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Executive Summary
There are many practical public sector applications of the internet of things (IoT). From smart streetlights
that dim at certain hours to sensors in parking garages that connect to a mobile app to help citizens find
available parking, the IoT can help. Not only are there different applications of IoT, there are many different
types of technologies available within the IoT. Each technology has different strengths and weaknesses
depending on its intended use. To help governments make smart public investment decisions in promising
yet often unproven products, feasibility studies and proof of concepts are critical.
The Center for Technology in Government at the University at Albany (CTG) and UAlbany’s College of
Engineering and Applied Sciences’ Signals & Networks Lab partnered with the UAlbany’s Parking & Mass
Transit and the Office of Facilities Management to study the feasibility of applying ultra-wideband (UWB)
technology to public transportation. Ultra-wideband technology is a wireless radio system that uses a small
amount of energy to transmit large amounts of data over a wide range of frequency bandwidths, allowing
for ranging and localization at the same time. For public transportation, UWB could provide numerous
benefits including better tracking of trains and buses, and potentially eliminating the need for turnstiles,
tickets or cards to deposit money or swipe for payment.
However, the concern among many government officials is that the advertised potential of technologies
such as UWB will not meet the demands placed on it within an actual public transportation infrastructure.
These demands include specific levels of accuracy, consistency, and resiliency that are required by public
transportation authorities to ensure service quality, effectiveness, and safety. This eight month study was
designed to help assess the effectiveness of UWB by using a series of experiments that the project team
tested within UAlbany facilities and transportation infrastructure.
In a series of controlled experiments, we evaluated the feasibility of deploying Ultra-Wide Band (UWB)
technology using the following use cases: (1) for determining the location of a train on a track (called
ranging in the experiment) and (2) for an electronic payment application, such as a passenger at a turnstile,
to determine the ability to locate individuals within crowds (called localization in the experiment). Both
cases were tested indoors (tunnel) and outdoors (roadway) to evaluate environmental effects. The
experiments measured for reliability (integrity of signal) and precision (range of error in locating) based on
impulsive radio UWB (IR-UWB). Our findings, recommendations, and cautions are summarized below.
Details follow in the rest of this report.
Findings
For ranging in the tunnel environments, our results show that in the majority of cases for line-of-sight
distances of up to 150m (~164 yds or 1/10 mile) between two UWB nodes, the precision was within 10cm
(~4in). For non-line-of-sight distances up to 26m (~28yds) between two UWB nodes, the precision was
within 50cm (~20in).
For localization in the tunnel environment, our results show precision of within 5cm (~2in) in X and Y
positioning for a crowded scenario using six active UWB nodes. We also included the effect of the human
body in this mobile scenario and demonstrated precision within 4cm (~1.5in) while locating and tracking
two UWB nodes separated by a distance of 20cm (~8in). All nodes were placed within a coverage area
equivalent to the area of turnstile gates 3m x 1.2m (~3.3yd x 1.3yd).
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Measurements were also performed outdoors in a very different propagation environment using static UWB
nodes on tripods as well as mobile UWB nodes in a bus and mounted on a bike. We confirmed the need for
optimization to achieve the targeted performance in different environments and for different applications.
Due to signal attenuation along the tunnel according to the distance and the frequency used and due to
multi-path effects, radio transmission is subject to several problems. Especially in a severe tunnel
environment, a positioning system based on IR-UWB technology has the potential to offer the highest
decimeter precision radio based indoor positioning at present with low power consumption, transmission
power and other characteristics. In an actual transport tunnel, having no cellular, wireless (WiFi) or GPS
helps to reduce possible interference on the detection of the IR-UWB signals.
In addition to the electronic payments application, based on the obtained results, we believe that the UWB
technology has the potential to offer simultaneous train-to-wayside communication and train location for
communication based train control (CBTC) as well as obstacle detection in front of the trains. Thus, it
provides a technically effective and economically sensible alternative solution to existing signaling
technologies used in urban transport systems.
Recommendations
Based on the findings above, we recommend further prototyping of IR-UWB in real-world metropolitan
public transporation scenarios scenarios with objective monitoring and evaluation of results. Our
experiments validate the promise of IR-UWB to satisfy the use case requirements for ranging and
localization, but these need to be further tested and affirmed to both extend the scenarios of our controlled
lab and to address the cautions noted below. However, based on our initial testing, we do find IR-UWB to
be an appropriate and promising solution for metropolitan public transportaion and one worthy of further
exploration.
Cautions
More investigations are needed to study how the technology performs in more real world scenario and
associated conditions. Focusing on the tunnel environments, in order to fulfill the objectives requested for
a practical CBTC deployments: (1) the characteristics of the train-to-wayside propagation channel will
change while the train is moving, thus impacting the reliability of ranging, localization and communication
performance. The design (the capabilities and density of UWB transceivers located on the train exterior and
wayside) has to be optimized to match these environment changes to ensure reliability in the whole tunnel.
(2) the whole transport network (infrastructure and trains) is built over a variety of environments (openspace, subway tunnels, and viaducts), thus the trade-offs between the performance of simultaneous ranging,
localization and communication services (use-case scenarios) have to be determined. The additional factors
caused by the different dynamics in the tunnel from passengers and existing cellular/wireless enabled
mobile devices have to be considered while designing the system, and (3) it is also important to investigate
how the scaled-up/extended network wirelessly or through wire-lines is being powered and connected to
the cloud.
Areas for further system improvement inside the tunnel include (1) Increase transmitter power for extended
range, decrease pulse-width for better resolution and optimize antenna design and their number for
coverage, (2) Autonomous surveying of the propagation channel inside the tunnel possibly using unmanned
aerial vehicles (UAVs), (3) effect of the actual size of trains and their speed on the channel. (4) co-existence
with indoor small-cell deployments for cellular and wireless coverage in the tunnel using either licensed or
unlicensed spectrum, (5) interference from passengers’ cellular and wireless devices as well as jamming,
and (6) UWB technology deployment inside the train and for device-free sensing.
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Glossary
UWB (Ultra-Wideband) unit – In this report, we refer to an UWB unit as P440 unit or node.
Anchor (fixed unit) – Anchor nodes are fixed units in the network with which we get the location of mobile
units.
Tag (mobile unit) – Mobile nodes are the units, which are in motion. And for which the X, Y and Z values
are measured. Mobile units are also referred to as tags.
SNR – Signal-to-noise ratio is defined as the level of a desired signal to the level of background noise. It is
the ratio of signal power to the noise power, often expressed in decibels.
Ranging – Ranging is defined as the distance between two UWB units.
Localization – It determines the location of a tag relative to the anchors (references). Localization layer
allows the user to use either the ALOHA or TDMA network protocols to compute the location of a mobile
unit in either 2D (X and Y) or 3D (X, Y, and Z) dimensions.
ALOHA – The ALOHA network protocol is a totally asynchronous means of allowing an arbitrary and
variable number of UWB units to communicate with a minimum of mutual interference. It allows units to
announce their presence to the general community of devices and to learn who else is in the area. It also
has processes for dealing with units, which enter or leave the neighborhood. The ALOHA network is good
for networks in which the total number of units in the network are unknown and those units join and leave
the network at unpredictable times.
TDMA – Time Division Multiple Access (TDMA) network operates by defining specific time windows
(slots) in which specific units may communicate with specific units or with all units. This type of network
is most useful when the number of units participating in the network is both known and fixed. Each slot
contains the definition of the means of communication and the type of message sent. More specifically, for
each time slot the user can define: what code channel will be used for the message, which unit will transmit
and which unit(s) will receive, which antenna configuration will be used, whether the transmitted packet is
a ranging or data packet, Whether and how much data will be transmitted, and whether the unit will enter
a sleep mode when not participating in the current slot. Typically, there will be one set of slots for all units
in the system. This collection of slots is called a Slot Map. The big advantage of this approach is that it uses
every possible moment of time for communications and thereby achieves almost 100% utilization of the
system. This is in contrast to the ALOHA-based network, which normally achieves only 35% efficiency.
Because it utilizes airtime more efficiently, the TDMA protocol offers higher network capacity.
Tx- Here we use this term for transmitter, which can also be known as range responder in ranging
experiment.
Rx - Here we use this term for Receiver, which can also be known as range requester in ranging experiment.
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Summary
The ultra-wideband (UWB) is a very promising wideband technology for high precision indoors and
outdoors ranging and localization. UWB systems generally have a bandwidth of the order of a few
gigahertz, which potentially provides sub-nanosecond scale resolution in time. When combined with timebased range estimation methods such as time-of-arrival (TOA) or time-difference-of-arrival (TDOA), this
property enables UWB to achieve ranging accuracies in the order of few centimeters. UWB can penetrate
through obstacles. This is an advantage over the limitations of GPS for indoor usage. However, the radiated
power density of UWB signals is limited to control interference on other narrowband wireless technologies
such as WiFi. This in turn limits the coverage range of the UWB network despite the advantage over GPS.
The Time Domain kit consisted of ten P440 UWB hardware modules and three software tools – RangeNet,
MRM (Mono-static Radar Module) and CAT (Channel Analysis Tool). For this study, we used the
RangeNet for ranging and localization, while the CAT was used to investigate signal propagation through
the channel and for channel modeling. This final report includes the results of our experiments conducted
in the UAlbany tunnel system and outdoors near the Social Science building bus stop, on the up-town
campus of the University at Albany.
First, we conducted experiments in the lab in order to become familiar with the hardware and software
capabilities of the kit as well as the configuration, post-processing, and data-display environments.
Accordingly, hardware and software settings as well as anchors’ and tags’ placement and orientation are
optimized (see previous progress report). We use four fixed P440 units as anchors and other P440 units as
mobile tags. We considered different numbers of mobile tags being served by the four anchors starting from
a single tag and up to six tags. Initially, we considered two different protocols, ALOHA and time-division
multiple access (TDMA), to establish the network between anchors and tags. Errors estimating the location
of the different tags are higher for ALOHA compared to the TDMA option; estimated location readings are
also more stable. Although, there is room for improvement, we decided to proceed with the TDMA to stay
on schedule.
After the lab experiments, we moved into the UAlbany tunnel and then went outdoors. We took
measurements to study ranging and localization performance (accuracy, reliability and coverage) for
different line-of-sight (LOS) and the non-line-of-sight (NLOS) scenarios. While still targeting accuracy,
reliability and coverage, we also measured the error in distance between mobile tags on the human body.
We conducted ranging experiments (on tripods, inside a bus, and on a bike) up to 150m inside the tunnel
and up to 450m outdoors. For all scenarios, we took 500 readings for ranging and localization. For
localization, we considered scenarios emulating the area of turnstile gates. We varied several parameters to
understand the effect on the performance.
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Introduction
The P440 modules from Time Domain
The P440 module shown in Figure 1 coherently transmits and receives ultra-wideband (UWB) pulses. These
pulses are transmitted over RF frequencies between 3GHz and 5GHz supporting 1.4GHz bandwidth.
Pseudo-random encoding of the transmission allows the creation of independent channels. This allows
multiple modules to be operated on different channels in the same area, at the same time and with a
minimum of mutual interference. Depending on how the pulses are transmitted and received, the modules
can be used as a range measurement device, a data link, an impulse transceiver for channel modeling, monostatic radar, bi-static radar, multi-static radar, or some combination of the above. The device’s operating
mode is software-defined. The RangeNet software uses UWB pulses to measure range and to communicate.
Other Time Domain software packages use UWB pulses for radar and channel modeling. In this report, the
UWB modules are referred as nodes, units or P440 modules.

Figure 1 The P440 module.
Ranging
UWB ranging is normally performed using two-way time-of-flight (TW-TOF) distance measurement. With
this approach, a packet is sent from one unit (the requester) to a second unit (the responder). The responder
then transmits a carefully timed response packet that is received by the requester. By knowing the speed of
light, the exact time when the request packet was sent, the time it took the responder to send the return
packet, and the time when the response packet was received, it is possible to measure the range with 2cm
accuracy; some research groups successfully reported accuracy of 2mm using averaging. Such
measurements are also called Precision Range Measurements (PRMs).
The P440 units also measure the signal strength of the first arriving energy. Since the strength of a signal
is inversely proportional to the square of the distance, the signal strength can be used to estimate distance.
Because signal strength is also a function of other factors, this estimate is rather coarse and is therefore
referred to as a Coarse Range Estimate (CRE). A CRE can be calibrated with periodic PRMs to form a
Filtered Range Estimate (FRE). Since other units can hear a transmission from one unit, CREs effectively
broadcasted in every transmission will result in a CRE at each receiving unit. This technique can be used
to increase the overall performance.
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Localization
Since the goal of a network-based ranging system is to determine the location of mobile nodes relative to
anchor nodes, Time Domain has added a localization layer to RangeNet. All the computations and
commands associated with collecting and converting range measurements to locations are executed in the
P440. Nodes are therefore responsible for computing and reporting their positions.
Forming a Network
While it is useful to measure the range between two units, it is often more valuable to take measurements
from a network of units and use that information to compute not just the range between two units but the
actual device location in three dimensions. Control and coordination of such network is required. In
principle, such a network can be implemented using a wired solution (based on Ethernet or USB) or a
wireless solution such as WiFi. However, these types of networks have a serious limitation in that they are
designed to maximize data throughput using one-way packets. While that approach is a logical and
reasonable approach for handling data, it is not well suited for handling range measurements. This is due
to the way in which range is measured. The range measurement process requires the transmission of two
carefully timed packets acting as a single conversation. Therefore, the network must be designed to handle
conversations and not just simple one-way transmissions.
RangeNet Software
The RangeNet software has been specifically designed and optimized to handle networks of UWB ranging
devices. The RangeNet software supports two-way ranging and communications, as well as operation as a
complete ranging network (with ALOHA and TDMA protocols) with a location engine to support
navigation and tracking applications. While RangeNet can transport data, the associated data rates and
throughput are of secondary interest and are normally limited to rates consistent with command and control
functions.
Channel Analysis Tool (CAT) Software
The channel analysis tool (CAT) software allows P440 users to view and log UWB RF waveforms as they
propagate through an RF channel. These captured waveforms represent the impulse response of the
environment. They can be used as a propagation tool to develop a channel model or as bi-static or multistatic radar.
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Indoors: Static and Mobile Tunnel Measurements
Ranging
For the ranging experiments in the tunnel, we used the Ranging tab in RangeNet software. As shown in
Figure 2, the basic tunnel deployment for ranging experiment is sketched. Figure 3shows an actual picture
inside the tunnel, where the experimental measurements are taken. As shown in Figure 3, there are metallic
objects such as cabinets, pipes and carts affecting the signal propagating between the transmitter (Tx) and
the receiver (Rx). We use a laptop (attached to the Rx) to observe the calculated/estimated range distance
between the Tx and Rx in real-time. We took measurements for different scenarios, as follows:






Scenario A: LOS ranging at 100m and 150m, where the Tx and the Rx deployment is optimized.
Scenario B: LOS ranging at 150m, with a 1ft. (~0.3m) height difference between the Tx and Rx.
Scenario C: LOS ranging at 150m, while changing antenna orientation using 45 degrees intervals.
Scenario D: LOS ranging at 150m, where the Tx and the Rx are not directly aiming at each other;
lateral displacement.
Scenario E: NLOS ranging at 17m and 26m, where the Tx and the Rx are placed at relatively different
positions.
For tunnel ranging measurements, we are limited by the structure of the tunnel. Thus, we can only go
up to 150 m for ranging experiment.

Figure 2 LOS ranging measurements: sketch.

Figure 3 LOS ranging measurements: actual picture.

Table 1 Settings for ranging trials inside the tunnel.
63dB
Transmit Gain
Antenna Mode

Port A

Pulse Integration Index (PII)

8-256 Pulses

Scan mode

Full Scan mode

Sleep Mode

Active

Code Channel

0

Antenna Orientation

Up
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For all ranging scenarios inside the tunnel, settings are listed in Table 1 and are explained as follows:
Transmit Gain: This controls the magnitude or strength of transmitted pulses. When used with a standard
Time Domain Broadspec antenna, an entry of 63 will produce an output signal equal to the maximum
transmit power allowed under either the Region 1 (FCC) or Region 2 (EU/ETSI standard) Setting this value
to 0 will reduce the transmit power by up to 30dB. The settings have been calibrated at 63 but not at other
settings. For a P440, settings between 0 and 63 are monotonic but are not necessarily linear. For example,
a setting of 40 on one unit will not necessarily produce the same signal strength as a 40 on a different unit.
Antenna Mode: This drop-down window controls which antenna port will be used to transmit and which
will be used to receive. There are 4 choices:





Transmit on A, Receive on A.
Transmit on B, Receive on B.
Transmit on A, Receive on B.
Transmit on B, Receive on A.

Pulse Integration Index (PII): This drop-down selection is used to set the number of pulses, which will
be coherently integrated to form a single symbol. Each time the Pulse Integration Index (PII) is increased
by 1 step, the number of pulses per symbol will be doubled. This has two effects. First, the transmitted
packet will take twice as long to send. Second, the received signal strength will increase by 3dB. Units
operating with different PIIs will not be able to communicate.
Scan Mode: In Full Scan mode, 1632 measurements will be reported. This corresponds to a waveform
99.5ns long with ~90ns prior to the pulse and 10ns after the pulse.
Sleep Mode: Each member of the P4xx family supports various sleep modes. The advantage of sleep modes
is that they allow the unit to power off different parts of circuitry to save energy. Not all P4xx units support
all of the sleep mode states.
Code Channel: This is the communications channel over which the unit transmits and receives. This is
analogous to channel numbers on a UHF radio or on a television. Units operating on different channels will
not be able to communicate. While other numbers can be entered, the only valid values are 0 through 10.
Antenna Orientation: Those interested in the best accuracy possible should be aware that the orientation
of the antenna could change the bias by 4cm. If the antennas on the requester and responder are both pointed
in the same direction (both up or both down) then there will be no change in bias. However, if one antenna
is pointing up and the other is pointing down, then the pulse being transmitted is inverted in phase. This
will cause the 4 cm change in bias. If such a difference is important to your application, then the solution
is to set the Ant Orientation field to reflect how the antenna will be mounted. The default is A/B up.
Throughout the report, we show the calculated deviation from the actual range or values of X, Y and Z
in localization. The deviation is the error in the estimated values of range and location relative to the
actual values. Accordingly, we use the term “relative error” and report the values in percentage (on
figures) as well as in centimeters (in text or tables). We save 500 readings for each measuring session.
Theoretically, we need between 1-2 minutes to conduct a session. For the majority of reported figures,
we show the distribution in terms of the occurrence in percentage of “relative error” within the 500
readings. We also report the values in centimeters for “relative error” having maximum percentage of
occurrence as well as the range of occurrence for the “relative error”.
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Scenario A: Optimized Deployment
In this scenario, Tx and Rx are placed 7ft (~2.1m) above floor level. Orientation of antenna is at 0 degrees
for both Tx and Rx; directed alignment. As shown in Figure 4 and Figure 5, the relative error having
maximum assurance for 100m is about 0.7cm and about 5.3cm for 150m. Range of error for 100m is around
0.2-1.5cm and around 3-24cm for 150m. Increasing the distance between the Tx and Rx leads to higher
attenuation on the LOS component and more multipath components due to the increase of the number of
metallic objects such as cabinets, pipes and carts. The RangeNet software gives an error message for
calculated values outside the targeted accuracy range.

Figure 4 LOS tunnel ranging trials at 100m and 150m; optimized deployment.

Figure 5 Zoom in optimized deployment.
Scenario B: Different Heights
In scenario B, we only consider the case of 150m between the Tx and Rx. The Tx and Rx are placed at
different heights; 6ft and 7ft, respectively. Again, orientation of antenna is at 0 degrees for both Tx and Rx;
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directed alignment. As shown in Figure 6 and Figure 7, range of relative error for Tx and Rx at different
heights is around 4.5-15 cm. The relative error having maximum occurrence is about 9.8cm. Comparing
Figure 4 and Figure 6 as well as Figure 5 and Figure 7, we can conclude that the difference in height changes
the distribution as well as the range in relative error readings.

Figure 6 LOS tunnel ranging trials at 150m; 1ft height difference.

Figure 7 Zoom in 1ft height difference.
Scenario C: Antenna Orientation
In Figure 8 and Figure 9, the ranging performance is shown as a function of antenna orientation, where Rx
angle is varied at an interval of 45o. Accordingly, the intervals for measurements are 0o, 45o, 90o, 135 o,
180o, 225o, 270o and 315o. The Tx and Rx are only able to reliably see each other at 0o; no reading errors.
For 45o, and in 45.5% of the readings, the Tx is not able to respond to Rx and the relative error having
maximum occurrence is about 9.8cm. For 90o, and in 14% of readings, the Tx is not able to respond to Rx
and the relative error having maximum occurrence is about 25.5cm. For 135o, and in 15.5% of the readings,
the Tx is not able to respond to Rx and the relative error having maximum occurrence is about 34.5cm. For
180o, and in 13.5% of the readings, the Tx is not able to respond to Rx and the relative error having

Signals & Networks Lab • ECE • CEAS • University at Albany - SUNY

13

maximum occurrence is about 30cm. For 225o, and in 50.5% of the readings, the Tx is not able to respond
to Rx and the relative error having maximum occurrence is about 49.5cm. For 270o, and in 52.5% of the
readings, the Tx is not able to respond to Rx and the relative error having maximum occurrence is about
58.5cm. Finally, and for 315o, and in 5% of the readings, the Tx is not able to respond to Rx and the relative
error having maximum occurrence is about 52.5cm. For example, and for the worst case at 270 o, the range
of error is 48-67.5cm. After obtaining these results, we decided to keep the orientation of both antennas at
0 degrees.

Figure 8 LOS tunnel ranging trials at 150m; difference antenna orientation.

Figure 9 Zoom in difference antenna orientation.
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Scenario D: Relative Position
As shown in Figure 10, the Tx is at fixed Position 1 and measurements are taken by placing the Rx at
Positions 1, 2, 3 and 4, respectively. All positions are 1.5ft (~0.45m) apart.

Figure 10 LOS tunnel ranging trials at 150m. Tx fixed at Position 1 and different positions of Rx.
The ranging performance is shown in Figure 11. For the different positions, the relative error generated is
different. In Position 1 and Position 2, the relative error is less and a LOS scenario is assumed. However,
in Positions 3 and 4, the relative error changes as the units gets near to metallic objects, where error may
generate due to multipath propagation of the signals. Table 2 lists the maximum occurrence and range of
relative error for the considered scenarion of a moving Rx.

Figure 11 Relative error readings when Tx and Rx are not directly facing each other; Rx moving.
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Table 2 Maximum occurrence and range of relative error; Rx moving.
Position
Maximum occurrence of relative
error (cm)
1
9.8

Range of relative error (cm)
9.4 - 10.5

2

1.5

0.75 - 5.3

3

45

30 - 52.5

4

48

34.5 - 67.5

As shown in Figure 12, the Rx is at fixed Position 1 and measurements were taken by placing the Tx at
Positions 1, 2, 3 and 4, respectively. All positions are 1.5ft (~0.45m) apart.

Figure 12 LOS tunnel ranging trials at 150 m. Rx fixed at Position 1 and different positions of Tx.
The performance is shown in Figure 13. Table 3 lists the maximum occurrence and range of relative error
for the considered scenarion of a moving Tx.

Figure 13 Relative error readings when Tx and Rx are not directly facing each other; Tx moving.
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Table 3 Maximum occurrence and range of relative error; Tx moving.
Position
Maximum occurrence of relative
error (cm)
1
39.8

Range of relative error (cm)
33 - 48

2

9.8

6 - 15

3

54

49.5 - 63

4

52.5

48 - 64.5

From Figure 11 and Figure 13, we can conclude that the relative positions of Tx and Rx affect the ranging
performance. For best performance, it is recommended to place the Tx and Rx in a LOS scenario, where
the antennas are 2 ft (~0.6m) away from any metallic surface.
Scenario E: Non-Line-of-Sight
As shown in Figure 14, the Rx is at fixed Position 1 and measurements were taken by placing the Tx at
Positions 1, 2, 3 and 4, respectively. All positions are 1.5 ft (~0.45m) apart.

Figure 14 NLOS tunnel ranging trials at 17m. Rx fixed at Position 1 and different positions of Tx.
The relative error values at different positions are plotted in Figure 15. In Position 3, and in 7% out of total
readings, the Tx is not able to respond to the Rx. In Position 4, and in 14% out of total readings, the Tx is
not able to respond to the Rx. Table 4 lists the maximum occurrence and range of relative error for the
considered scenario of a moving Tx.
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Figure 15 Relative error readings at 17m when Tx and Rx are not directly facing each other; Tx moving.
Table 4 Maximum occurrence and range of relative error; Tx moving.
Position
Maximum occurrence of relative
error (cm)
1
59.5

Range of relative error (cm)
37.5 - 59.5

2

8.5

-8.5 to 8.5

3

0.85

-8.5 to 4.25

4

2.5

1.7 - 3.4

As shown in Figure 16, the Tx is at fixed Position 1 and measurements were taken by placing the Rx at
Positions 1, 2, 3 and 4, respectively. All positions are 1.5ft (~0.45m) apart.

17m

Figure 16 NLOS tunnel ranging trials at 17 m for Rx fixed at Position 1 and different positions of Rx.
The relative error values at different positions are plotted in Figure 17. In Position 4, and in 28% out of
total readings, the Tx is not able to respond to the Rx. In Position 4, and in 14% out of total readings, the
Tx is not able to respond to the Rx. Table 5 lists the maximum occurrence and range of relative error for
the considered scenarion of a moving Rx.
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Figure 17 Relative error readings at 17 m when Tx and Rx are not directly facing each other; Rx moving.
Table 5 Maximum occurrence and range of relative error; Rx moving.
Position
Maximum occurrence of relative
error (cm)
1
10.2

Range of relative error (cm)
9 - 10.7

2

8.5

-8.5 to 8.5

3

9

6 to 10.2

4

5

4.25 - 11

The same settings in Figure 14 and Figure 16 are considered for 26m instead of 17 m. The associated
performance curves are shown in Figure 18 and Figure 19. Table 6 lists the maximum occurrence for the
considered scenario of a moving Tx and moving Rx.
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Figure 18 Tunnel ranging trials at 26m. Tx and Rx are not directly facing each other; Tx moving.

Figure 19 Relative error readings at 26m when Tx and Rx are not directly facing each other; Rx moving.
Table 6 Maximum occurrences of relative error; Tx and Rx moving.
Position
Maximum occurrence of relative
error; Tx moving (cm)

Maximum occurrence of relative
error; Rx moving (cm)

1

135

270

2

540

67.5

3

1.62

135

4

2.16

135
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Localization
Regarding localization in the tunnel, we are using the location tab of RangeNet software. Figure 20 shows
the tunnel environment for localization experiment. Anchors are placed at fixed positions. All mobiles are
placed within a coverage area equivalent to the area of turnstile gates. The fixed mobiles are placed at 2ft
(~0.6m) from center. Settings are listed in Table 7. The scenarios are as follows:



Scenario A: Static measurements using tripods to mount both anchor and tag units.
Scenario B: Mobility based on placing two mobile tags on a human body; front and back.

Figure 20 Actual setup for localization trials inside the tunnel.
Table 7 Settings for for localization trials inside the tunnel.
63dB
Transmit Gain
Antenna Mode

Port A

Pulse Integration Index(PII)

7 - 128 Pulses

Scan mode

Full Scan mode

Sleep Mode

Active

Code Channel

0

Antenna Orientation

Up

Anchor Beacon Rate

1000ms

Mobile Beacon Rate

400ms

Network Mode

Auto TDMA

Solver Type

Kalman
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There are some additional settings compared to Table 1 and are explained as follows:
Beacon Rate: This field is used to define the average rate at which anchors or tags communicate. Mobiles
will issue range requests at random intervals with a minimum time not less than the time required to
complete a range request. Anchors operate in the same manner with two exceptions. First, an Anchor will
never issue a range request. Instead, it will transmit a short data packet announcing its existence. Second,
every time it receives a range request, it will reset to zero the timer associated with Beacon transmission.
Network Mode: This drop-down menu determines if the localizer will operate using the ALOHA, TDMA
or auto TDMA protocol. The user has the choice of selecting either TDMA-Slot Map (in which UWB unit
will use the Slot Map defined by the user on the Networking Tab) or TDMA-Auto (in which case the
RangeNet GUI will define the Slot Map to be used by the UWB unit and use the PII, antenna port, and code
channel as defined on the Configuration Tab).When switching back and forth from one of the location
modes on the Location Tab (Tracking, Idle or Autosurvey with either ALOHA, TDMA-Slot Map, or
TDMA-Auto) to one of the network-only modes on the Network Tab (TDMA or ALOHA), it is necessary
to reboot the unit before you will be able to complete the transition.
Solver Type: This drop-down menu determines whether the Kalman or Geometric solver will be used. The
Location Engine is resident on each node and uses either a Kalman or a Geometric solver to calculate the
node’s location.



Kalman solver - Use this if mobiles are moving. It has a sense of inertia in its model to compute the
mobile’s location.
Geometric solver – Use this if mobiles tend to remain stationary (move slowly or is static). It does not
use sense of inertia whereas it is more sensitive to noise.

Scenario A: Static Measurements using Tripods
In this scenario, four nodes are fixed as anchor nodes (purple circles), five tags (green circles) are also
placed at fixed positions as shown in Figure 21 and the sixth tag is being located at Positions 1, 2, 3 and 4.

Figure 21 Localization setup: coverage area equivalent to the area of turnstile gates.
The anchors’ X, Y and Z values, calculated using auto survey mode, are listed in Table 8. All mobile nodes
are placed within a coverage area equivalent to the area of turnstile gates 10ft x 4ft (3m x 1.2m).
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Table 8 Anchor X, Y and Z values.
Anchor

X(in m)

Y(in m)

Z(in m)

100

0

0

2

101

5.8

0

2.2

102

-0.033

11.07

24

103

5.03

11.159

2.6

Figure 22 Relative errors in X, Y and Z for Positions 1, 2, 3 and 4.
Relative errors in X, Y and Z for Positions 1, 2, 3 and 4 are shown in Figure 22. We can observe that the
range of relative error Z values is comparatively larger for all positions. Table 9 lists the error range in X,
Y and Z.
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Table 9 Range of relative error in X, Y and Z.
Position
Range of error in X (cm)

Range of error in Y (cm)

Range of error in Z (cm)

1

2-6

2-3

12 - 16

2

2-4

3-4

8 - 14

3

1-5

2-4

6 - 14

4

1-6

2-4

8 - 16

Scenario B: Mobile Tags on Human Body
In this scenario, a student is holding two mobile units and standing at three different locations (Positions 1,
2 and 3). We kept the same anchor locations as previously listed in Table 8. See Figure 23 and Figure 24,
for more details on this scenario and the obtained relative error values for the distance between two tags on
human body. The relative error having maximum occurrence is about: (1) 1cm at Position 1, (2) 4 cm at
Position 2, (3) 25cm at Position 3.

Figure 23 Setup for Tunnel Localization Trials where relative distance between 2 mobiles is measured.
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Figure 24 Relative error values for the distance between two tags on human body.
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Outdoors: Static, Bus and Bike Trials
Ranging
For ranging outdoors, we are again switching to the Ranging tab in RangeNet software. As shown in Figure
25, the basic deployment for ranging experiment is sketched. For the ranging experiment, 150m, 250m,
350m and 450m distances separating the Tx and the Rx are considered. The Tx and the Rx are mounted on
tripods and placed 7ft (~2m) above the ground level to form a directed LOS link as shown in Figure 25.
Antennas are oriented at 0 degrees; both Tx and Rx are aiming at each other. System settings are listed in
Table 10.

Figure 25 Ranging setup for outdoor trials at 150m, 250m, 350m and 450m.
Table 10 System settings for LOS ranging outdoors trials.
63dB
Transmit Gain
Antenna Mode

Port A

Pulse Integration Index (PII)

8-256 Pulses

Scan mode

Full Scan mode

Sleep Mode

Active

Code Channel

0

Antenna Orientation

Up

The relative error values for different separation distances are shown in Figure 26. The relative error having
maximum occurrence is about: (1) 15cm for 150m, (2) 18.75 cm for 250m, (3) 17.5cm for 350m and (4)
67.5cm for 450m.
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Figure 26 Comparison of outdoor ranging trials.
We also placed the Tx inside the bus and on a bike (see Figure 27 and Figure 28). The Rx is mounted on a
tripod. Figure 29 shows the obtaing ranging values for four trials. The maximum coverage giving reliable
readings for the bus and the bike are 42m and 140m, respectively.

Figure 27 Outdoors setup for bus and bike ranging trials.

Figure 28 A picture showing the units inside the bus and on the bike.
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Figure 29 Comparison of bus and bike trials for ranging experiment.
Localization
Here, we form a network instead of just using two units, switch back to the location tab of RangeNet
software and consider two scenarios. The used settings are listed in Table 11.
.
Table 11 Settings for Outdoor Localization Experiment:
63dB
Transmit Gain
Antenna Mode
Pulse Integration Index(PII)

Port A
7 - 128 Pulses

Scan mode

Full Scan mode

Sleep Mode

Active

Code Channel

0

Antenna Orientation

Up

Anchor Beacon Rate

1000ms

Mobile Beacon Rate

400ms

Network Mode
Solver Type

Auto TDMA
Kalman

Scenario A: Static Measurements using Tripods
As shown in Figure 30, a setup consisting of four anchors (purple circles), five fixed-position tags (green
circles) and a single mobile tag (is going to be positioned at four different locations; Positions 1, 2, 3 and
4) is considered.
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Figure 30 Tags are placed within a coverage area equivalent to the area of turnstile gates.
Table 12 list the location information (X, Y and Z) for the four anchors. All mobile nodes are placed within
a coverage area equivalent to the turnstile gate area 10ft x 4ft (3m x 1.2m).
Table 12 Fixed anchors information for outdoor trials.
Anchor Nodes X(in m)

Y(in m)

Z(in m)

100

0

0

2

101

9.87

0

2.2

102

-0.009

29.43

24

103

9.7

29.56

2.6
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Figure 31 Relative error values for X, Y and Z at Positions 1, 2, 3 and 4.
Measurements are taken as shown in Figure 30 at positions 1, 2, 3 and 4. The obtained relative error values
are plotted in Figure 31. Table 13 and Table 14 list the Maximum occurrence and range in relative error for
X, Y and Z.
Table 13 Maximum occurrences of relative error in X, Y and Z.
Position
Maximum occurrence of Maximum occurrence of
error in X (cm)
error in Y (cm)

Maximum occurrence of
error in Z (cm)

1

8

35

4

2

20

18

4

3

14

20

3

4

20

47

3
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Table 14 Range of relative error in X, Y and Z.
Position
Range of error in X (cm)

Range of error in Y (cm)

Range of error in Z (cm)

1

7-9

33 - 35

2-4

2

13 - 20

18 - 41

3 - 4.5

3

14 - 22

20 - 22

1.5 - 4

4

Didn’t notice distribution

Didn’t notice distribution

Didn’t notice
distribution

Scenario B: Mobile Tags in a Bus and on a Bike
The main goal for this scenario is to investigate the network coverage, while having the mobile tag inside
the bus or on a bike. In this setup, anchors are 100ft (~30m) apart from each other. Here, we are providing
the distance from the gateway unit located at the origin, where the network could still communicate and
detect the mobile tag. Thus we are not providing exact location using X, Y and Z values. See Figure 32
showing the sketch, Figure 33 projecting the locations of the four anchors on Google Maps, Table 15 listing
the exact locations of the four anchor nodes, and Figure 34 plotting the maximum distance from the origin.
From Figure 34, the maximum distances for the bus and the bike are 33m and 98m, respectively.

Figure 32 Outdoors setup for bus and bike trials; localization setup.

Figure 33 Outdoors setup for bus and bike trials. Anchors are 100ft apart.
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Table 15 Setup 1: Anchors information for bus and bike trials.
Anchor Nodes

X(in m)

Y(in m)

Z(in m)

100

0

0

2

101

9.87

0

2.2

102

-0.009

29.43

24

103

9.7

29.56

2.6

Figure 34 Comparison of bus and bike trials for setup 1 localization experiment.
We decided to increase the separation between the anchors aiming for a better coverage. In this setup,
anchors are 200ft (~60m) apart from each other. Figure 35 projects the locations of the four anchors on
Google Maps. Table 16 lists the exact locations of the four anchor nodes, and Figure 36 plots the maximum
distance from the origin. From Figure 36, the maximum distances for the bus and the bike are 4.5m and
136m, respectively. The performance using the bike is improved and is getting closer to an ideal ranging in
a LOS scenario. Performance using the bus is poor compared to previous setup; connection is lost in such
challenging scenario.
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Figure 35 Outdoors setup for bus and bike trials. Anchors are 200ft apart.
Table 16 Setup 2: Anchors information for bus and bike trials.
Anchor Nodes X(in m)

Y(in m)

Z(in m)

100

0

0

2

101

10.5

0

2.4

102

0

60.87

2.8

103

10.5

60.83

3

Figure 36 Comparison of bus and bike trials for setup 2 localization experiment.
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Technical Summary and Conclusions















Measurements taken with the ALOHA mode are showing higher errors compared to the resource
allocation TDMA mode. Such performance is expected from a random access technique (see progress
report). There is more room for improvements using better settings for ALOHA parameters, however
we decided to use TDMA in conducting all experiments mentioned in the final report to stick to the
time plan.
We received an upgraded version of the RangeNet software 2.1 almost five month after the official
starting date of our 8-month project. With the upgrade, we were able to obtain Z values in addition to
the X and Y values. Initially, errors in Z values are clearly higher compared to errors in X and Y values
(see progress report). We further investigated and optimized needed setting to improve the calculated
Z values and managed to obtain better results in the final report compared to the results in the progress
report.
In the latest documentation provided by Time Domain support, it is mentioned that if the spacing
between the anchors is less or more than the recommended distances based on the transmitted signal
power, the error in the calculated Z values is more compared to the error calculated for the X and Y
values. This is also true if the entered X, Y and Z values in RangeNet software for the anchors are
slightly deviated from the actual values. We have a relatively small lab space and keeping the anchors
12ft (~3.5m) apart from each other is not possible. In the tunnel, it is also challenging to manually
measure the exact location of the anchors. According to Time Domain documentations, errors in taking
measurements or placing the anchor nodes (error in geometry) will be dumped into Z values of the
mobile tag. We believe that the accuracy of Z values could get improved with the next version of the
RangeNet software.
Manual measurements of the actual tag locations are conducted using a measuring tape or threads of
fixed length; 5m, 10m, 25m, 50m and 100m. For appropriate measurements, we used a laser-ranging
device having +/- 1/16 (~1.6mm) in error in accuracy. The range was limited to 65m straight line for
LOS scenarios, not accurate for NLOS scenarios (we are adding more than one reading to cover the
whole distance), and it was challenging to spot/aim the laser beam outdoors in daylight.
We used tripods to mount both anchors and tags. Antennas of both anchors and tags need to be mounted
about a foot from any signal reflecting metal objects to limit (a) high reading-to-reading variation, (b)
inaccurate bouncy range readings, (c) noisy data into range calculation algorithms, and (d) inconsistent
calculations of locations. Also there must be an appropriate difference in height between anchors and
mobile tags.
Miscellaneous recommendations: (1) avoid metallic surfaces around the anchors, such as lamp posts
and signs, (2) place anchors 6-7ft above the floor level and (3) metallic obstacles at the same height of
mobile tags.
Experiencing reading interruptions: (1) student traffic during measurements in the tunnel, (2) outdoor
traffic, and (3) unable to locate the mobile tag inside the bus, especially with increasing speed.
Challenges during measurements: (1) fixed bus schedule, (2) setting up outdoor experiments and
creating markers on the road, (3) manual measurements for long distances using fixed-length threads,
(4) calculating accurate outdoor GPS location for anchors as ground truth, (5) due to unpredictable
weather conditions it was difficult to conduct outdoor trials, (6) daily recharging of batteries, and (7)
Time Domain customer support was not responding promptly in some situations.
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