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Abstract: This paper proposes a real-time local positioning system (RT-LPs) utilizing a mobile
platform equipped with three anchor nodes placed in a right-angle triangle formation for a real-time
locating system (RTLS). After deriving an analytic formula to calculate the target position utilizing
the measured distances among anchor nodes and the target node, we find that four parameters have
an effect on the position error of the target node. The spacing between anchors is a design parameter
that must be large enough to the reduce position error. However, the distance from the anchor
node to the target node is an operation parameter that must be small enough to reduce the position
error. Additionally, the measured ranges among the anchors and the target node have probabilistic
distributions with a mean and variance, which are dominant parameters that have effects on the
position error. A comparison study was conducted to determine the effects of the parameters of the
target position in both a simulation and an experiment, showing rates of approximately 4% 10%.
These findings indicate that our simulation can work properly with the proposed method after
assuming that the distance error is a Gaussian model.

Keywords: Real-Time Local Positioning System (RTLS); Mobile Anchor; Trilateration; Global
Positioning System (GPS); Local Positioning System (LPS)

1. Introduction

A global positioning system is a global navigation satellite system (GNSS) which provides
geolocation and time information to receivers anywhere on Earth. This system uses a satellite in orbit
above the earth to locate objects globally in real time where there is no obstacle or line of sight (LOS)
to four or more GPS satellites [1-3]. When an object is hidden by buildings or any obstacle which
can distort the satellite signal, GPS cannot locate it precisely. To overcome this limitation, a real-time
locating system has been developed (henceforth RTLS).

RTLS is a system which can locate an object position in a local area (indoors and outdoors) [4-6].
The word local is used because the system only covers a limited area depending on the application.
Anchor nodes are used in RTLS to locate target positions. Anchor nodes are radio-frequency (RF)
devices which are placed in many areas and which function to measure distances to a target node.
Certain methods such as the time of arrival (TOA) [7], the time difference of arrival (TDOA) [8], the
received signal strength indicator (RSSI) [9,10], and the angle of arrival (AOA) [11] have been proposed
in many studies to measure distances. When using the TOA method, the distance is measured by
calculating the time of a signal which travels from the anchor to the target node. In the TOA method,
the distance is measured by calculating the time of a signal which travels from the anchor to the target
node. This method can work if the anchor and target nodes have synchronized times; otherwise,
the TDOA method can be used. The TDOA method is more complex than TOA, as it calculates the
time difference of each receive signal to measure the distance between two nodes. The symmetrical
double-sided two-way ranging (SDS TWR) algorithm has been found to be capable of solving the
synchronization problem [12]. The RSSI method can estimate the distance between two nodes by
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measuring the received signal strength. In contrast, the AOA method can measure the distance using

trigonometry considering an angle relative to two nodes.
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Figure 1. Conventional RTLS based on a trilateration method with fixed anchors

The target position can be calculated using a trilateration technique based on the distance
measurement. Trilateration is a technology that locates object positions by calculating at least of
three distances from the anchor nodes [13-15], as shown in Figure 1. Nodes A, B, and C are the anchor
nodes, and they are equipped with GPS devices such that the anchor node positions are well known.
Three circles are formed based on the distance between the anchor and the target node and meet at a
single intersection, which can be denoted as the target position. Every problem in a positioning system
comes from distance error measurements. This error always occurs in the actual application and has an
effect on the accuracy and precision of the position. Accuracy refers to the capacity of a measurement
to give results close to the true value of the measured quantity, while precision refers to the capability
of measuring to give the same reading when repetitively measuring the same quantity under the same
conditions. These two factors are parameters which determine whether the system is reliable. In RTLS,
accuracy is related to the mean (y), while precision is related to the variance (o?) [16].

T

Target node
(Slave)

Mobile anchor platform
(Master)

Figure 2. Mobile anchor nodes on the robot platform for master-slave robots following application

In RTLS, it is difficult to decide where the anchor node should be placed in order to ensure good
position accuracy and precision. Therefore, before spreading anchor nodes in an area, it is necessary to
consider proper anchor placement to achieve good positioning accuracy. We designed the anchor node
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position and analyzed the effect of the mean and variance on the positioning accuracy. Generally, in
RTLS many anchor nodes are needed to cover an area, but using many such nodes will incur high costs
and increase the energy consumption. To reduce the number of anchor nodes, the optimal position of
the anchor nodes has been proposed. The system is designed so that it can be placed on a mobile robot
platform, as indicated in Figure 2. By placing three anchor nodes on one robot platform, the anchor
can move and locate the target position anywhere without a boundary of the coverage area. Example
applications for this mobile anchor system include an automatic golf trolley and an automatic cart in a
market.

2. Global Positioning System (GPS) vs. Local Positioning System (LPS)

In this section, the difference between absolute and relative positioning is described. Absolute
positioning finds a position known in a global area utilizing GPS in the normal manner. We need
satellites to calculate the absolute position in this case. GPS can locate an object around the earth with
the longitude and latitude position, but it cannot locate objects hidden under other objects, such as in a
building or in a forest, for instance. To address these indoor problems, RTLS is required to locate the
object locally. The relative position is defined with reference to another position (anchor node). The
anchor node can become the reference node and measure the distance to the target node to obtain the
relative distance. Subsequently, the relative position can be calculated based on the relative distances.

This paper proposes a mobile anchor node which measures the relative target position. The
proposed system can also calculate the absolute position by placing one fixed node as the reference
node, with this node in a well-known position. The mobile anchor can locate the reference node position
and use that value to calculate the mobile anchor position. Because we designed the three-anchor-node
position in a right-angle triangle, nodes B and C can be directed to the east and north directions and
aligned with the x-axis and y-axis, respectively, as shown in Figure 3, and the mobile anchor position
can be measured.

17 3
Target
T(x1, y1)

v

Figure 3. Proposed local positioning systems (LPS) based on a mobile anchor platform

3. System Configuration

A sensor is a device which can detect an input physical quantity and convert it into an electric
signal [17-19]. It has three components: the sensor element, the sensor packaging, and the signal
processing unit. The sensor element is the material which is used in the sensor to convert one form of
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energy to another. This material can be changed depending on the application, and such changes will
affect the output of the sensor. The proposed positioning sensor systems block diagram is presented
in Figure 4. The hardware block measures the traveling time of an RF signal from a transmitter to a
receiver while the software block converts the time into target position T(x, y). The software block has
two equations, the distance and position equations, which will be explained in the next section.

Distance Conversion
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Figure 4. Positioning Sensor System Configuration with Two Stages : Distance and Position Blocks

3.1. Distance measuring part

The main function of a distance hardware block is to measure the time for an RF signal to reach a
distance unit using a symmetrical double-sided two-way ranging (SDS TWR) algorithm. The process
of the SDS TWR can be seen in Figure 5 [12].

Tx@}

trounde :
I

Figure 5. Symmetrical double-sided two-way ranging algorithm [12]

The transmitter sends test packets to the receiver and waits for a reply packet. The receiver will
send an ACK (acknowledge) packet to the transmitter along with a header (delay time). These values
can be used by an algorithm to calculate the distance between these two nodes. The equation used to
calculate the distance is given below.

¢ X ToF

. M

. c
distance(R) = 1 X (trounaTx + trounaRx — treplyTx - treplny) =
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with c is speed of light (3x10%m /s). Here, c is the speed of light (3x108m /s) and RTT is the round-trip
time (t,0y4Tx and t,y,,4Rx) required by a packet to travel from the transmitter to the receiver and back
to the transmitter again. To confirm whether the distance calculation is accurate, the same procedure is
repeated by the receiver (now as the transmitter), sending a test packet to the transmitter (now as the
receiver). At the end of this procedure, two distance values are determined and an average of the two
values can be used to achieve a fairly accurate distance measurement between these two nodes.

3.2. Position calculation part

The software block is the main part in this sensor positioning system, and it calculates the distance
and position. Essentially, a trilateration method is used to calculate the position.

(xr —xa)*+ (yr —ya)* = R} 2)
(xr —xp)*+ (yr —yp)* = Rj ®)
(xr —xc)*+ (yr —yc)* = RZ 4)

Based on these three circle equations, the position can be calculated by finding the intersection from
these three circles. However, distance measurement errors arise and the system cannot find the
intersection from these three circles. This is known as intersection ambiguity. The position equations
can convert one-dimensional (1D) information into a two-dimensional (2D) quantity (i.e., from the
distance to the position), unlike other sensor elements which can only convert one energy form
to another energy form. In the sensor element, when we change or modify the material of the
element, it will give a different output. Analogically, we redesign the anchor placement and derive
the conventional equation of trilateration to obtain simpler equations for calculating the position of
the target node. Anchor node placement is designed as a right-angle triangle formation, as shown in
Figure 6.
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Figure 6. Anchors placement with a right-angle triangle formation on the mobile platform

These three anchors are configured at A(x4,y4), B(xa +d,y4) and C(x4,y4 + d) with d as the
spacing between the anchor nodes. R4, Rp, and R¢ are the distances between nodes A, B, and C to the
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target node, respectively. The equations below are the proposed real-time local positioning system
(RT-LPS) equations. From two triangles ATAT" and ATBT’, x7 can be calclulated as following

Ry —x7 = Rj—(xr—d)? ®)
Ry — R} +d?
—>xp = A BT )

It can be applied to calculate y7 position,

Ry —y: = RE—(yr—d)? @)
R% —RZ +d?
=>yr = Ao ®)

We decouple x1 and y to be calculated separately without concern over the intersection ambiguity
issue. Because anchor nodes are moving (on a mobile platform) to create an angle between the anchors
and the target node 8 = 45°, the distance between anchor nodes B and C to the target node will
be identical (Rp = R¢). Target positions x1 and yr will be equal to ensure that the following single
equation reduces the computation time,

RZ _RZ +d2
xr =y = b S ©)

with Rp = R4 (one long distance) and Rg = Rp = R¢ (two short distances).

4. Performance Analysis

The performance of the proposed position sensor system (i.e., the accuracy) will be analyzed by
assessing the measured distance error and calculated position error.

4.1. Distance Error Analysis

All position accuracy problems start with a distance measurement error. To analyze the distance
measurement error, an experiment was conducted. A Decawave DW1000 device is used to measure
the distance between the anchor and the target node in this case. This is an RF device which provides
real-time localization for indoor positioning systems [20]. Two nodes are placed at various distances,
as shown in the Figure 7. These range from 135cm to 810cm in steps of 135¢m.

Figure 7. Experimental setup to measure distance with Decawave 1000 modules

For each distance, 1000 samples were collected and the mean and variance were calculated. Figure
8 shows a probability distribution function (PDF) graph of each distance. We can observe the shape
of the PDF of each distance, with a high and low peak. In addition, it is difficult to see these clearly.
Hence, we create two categories; Figures 9a and 9c show the PDF and CDF of the Ag with pag < 7cm,
while Figures 9b and 9d do so with pag > 7cm. Based on these graphs, we can conclude that the
measured distance errors are less than 10cm for the mean and 2cm? for variance. Several distances
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are measured to find the mean and standard deviation, as shown in table 1. The table shows that
differences in the distance have no effects on the mean or variance value.

Table 1. Means and standard deviations of errors for the measured distances

| | Distance (cm) | pag (em) | oag (cm) |

R1 135 6.035 1.83
R2 270 8.909 1.97
R3 405 6.166 1.61
R4 540 6.364 1.40
R5 675 7.042 1.64
R6 810 9.973 1.98
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Figure 8. Probability of measured distances between anchor and target node (R)

4.2. Position Error Analysis

Figure 10 shows the mechanism used to describe the position error (Ax,) from the distance error
(ARs). Anchor nodes A and B are at spacing (d) with distances R4 and Rp to the target node (T),
respectively. The measured distances contain errors related to the statistics of the mean () and variance
(¢%), which can be depicted by an ellipse, as shown in Figure 10. The position error can be calculated
using the projection of the ellipse to the x-axis, which is smaller than the distance error normally

There are two possibilities with regard to changing the configuration, as shown in Figure 11. The
distance (R) between the anchor and the target and the spacing (d) between the anchors. The spacing
(d) and distance (R) effects can be observed in Figures 11a and 11b, respectively. In Figure 11a, the
spacing (d) effect can be observed by increasing the distance between nodes A and B. As indicated, the
red ellipse is slightly tilted and causes the position error to become smaller. Opposite to the spacing
(d) effect, the distance (R) effect is shown in Figure 11b. This figure shows that the position error
decreases after the target position moves closer to the anchor node. The target position accuracy can
be understood graphically.

At this stage, we derive analytically the function from the distance error to the position error. The
equation below is used to calculate the position from measured distances with errors.

R? — RZ +d?

fr= b (10)
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Figure 10. Graphical description of projecting distance error (Ag,) into position error (Ax,)
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(€)) (b)

Figure 11. Graphical description of projecting distance error (Ag,) into position error (Ax, ) by changing
(a) anchor spacing (d) and (b) target distance (R)

R; and Rg are the distances between the anchor nodes to the target node with distance errors R =
Ry + Ag, and Rg=Rs+A R~ Tespectively. The actual position can be calculated as follows:

R; + ARy )% — (Rg 4+ ARg)? + d2
i = (R +ARyp) §d5+ s)”+ (11)
RrAR; — RsARg N AR? — ARg.

d 2d

= X7 (12)

2_R2 2
We know W is x7 from Equation (9). By calculating the difference between the calculated

position (£7 = 1) and the exact position (x7 = yr), we obtain the position error (Ay; = Ay;),
AxT = J?T — XT. (13)
By eliminating the second-order terms, we acquire an approximation equation of the position error,

_ RLAR; — RsARg
- . ,

AXT (14)

With the equation above, we can calculate the position error of target node easily. To analyze the
parameter effects on the position accuracy, the following equation can be derived from Equation (14),

(R Ag, Rs _ _
Dy = (Rs Ars 1) —Brs = (B — 1) YARg = kARs, (15)

with the three dimensionless numbers of & = %, g = i% and ¢y = %. Here, k is a constant depending
on the design, operation and environmental conditions.

Additionally, « is a geometrical parameter given by the triangle TAB, where Rg is smaller always
than Ry, which is larger than 1. Moreover, a can be computed from the ratio of the long distance (Ry,)
and short distance (Rg). The environmental conditions have an influence on j because the distance

measurement error is related to the RF signal interference. If we use the same RF chip set and average
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after measuring high-number samples, the mean will be similar to make § approximately equal to
1. The v value can be referred to as a design and operation parameter. The anchor spacing (d) can
be determined depending on certain specifications required by a specific application. Moreover, the
mobile anchor platform can be operated to approach the target node to obtain the appropriate target
distance (R) from the anchor to the target node. The position error is proportional to the target distance
but inversely proportional to the anchor spacing.

5. Results

5.1. Simulation studies

Figure 13 shows the anchor spacing (d) and distance (R) effects with mean of the distance error
(ur = 10cm). In Figure 13a, the position error decreases with an increase in the spacing (d) from 100cm
to 200cm. When the target position changes from T (300cn1,300cm) to T(400cm, 400cm), the position
error increases because the distance between the anchor and target nodes becomes longer. Figure 13b
shows the effect of the distance (R) on the position error. The distance (R) increases from 200cm to
550cm when the target position is T(300cm, 300cm). By increasing the distance (R), the position error
increases as well to change the anchor spacing (d) from 100cm to 200cm. The longer the spacing (d), the
smaller the position error.

Figure 14 shows the simulation results of the anchor spacing (d) and the target distance (R) effects
with different means of the distance error (iar). The values of yuag changes from 8cm to 10cm. Here,
we can observe the mean effect on the position error. The larger the mean of the distance error, the
larger the position error. The mean of the distance error is an error that cannot be handled here, as it
always occurs in actual applications. If we want to reduce the position error, the anchor spacing (d)
should be increased or the target distance (R) should be reduced.

Figure 15 shows the effects of R and d with every possible value from 150cm to 350cm for the
anchor spacing (d) and from 200cm to 500cm for the distance between the anchor and the target node
(R). This graph is a summarization from the previously mentioned simulation. We can check the worst
case in this system, i.e., when d is less than 150cm and R exceeds 450cm.

5.2. Experimental case studies

The experimental data were obtained with three scenarios, as indicated in Table 2. Figure 16
shows one experimental configuration based on a scenario from Table 2. From the experiment, we
can obtain the measured distances between the three anchor nodes to the target node (R). In this
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calculation, we assume that distance error is generated from a Gaussian random variable such that the
distance between the anchor and the target node can be calculated by adding the real distance (R) to
the distance error (AR).

Table 2. Three experimental cases with difference R and d

. . s pat (cm)
Scenario | Anchor Spacing (d) (cm) | Target Position (cm) Exp | Sim
1 90 T(360,360) 10.71 | 9.67
2 90 T(270,270) 538 | 5.13
3 135 T(270,270) 293 | 317

Figure 16. Experimental setup of three anchors and one target node in a right-angle triangle formation

Figure 17 shows PDF and CDF graphs of scenario 1. This result becomes the default scenario
and can therefore be compared with the other scenarios. The means of the distance error for Ry and
Rg from the measured data are approximately 8cm and 6.92cm, respectively, while the means of the
distance error for RL and RS from the simulation data are close to 8cm and 6.95cm, as given in Figures
17a and 17b. With regard to the position error, Figures 17c and 17d show that the position errors for
the experimental and simulated data are 10.71cm and 10.98cm, respectively. Scenario 2 shows an R
effect when changing the target position from T(360cm, 360cm) to T(270cm, 270cm) with the same d
value from the previous scenario (d = 90cm). Figure 18 is the result for scenario 2. We can find that the
performance of this scenario is better than that of the previous scenario. The position errors from the
experimental and simulation data are 5.38cm and 6.04cm, correspondingly. Figure 19 is the result from
scenario 3. In this scenario, the anchor spacing (d) changes from 90cm to 135cm with the target position
T(270cm,270cm). This shows that the improvement increases from scenarios 1 and 2. The position
errors for this scenario are 2.93cm and 3.05cm for the experimental and simulated data, respectively.

The position error results were affected by the difference between the mean of the distance error
(MAR, - BaRg)- The smaller the value of (yag, - parg), the smaller the position error of the system.
From these results, we can calculate the error between the experimental and simulated data, finding it
to be in the approximate range of 4% — 10%, values which remain acceptable for the simulation. By
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assuming that the error is Gaussian, our simulation is in good agreement with the experiment and can

serve to analyze the system before we implement it.
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Figure 17. PDF and CDF of distance and position error with spacing (d=90 cm) and target position
T(360,360) a) PDF of distance error, b) CDF of distance error, c) PDF of position error, and d) CDF of
position error

6. Conclusions and Future Works

This paper proposed a positioning sensor system for calculating object positions. After placing
anchor nodes in a right-angle triangle formation, the parameter effects for the position accuracy were
analyzed. With this design, we can put the anchor nodes on a robot platform such that the anchor
nodes can move to the optimal performance. Based on experimental data from distance measurements,
we calculated the position and analyzed the parameters which affected the position accuracy. We
generated the distance error by assuming that the error is a Gaussian model. The result shows that
the simulation here led to outcomes similar to those from the experiment with an error ratio in the
approximate range of 4% — 10%. We conclude that our simulation works properly with the proposed
method. For future works, a solution to determine the anchor position should be considered. When
using one reference node with a well-known position, the mobile anchor can calculate its own position.
Another case which can be considered is a method to be used when an anchor node cannot reach the
reference node or the target node. Creating a mobile anchor network is a possible means of solving
such a problem. Mobile anchor nodes can be scattered over a large area, and they can share information
about their positions such that the coverage area can be increased.
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