cp = 1484m/s so that the wavelength is λ ≈ 30cm. The array separation was then set to
D = 15cm. The homing trajectory was pre-computed to fit a fourth order parametric equation
to optimize the acceleration profile similar to minimum snap trajectory planning utilized in popu-
lar UAV planning algorithms [7]. The approach path along with the angular estimation results can
be seen in Fig. 6.

As can be seen in the Fig. 6b, the bearing angle estimation θB is within less than a degree of
the ground-truth known to the simulation model. The tilt angle estimate θT also closely follows

7



(a) UUV Homing Approach (b) Bearing Angle Estimation Results

(c) Tilt Angle Estimation Results (d) Parameter Estimation Results

Figure 6: Numerical simulation results of double-transceiver angle estimation routine

the ground truth with a maximum error less than 3 degrees. The results also are not dependent
on distance from the homing beacon and increase in accuracy as the UUV approaches its home
dock. With the addition of a second transmitter and imposing orthogonality conditions using on-
off modulation keying, this method allows for accurate and low-cost estimation of the UUV angular
position. The estimation performances improves as the UUV is close to homing beacons, making
it an ideal sensing technique to aid in automated homing-and-docking of UAVs.

(a) Integrated Sensor and Controller
(b) Automated Homing Ap-
proach

Figure 7: Integrated sensor and controller used for automated homing and docking of UAV systems
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DISCUSSION

The estimation performance improvements of the proposed methodology have been outlined in the
previous section, however, other advantages also exist for UUV homing and docking. The esti-
mates can be calculated in real-time due to the relatively low computational complexity required,
and the algorithm can also be estimated in either analog or digital systems. At time n, both estima-
tion parameters ∆1[n] and ∆2[n] can be calculated quickly using only time-delay estimation and
summing/difference circuits. It can be easily shown that as the estimation parameters approach
zero, so to will the bearing angle estimate

As ∆1[n]→ 0 so will θB[n]→ 0

This same condition also applies to the tilt angle.

As ∆2[n]→ 0 so will θT[n]→ 0

(a) 5 Homing Approaches of UUV (b) Bearing estimation results

(c) Mono-pulse results (d) Average error comparison

Figure 8: Performance comparison of proposed dual-transceiver estimation routine and mono-pulse
estimation routine

These two conditions imply that a controller of any UAV system, can use these parameters as
feedback to determine the optimal approach to the home dock. The convergence rate at which the
parameters are minimized can be tuned to ensure a smooth approach, similar to gradient descent
optimization methods used in advance controls systems. This general approach has been illustrated
in Fig. 7. To compare the performance of the proposed methodology to classical mono-pulse
processing a simulation model was again computed for a sequence of various in-bound bearing
angles. Utilizing the same settings as the simulations run in Fig. 6 the bearing angle estimation
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results were computed and plotted in Fig. 8b and 8c. In all 5 cases the double-transceiver approach
out-performs the mono-pulse method by an average error of 60dB shown in Fig. 8d. The chang-
ing position of the receiver array greatly affects the bearing angle estimation results as the UUV
homes in on the docking station for the mono-pulse technique, but the double-transceiver routine
accurately computes the bearing angle for the entire approach trajectory.

CONCLUSION

A novel angle-of arrival method has been presented for automated homing and docking of UUV
systems. Although this work was motivated and constrained by the requirements of UUV sys-
tems, much of the theory and results also apply to other UAV systems operating in a variety of
scenarios. UAVs that are required to operate with low-SWAP payloads as well as in GPS-denied
environments could benefit greatly from methods [8]. The proposed tracking system utilizes cur-
rent communications and sensing technology in a novel way to achieve improve results. Future
work would focus on integration of the feedback control system with the estimation process to
leverage computation gains, and hardware implementation of these methods.
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