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Abstract

The UWB D-DWM-PG3.6 is a standalone positioning system based on Decawave’s (now Qorvo) ultra-wideband technology. It is
designed for local positioning without requiring satellite data systems, making it effective in areas with weak or unstable GPS signals.
This study focuses on developing a method for reading and filtering data from the UWB system to obtain stable position parameters.
Outlier data are removed, and filtering by moving average helps to smooth and stabilize the position data. Experiments were
conducted in a 40x30 m space to evaluate the method’s accuracy. The results show an average positioning error of 7.1 + 3.6 cm, with
a maximum of 26.9 cm under obstructed conditions. These findings highlight the potential for navigation applications in autonomous
devices operating in enclosed spaces, such as warehouses and agricultural greenhouses, at a reasonable cost. However, the error
magnitude indicates that the system should be integrated with ultrasonic sensors, recognition cameras, or laser technology to
improve accuracy.
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Introduction

Automation guided vehicles (AGV) contribute to cost reduction, lower the risk of workplace accidents, and enhance
warehouse safety, particularly in large-scale, continuously operating facilities (Kubasakova et al., 2024; Koreis et al.,
2025). However, a significant challenge for AGVs is accurate indoor positioning, as GPS is rendered ineffective by signal
interference (Sakpere et al., 2017). Traditional positioning methods, such as optical, magnetic, or RFID sensors, offer
high accuracy but require costly installations and fixed infrastructure, limiting system flexibility in warehouses with
evolving layouts (Mo & Lee, 2011; Li et al., 2024; Rajab & Wang, 2024; Saengudomlert et al., 2025).

In recent years, the demand for indoor positioning systems (IPS) has increased significantly due to the development of
applications in many fields such as autonomous robots, asset tracking, indoor navigation, security surveillance, and
healthcare (Sanchez et al., 2012; H. Wang et al., 2024; Saeidi et al., 2025). Versus outdoor GPS-based positioning
systems, indoor positioning systems face more challenges due to the presence of obstacles, multipath, and signal
interference. Among the current indoor positioning technologies, ultra-wideband (UWB) positioning stands out for its
centimeter-level accuracy and strong performance in environments with many obstacles (Z. Wang et al., 2018; K. Hassan
et al., 2022; Ruiz et al., 2024; Tran et al., 2024; Xu et al., 2025).

The D-DWM-PG3.6 system, developed by Decawave (now Qorvo), is one of the most popular UWB solutions for distance
measurement and local positioning (Decawave, 2021). It operates by measuring the time of flight (ToF) or time
difference of arrival (TDoA) of radio signals between transmitters and receivers, from which to calculate distances (H.
Chen et al., 2025; Lyu et al., 2025). With time measured to the picosecond, this system can achieve accuracy below 10
cm under ideal conditions, making it suitable for many applications (Boquet et al., 2024).

Moreover, as demand continues to grow for more flexible and cost-effective indoor navigation solutions, UWB
technology is gaining attention for its scalability and robustness in dynamic environments (Sullivan et al., 2022; Zhang
et al., 2022; Esmaeili-Yadaki & Khani, 2024; Cho et al., 2025). Unlike systems that rely on fixed infrastructure, UWB can
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adapt to changing layouts and varying environmental conditions, providing a competitive edge in logistics and
manufacturing (Huang et al., 2017; Janousek et al., 2024; Ma et al., 2024). This adaptability makes UWB promising for
next-generation AGV systems where precision, reliability, and real-time responsiveness are critical.

The UWB D-DWM-PG3.6 system provides a data string indicating the location of the receiving station (Decawave, 2021).
However, due to environmental instability, device accuracy limitations, and the positioning method, the returned values
may contain errors. To address this, this study focuses on developing a data reading method, incorporating noise
filtering and the removal of anomalous error values. Experimental evaluations are conducted to determine the actual
error magnitude, serving as a foundation for designing guidance systems for indoor AGV vehicles.

Materials and Methods
The D-DWM-PG3.6 Positioning System

The D-DWM-PG3.6 system, provided by Decawave (Qorvo), consists of a base station, fixed stations, and mobile tags
that are mounted on moving equipment for positioning. The fixed stations are installed at predefined coordinate
locations, with a minimum of three stations required for positioning. To expand the positioning range and working area,
the number of fixed stations can be increased up to 14, and the number of tags can be increased to 100.

The D-DWM-PG3.6 hardware is depicted in Figure 1. The same hardware is used for all of the base station, fixed stations,
and tags, differing only in their configuration settings within the software.

a) Front view b) Back view

Figurel The D-DWM-PG3.6 devices (Decawave, 2021).

The distance d between two devices is calculated from the ToF principle and follows the equation in Eq. (1), (Han et al.,
2021; Qorvo, 2025):

d = Cx(troun;i_treply) (1)

where: ¢ is the signal transmission speed in the air, tround is the total time from send to receive the signal, and treply
is the processing time at the stations.

The distances are then used to triangulate the tag position relative to the base station.

Reading and Filtering the Output Location Data from UWB

After the system is set up, data from the tag is read through the USB port or Rx—Tx. It is in the form of a string as follows:
“b'Rtls: X=326cm,Y=204cm,Z=123cm \r\n”

If the system is set up in 2D mode, the return string is simpler:

“b'Rtls: X=326cm,Y=204cm \r\n”

The values right after X=and Y= are extracted and assigned, respectively, to the X and Y coordinates of the tag.

The reading process for one tag is described in Figure 2. When the process starts, the system will read data n times to
calculate the tag’s mean initial position (X, Y), see Eq. (2).

n
i=1Xi

X = and Yy = 2Zi=1li (2)
n
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where n is the filter window size. When a new position (X;,1, Y;,1) is recorded, the displacement ddis of this new
coordinate from the previous position (X;, ;) is calculated as follows in Eq. (3):

dais = | Kip1 — X)? + (Yipq — ¥)? (3)

Assume that these tags are attached to a mobile device, that moves a given maximum speed Vj;,,,. The sampling period
tsam is the time between two consecutive data readings. Thus, the maximum movement d;;,, in the sample time tg,.,
is described in Eq. (4):

diim = Vigm X tsam (4)

Input sample Input limit | |Read (X1,Y1)
time velocity Viim :

(X10,Y10)

tsam

Calculate mean

(XY
Calculate maximal movement
diim
Calculate Read
displacement dgjs (Xi+1, Yier)
No

Yes

Update (X, Y;)

Figure 2  The reading and filtering process.
Under the speed-cap assumption, in Eq. (5), the tag cannot move further than d;;;,, during time t,,,. Thus, if
dym < dgis (5)

then the new value (X;, 4, Y; ;1) is considered as an error and is discarded. Otherwise, it will be updated using the moving
average filtering method (Smith, 1999; Y. Chen et al., 2017). The oldest data point in Eq. (2) will be removed, and the
new one (X;,1, Y;+1) will be added as the newest in the set of n most recent points to calculate the new position as in
Eqg. (6):

n
Ziz1 Xit1
n

n
Ziz1Yies

and Yupdate = n

(6)

Xupdate =

Experiment Setup

To evaluate the positioning accuracy achieved with the proposed data reading and filtering method, a D-DWM-PG3.6
system was deployed in an open field measuring 40 mx30 m. An orthogonal layout was selected due to the simple
geometry, notably for accurate right-angle verification using the Pythagorean theorem. For the rectangular 40 mx30 m
test area, the diagonal distance between the two endpoints must be exactly 50 meters. As shown in Figure 3, the
positioning system consists of a base station and three fixed stations positioned at the corners of the test field. A mobile
station (carrying a tag), connected to a laptop computer, is used to collect data and move between test points.

The spacing between the base stations was determined based on both the manufacturer’s recommended optimal
operating range for the D-DWM-PG3.6 UWB device and the practical limitations of the experimental setup: the test area
restricts the distance between a tag and a base station to 40 m, equivalent to approximately 80% of the system’s most
stable range. This configuration enables a reliable evaluation of the system’s performance under near-optimal
conditions.
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Figure3  The experiment set up.

In strict accordance with installation guidelines, all base stations, fixed stations, and tags were mounted on vertical
pillars with antennas oriented upward at a uniform height of 180 cm, as shown for the base station in Figure 3.

The test points are arranged in a grid pattern on the field, spaced at 4 m; there are 11 points horizontally and 8 points
vertically. After removing the 2 points that coincide with the the base station and a fixed station, the total number of
remaining checkpoints is 82.

The testing process entails the following steps:

Step 1: System initialization. Once the system is set up, the computer starts collecting data from the tag.

Step 2: Tag movement. The tag moves sequentially to each marked checkpoint on the floor.

Step 3: Data recording. At each test point, the coordinates are recorded 10 times before moving to the next one.
Step 4: Repetition for accuracy. After measurements have been taken at all test points, the tag returns to the starting
point for the next round of measurements. Five rounds were conducted to ensure data reliability and consistency.

Thus, 50 position measurements are recorded at each of the 82 test points. The positions are then analyzed to assess
the accuracy and performance of the positioning system.

Results

The position error ep in the 82 position measurements was calculated as the Euclidean distance between the mean
measured tag locations (X,,eqsures Y measure) @nd the corresponding test point positions (X ,gine, ¥ point) » l0cated by tape
measurements:

2 2
ep = \/(Xmeasure - tioint) + (Ymeasure - Ytpoint) (7)

The positioning errors ep for all 82 test points are presented in Table 1. The measurements yielded an average
positioning error of 7.1+3.6 cm, with the maximum error reaching 13.8 cm. Figure 4 illustrates the distribution of the
positioning errors along relative to the reference points, showing a slight tendency toward the positive axes, with a shift
of approximately 1.7 cm in the X-direction.

Table1 Positioning error (e,) (cm).
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X (m)

Y(m) 4 8 12 16 20 24 28 32 36 40
4 100 120 7.7 6.8 39 22 05 7.4 7.9 5.7
8 0.4 1.8 62 100 101 12 138 121 80 8.3
12 5.1 6.2 3.6 17 1.9 1.9 5.6 29 102 83
16 7.3 1.8 32 35 115 103 106 7.5 9.6 5.4
20 5.2 78 103 83 6.2 5.6 92 100 107 7.0
24 5.8 75 79 138 118 111 66 6.9 7.2 5.7
28 91 136 46 8.3 6.9 1.8 36 22 121 86

Mean 7.1+£3.6 (cm)

15
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Y axis{cm)
o

-10 peo
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Figure 4  The positioning error (e,) distribution.

AtY =24 m, the mean positioning error in the X-direction was the largest at 8.4 cm, and this line was, therefore, selected
to analyze the variation of errors with distance along the X axis. As shown in Figure 5, the positioning error along a
single direction fluctuates around 5 cm, which is consistent with manufacturer specifications for one-dimensional
estimates. In comparison, the two-dimensional error is larger, as reflected in Table 1. The positioning error values,
whether positive or negative, appear to be almost random. Additionally, the standard deviation is approximately equal
to the average error, at + 2.3 cm.
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Figure 5  Positioning errors (ep) vs. distance in X-direction.
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The system was further evaluated in an obstacle-rich environment at six selected test points (Figure 6); the
corresponding errors are summarized in Table 2. The mean positioning error increased to 14.8 + 6.9 cm, and the error
peaked at 26.9 cm when lines of sight to three of the four fixed stations were obstructed.

Fixed
station 3
Fixed
station 2
Obstacles
Tag

Figure 6 Test environment with obstacles.

Finally, the effect of filter window size on trajectory smoothing was examined by moving the tag along a diagonal path
followed by a zig-zag segment (Figure 7). Window sizes of 3, 7, and 11 data points were tested, with a sampling
frequency of 10 Hz and a maximum velocity limit of vlim = 400 cm/s. The trajectory with a window size of 3
measurements exhibited noticeable fluctuations, while windows of 7 and 11 measurements significantly reduced jitter.
Given the slow manual movement in this experiment, a window size of 11 was selected to ensure stable filtering
performance.

Table 2 Positioning error (e,) in obstacle environment.

Positioning error in obstacle environment (cm)

X (cm) 600 300 600 300 300 -300
Y (cm) 300 1,050 150 1,200 600 450
ep (cm) 8.8 15.6 10.1 9.6 26.9 17.6
e, (cm) 14.8£6.9
3,000 T 2,100 T I
" * =1 1; I o n=11
n= .
2,500 = — : n=7
n= n=3
n=3 N - Read from UWB
2,000 - Read from UWB —| 1.
£ T : 1
v 1,500 > 1,900 .
= ; 5
3 5 I
> - N
1,000 » .
M k - ——
_..pw""’ '
> ."_,,.M“’" L™
0 1,700
0 1,000 2,000 3,000 4,000 150 250 350 450
X-axis (cm) X-axis (cm)
a) b)

Figure 7  Effect of filter window size on the zig-zag trajectory at a sampling frequency of 10 Hz and V};;,,= 400 cm/s.
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Discussion

The experimental results indicate that the proposed reading and filtering method effectively stabilizes the coordinate
measurements provided by the D-DWM-PG3.6 system. Although the average two-dimensional error of 7.1 cm is slightly
higher than the manufacturer’s nominal 5 cm accuracy (Decawave, 2021; Qorvo, 2025), such deviations are expected
due to environmental factors, multipath propagation, and practical constraints in anchor placement. The slight
directional bias observed in Figure 4 —approximately 1.7 cm toward the positive X-axis — suggests the presence of minor
systematic effects, but the offset is small and does not indicate a strong tendency toward consistent overestimation or
underestimation.

Comparative analysis reveals that moving average (MA) filtration achieved a competitive mean error of 7.1 cm, closely
aligning with the previous 6.4 cm result (Ranjan et al., 2024). Crucially, our study extends validation by confirming the
D-DWM-PG3.6 system’s performance over a significantly larger and more comprehensive 40x30 m experimental field,
utilizing 82 static points for a superior and highly realistic accuracy assessment.

The increase in positioning error under obstructed conditions (Table 2) confirms the susceptibility of UWB systems to
non-line-of-sight (NLOS) conditions. Blocking the sight lines to fixed stations leaves the system with fewer
measurements to rely on, degrading accuracy and causing significantly larger errors. Raising the height of the stations
or adding additional fixed anchors may help to mitigate these effects in practical deployments.

The jitter in the raw trajectory originates primarily from high-frequency noise in the UWB measurements, caused by
multipath propagation, small fluctuations in time-of-arrival estimation, and quantization effects. With a small window
size (e.g., 3 points), the filter only weakly attenuates this noise, leading to noticeable oscillations in the estimated path,
as shown in Figure 7. Increasing the window to 7 or 11 points enhances the low-pass effect, effectively suppressing high-
frequency components for greater smoothing. Excessively large windows introduce a moderate response delay,
reflecting the trade-off between noise reduction and motion responsiveness. These well-known filtering characteristics
are especially important in practical deployments, where excessive jitter can cause AGVs or greenhouse robots to
misinterpret their position, produce unstable steering commands, or deviate from planned paths, ultimately reducing
operational accuracy and safety.

Limitations and future work

Comparing Tables 1 and 2 indicates that positioning accuracy decreased in cluttered environments, with an average
error of 14.8 £ 6.9 cm—twice that observed in open spaces—suggesting value in mitigating the influence of obstacles
through integration with supporting sensors, such as ultrasonic, laser, or vision-based devices.

Despite the promising results, several limitations should be acknowledged. First, the evaluation focused on two-
dimensional positioning because accurate reference measurements for vertical coordinates were not feasible within
the experimental environment. Second, only moving-average filtering was implemented; more advanced approaches,
such as adaptive Kalman filtering or multimodal sensor fusion, could further reduce noise, particularly in dynamic or
NLOS-prone settings. Finally, the trajectory experiments were conducted at relatively slow manual speeds, leaving high-
speed performance untested.

Future research will address these limitations by extending the method to three-dimensional positioning, integrating
UWSB radio positioning with complementary sensors such as IMU and vision-based tracking, and implementing adaptive
or model-based filtering methods to improve robustness under rapid motion and severe NLOS conditions. Additional
studies will also consider expanding the number of fixed anchors, optimizing spatial layouts, and evaluating system
performance in real AGV and greenhouse automation scenarios to support reliable and cost-effective indoor localization
platforms.

Conclusion

This study proposed and experimentally validated a data reading and filtering method for the D-DWM-PG3.6 UWB
positioning system, demonstrating that the combination of outlier removal and moving-average smoothing effectively
stabilizes raw measurements and improves the consistency of reported coordinates. Experiments conducted over 82
grid points in a 40 x 30 m field yielded an average positioning error of (7.1 + 3.6) cm under open conditions, while tests
with obstacles resulted in a higher average error of (14.8 + 6.9) cm, revealing the system’s sensitivity to NLOS
interference and anchor-geometry degradation. These findings confirm that the D-DWM-PG3.6 platform is suitable for
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indoor localization tasks in logistics, warehousing, and greenhouse automation, particularly when complemented with
additional sensing technologies to mitigate uncertainties in complex environments.

Future research will extend the method to full three-dimensional positioning, explore sensor-fusion schemes integrating
IMU and vision-based systems, and develop adaptive filtering strategies to enhance robustness under high-speed
motion and severe NLOS conditions, ultimately supporting the deployment of reliable and cost-effective localization
solutions for next-generation autonomous platforms.

Nomenclature
c signal transmission speed in the air
d distance between two stations
diim maximum limit movement
ep positioning error
n filter window size
tround signal round trip duration
treply processing time at the stations
tsam sampling period
Viim maximum speed of vehicle
(X,Y) station or tag position
(X, i) previous position
(Xis1, Yira) new position
(Xmeasure, Ymeasure) measured position
(Xtpoint, Yipoint) test points position
(Xupdate, Yupdate) updated position
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