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Abstract. This work describes the development of a navigation system, to determine and provide fixes data to a flotilla of
autonomous vehicles. To accommodate for lightweight vehicles, the emitter is light, small and have low power consump-
tion. The intended use is in closed environments, where no satellite line of sight is available. The precision is adequate
for flights at close range, in limited spaces, specially for the relative position of the members of the flotilla.
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1. INTRODUCTION

The problem faced was the need for means to determine navigation fixes in constrained environments, for small
aerial vehicles operating collaboratively in a group, possibly in close proximity to each other. The system operates by
determining time of flight of a ultrasound pulse emitted by the rovers and received by multiple transducers precisely
arranged in a well known pattern on the base.

Other principles of solutions to similar problems exist, and will be discussed below.
The main requirements that drove the development were: fast setup, low complexity, minimum weight and power

consumption on the rover side. The initially intended rover has a nominal mass of 55g, ready to fly.

2. AVAILABLE TECHNOLOGY

Existing solutions to the same problem include a self discovering network of receivers (Robotics, 2016). The system
has obvious strong points, specially precision and coverage of large target areas. The inconveniences to our application
were the large master processor, a PC and a laborious setup.

Other similar system is found in (Yayan et al., 2015), another solid development, with similar expectations of precision
from (Robotics, 2016). The arrangement consists of receivers on the rover, that could result on a much larger weight. The
arrangement will require many transducers on the receiver side, that and the many receiver amplifiers would be big and
heavy, and require multiple processing tasks on the rover computer.

Other solutions are based on cameras on the rover, like in (Shen et al., 2011), (Biswas and Veloso, 2012), (Gini and
Marchi, 2002) and (Hile and Borriello, 2008). The solution requires cameras and image processing, and more, on the
rover side, that will require power and present weight.

3. SELECTED SOLUTION

The selected solution was a rover transmitter cluster, four transmitters, evenly distributed on all directions on the
horizontal plane, to assure maximum coverage with no blind regions. The system has a time reference, synchronized
between all rovers and the base. The rovers, one at a time, emit an ultrasound burst, that is received by the transducers on
the base. The time in witch the burst is detected in the base by each transducer allows the base microprocessor to compute
the time of flight between the rover each base transducer. Then calculates X , Y and Z coordinates of the emitting rover
in relation to the base origin. The position information is, then, sent to the rovers, that proceed accordingly.

The receiving transducers arrangement in the base is in a triangle of precise and well known dimensions, as in figure
1. The triangle side has the length Lref between transducers, chosen arbitrarily (longer the arms, more precise the
measurement, and more difficult to assure precision in the assembly - the compromise chosen was Lref ≈ 500mm).

In the initial arrangement, the synchronization is accomplished by a flexible cable connecting the base microprocessor
and one rover, with the result sent to a portable computer, to be read by a human. The final arrangement has radio modules
linking the rovers and base. The radio module offers a serial port to each end, working transparently. The module works
with a frequency around 433MHz, an ISM band as per local regulations. The system transports the burst data to the base,
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synchronizes the clocks across the system components, and transports the rovers’ fixes data back to the rovers.

Figure 1. Base Geometry

4. IMPLEMENTATION

The system was implemented by developing transmitters, receivers, microprocessor code.
The transmitters consist of ultrasonic piezoelectric transducers, each driven by a MAX232, that generates, with its

charge pumps, ±10V . The arrangement was based on (Dany, 2011) The transducer is connected to the microprocessor’s
output pins, which drives the input pins to a 20V peak-top-peak excitation.

The receivers consist of a filter, tuned to the burst frequency of 40KHz, amplifier and a level detector, figure 2. Figure
3 shows the filter’s response (gain - solid; and phase - dotted) at the point "OUTPUT" against the excitation at point
"INPUT".

The measured distance to each receiver was determined empirically, disposing the transmitter and receiver at different
distances, sending a pulse, measuring the elapsed time until detection. With distances known and times measured, it was
adjusted a function L = f(elapsed time) for each receiver transducer. The f(elapsed time) accommodates for latency
in the microprocessor, filter and transducer, or other contributions to time delays.

The time of flight is measured by a timing loop running in the base microprocessor, with a resolution of 21µs, with the
burst frequency at 40KHz, the period is of 25µs, the time measurement resolution should not degrade the overall precision
noticeably. The expected resolution for this range meter arrangement is something slightly larger than the wavelength,
8.5mm, considering all error contributions, around 1cm.

The chosen microprocessor for this implementation was an Arduino micro, that has the resources compatible with the
required tasks.
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Figure 2. Receiver SPICE Schematic

Figure 3. Receiver SPICE Simulation
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5. ALGORITHMS

The general case is represented in the figure 4, the points were named: central transducer, the O; the transducer on the
vertical arm V ; the transducer on the horizontal arm H; the rover position R.

Figure 4. General Case Measurement

The range is determined by applying LO = fO(TO), being LO equal to the desired range. The central transducer is
the system origin.

Considering the triangle formed byO,H andR, figure 5, the distanceOH is known by construction Lref ; the distance
OR is LO, determined above; the distance RH is determined by LH = fH(TH). This defines the triangle. The angle AH

can be calculated by the law of cosines (Anton and Rorres, 2005), in equation 1. The projection of OR over the OH line
is easily calculated by LY = LO ∗ COS(AH), and that is the rover’s Y coordinate.

COS(AH) =
L2
H − L2

ref − L2
O

2 ∗ Lref ∗ LO
(1)

Figure 5. HOR triangle

The triangle V OR, in figure 6, is treated similarly. The angle AV can be calculated in equation 2. The projection of
OR over the OV line is calculated by LY = LO ∗ COS(AV ), and that is the rover’s Z coordinate.

COS(AV ) =
L2
V − L2

ref − L2
O

2 ∗ Lref ∗ LO
(2)
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Figure 6. V OR triangle

Considering the line segment between O and the projection of R over the plane containing O, V and H . We call
the projected point Rproj , figure 7. The segment has length LY X =

√
L2
Y + L2

Z . Considering the triangle defined
by O, R and Rproj , the distance between R and Rproj is LX =

√
L2
O − L2

Y Z . Rearranging the equations, we have
LX =

√
L2
O − L2

Y + L2
Z .

Figure 7. LY Z segment
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Figure 8. LX segment

6. RESULTS

The system was tested with 1,200 fixes, with the rover sliding over a 2 metre long bar, marked in points with known
location. The components were aligned with a laser level, assuring known positions. The bar was not parallel to any of
the axes, so all three coordinates changed as the rover was sled over the bar. The bar was installed in various different
positions. The observed data presented errors shown in table 1, with occasional spikes, when the direct path between
rover and receiving transducer was blocked, resulting in detection by a reflection, that were manually removed from the
data considered.

The principle demonstrator, used for calibration and initial tests was built in a flexible frame, to be attached to a wall,
and serve as base and reference origin figure 9. Once attached to a flat surface, assures the transducers relative position
precision compatible with system requirements.

Table 1. Measured RMS Error (mm)

Xref XRMS YRMS zRMS

645 14 58 46
745 12 36 29
845 6 32 15
945 13 24 23

1045 8 15 22
1145 10 22 21
1245 9 22 20
1445 8 21 24
1545 9 22 35
1645 11 45 38
1745 5 33 50
1845 14 45 54
1945 15 52 92
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Figure 9. System Prototype Base

7. CONCLUSION

This paper shows a solution to the determination of navigation fixes in enclosed environments, with no line of sight
to a navigation satellite constellation. The solution showed the desired precision, and a practical arrangement, easy to
deploy, and fast to operate. The first intended use requires precision in the position of the rovers relative to one another, a
case that the system proved well suited for.

The system is clearly applicable to many other applications, when satellite navigation is unavailable, inconvenient or
unreliable.

The transmitter size, power consumption and weight were compatible with the small rovers intended.
The system was tested to the capability of the test setup, that had very limited range. The maximum range depends on

the receiver sensibility. It is expected, for the current implementation, a usable range of about 10 metres. The precision is
reasonable along theX axis, measurements along the other axes have larger expected errors. A arrangement with multiple
receiving bases with their measurements fused together would expand the range and improved precision.

8. FUTURE WORK

The first planned improvement to the system is a better approach for rovers and base time synchronization. The
main improvement is to fuse the position measurement with the rovers’ AHRS (Attitude and Heading Reference System),
using the read heading to align the rovers’ stability axes with the base reference frame, then fuse the accelerations on
the base reference frame with the read positions, by means of a linear observer. A Kalman filter would provide better
error handling, but the system will have a large number of states, requiring the inversion of large matrices, that will
require heavy processing on the rover side. The linear observer seems to be a better compromise between precision and
processing burden. Investigation will be made in fusing the results of multiple receiving bases, for improved range and
precision
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