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ABSTRACT
Recording 3D movements of a user’s hand, robotic arms, or an
object, even in a small confined space, has several applications in
AR/VR, robotics, movement science, and 3D modeling and render-
ing. Existing camera-based tracking systems, though extremely
accurate, are quite expensive and suffer from issues of occlusion
and face difficulties when operating in extremely dark or extremely
bright environments. We contend that trading-off a bit of accuracy
while reducing costs and enabling more flexible operating environ-
ment might be worth exploring. This paper presents UTrack3D, a
table-top setup that tracks the movements of an object in 3D space
using embedded low-cost ultra-wideband (UWB) radios. The core
idea is to continuously track the changes in phase as captured from
UWB signal’s channel impulse response (CIR) derived from the
UWB messages received at a set of dual-antenna UWB receivers.
Each of our custom dual-antenna receivers captures the UWB signal
from two corners of a cuboid allowing us to perform relative phase
measurements. The main challenges in the solution are caused by
a location-dependant large variation in the signal amplitudes and
corruption of the CIR due to multipath. UTrack3D tackles these
challenges via a signal processing pipeline fusing a forward lo-
calization process which tracks the object’s location using UWB
CIR phase, and a posterior location check process, which validates
the estimated location. UTrack3D is implemented on commercial-
off-the-shelf (COTS) UWB chips, and provides a 90𝑡ℎ percentile
accuracy of 9𝑚𝑚 in a table-top 3D region (1.5𝑚 × 0.8𝑚 × 0.8𝑚). We
evaluate the effects of additional UWB receivers, effect of different
movement speeds, and effect of small-scale signal blocking using
different materials. We expect UTrack3D to allow researchers a rich
new environment for further advancing UWB-based 3D tracking.

CCS CONCEPTS
• Computer systems organization → Sensors and actuators; •
Human-centered computing → Ubiquitous and mobile com-
puting.
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Figure 1: Overview of UTrack3D setup with three RF-receivers each
with a dedicated antenna, while also sharing 1 common antenna,
and UTrack3D use-cases.

1 INTRODUCTION
Tracking 3D movement of hands, robotic arms, or 3D objects, even
when confined to a small area such as over a work-bench or table-
top is a fundamental primitive with applications spanning from
robotics, to gaming, to AR/VR, to sculpting, to music. The core ca-
pability required in many of these applications appears to be quite
simple: track the 3D movements of an object in a small confined
3D space. Today, stereoscopic cameras are able to perform such 3D
tracking, and are actually far more capable in terms of coverage area
and accuracy than what we need for a table-top solution. However,
cameras are often constrained by occlusions, they need to detect
the object clearly with enough contrast from the background, they
work only in well-lit conditions, and require a substantial compute
power for running computer vision algorithms [34, 39, 46]. While
substantial work has occurred in each of these deficient areas, the
fundamental issues remain. Infrared markers that are clearly visible
to infrared cameras are used to solve some of the problems faced by
visible spectrum cameras, however, such motion capture solutions
can be expensive (in excess of $10,000). The costs are quite fun-
damental, since specialized IR cameras and specialized processing
software is expensive to produce. In this paper, we ask: Is it possible
to have graceful degradation in accuracy as we lower the cost of 3D
tracking using an alternative technology, in a small area?

To explore an alternative, we must contrast with the very mecha-
nism that most existing motion capture systems use. At a high-level
optical motion capture systems (both visible spectrum and infrared
(IR) based) observe reflections from the object being tracked. They
must identify the object’s reflections and ignore all others (noise,
in a signal processing sense) which is an inherently complex and
compute-intensive operation. Now, instead of the infrastructure
observing reflections from the object of interest, if the object itself
emits identifiable messages, it becomes far easier to eliminate noise
and track just the object we are interested in. Certain optical motion
capture systems use coded light emitted from LEDs installed on
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the object [52] eliminating the identification problem associated
with reflective motion capture. However, since they also use light
signals, occlusions are frequent and the surface of the object has to
accommodate the LEDs. In comparison, radio frequency wireless
signals emanating from a radio embedded inside the object can
pass through various materials, without modifying the external
appearance of the object, and the signals can be easily identified
and localized by RF receivers placed in the infrastructure. These
properties are promising and might provide a viable alternative to
the currently prevalent motion capture systems.

Others have made similar observations about camera-based sys-
tems. For example, [21] explored these same alternatives, and em-
bedded ultra-wideband (UWB) and inertial measurement unit (IMU)
chips inside a ball. This approach has also been used in FiFA foot-
ball [47]. In a different context, our earlier work [15] embedded an
ultra-wideband chip in a pen to track its motion. In [59], a pen is pas-
sively tracked using millimeter-wave radio. However, a solution to
the general 3D motion tracking problem remains elusive. Without
a 2D plane to guide the possible locations as in ITrackU [15], or the
parabolic trajectory of the falling ball that generates strong priors
in iBall [20], accurate wireless 3D localization must be performed
with minimal constraints in a general context. Yet, the existence
of prior art in this domain shows that RF-based 3D tracking is a
desirable property in a variety of applications.

In this work, we are interested in developing a methodology for
free-form 3D tracking using an ultra-wideband (UWB) RF trans-
mitter at the object being tracked. We will explore the benefits of
UWB over other RF technologies such as Wi-Fi and RFID when
we discuss related work in Section 2. We envision a wide range of
use-cases for our system, called UTrack3D, spanning from tracking
a robotic arm for precise manipulation, to drawing virtually in the
air using a VR stylus, as shown in Fig. 1.

Our earlier work, ITrackU [15], tracks a pen on a 2D surface
using a multi-antenna system with a single RF-chain. When we
first set out to develop the ideas of this project, we thought it would
be a trivial extension of the ITrackU work by adding one more
antenna in the Z-axis. However, extending the ideas that work in
2D to 3D turns out to be non-trivial. We faced severe dynamic range
issues and significant issues around non-ideal antenna transmission
pattern where signal from the tracked object would be substantially
attenuated with respect to at least one of the antennas at almost
all locations. We feel our observations in extending ITrackU to 3D
are instructive and therefore, we will dwell on more details of our
exploration in Section 4.1.

While our first attempt to extend ITrackU by adding just one
more antenna failed, we took inspiration from the basic principles
and investigated how it could be modified for a 3D tracking system.
UTrack3D is the result of that exploration. The foundational idea
is as follows: ultra-wideband based localization is limited by its
bandwidth if we only rely on timing information and perform two-
way ranging. However, tracking can benefit also from the recorded
phase information which can be obtained at a much finer granu-
larity. Of course, received phase is arbitrary for two devices not
sharing a clock. To use phase information, we must create a sys-
tem that can track relative phase between two pulses received in
the same channel impulse response (CIR) inferred from a single
wireless packet. In UTrack3D, we obtain such relative phase using

independent dual-antenna setups along each of the three axes (see
Fig. 1). Meaning, we have three separate UWB receivers, each cater-
ing to one axis, which mitigates dynamic range issues. Antennas
along each axis are separated by a substantial distance (∼ 1.5𝑚
and ∼ 0.8𝑚), but connected via a long RF cable, thus obtaining two
signal pulses, separated by a few nanoseconds. Being part of the
same CIR, such pulses can be compared in phase.

Our contributions in UTrack3D are:
• We propose a 3D tracking system using only UWB, operating
in a small confined space, such as a table-top, without support
from other sensors. We utilize custom-made multi-antenna UWB
receivers which captures the 3D location of a UWB-embedded
object at sub-centimeter-level accuracy.
• We develop a signal processing pipeline to effectively enable a
consistent and robust tracking process, resilient to various practical
issues including multipath, low SNR, and even signal blocking.
• We prototype UTrack3Dwith COTS UWB chips and demonstrate
its feasibility in tracing hand-drawn 3D shapes, and tracking the
motion of a robotic arm.

UTrack3D performs tracking using only RF-based tracking with-
out help from other sensors such as inertial sensors. This is a con-
scious decision since it helps us explore the capabilities and lim-
itations of UWB-phase based tracking, simplifies the UWB com-
munication interface with the transmitter sending just a sequence
number instead of streaming inertial data, and allows us to treat
UWB-based 3D tracking as a foundational technology. Based on
the constraints and liberties of specific applications, researchers in
the future might use the techniques developed in this work along
with other sensor technologies.

We evaluate UTrack3D in our lab environment with OptiTrack
based motion capture solution for ground truth. We obtain 9𝑚𝑚
accuracy at the 90𝑡ℎ𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑖𝑙𝑒 for free-form writing in the air and
tracing a 3D object in a confined 1.5𝑚 × 0.8𝑚 × 0.8𝑚 table-top area.
We verify that UTrack3D does not drift over time, study the effect
of adding more receivers in the infrastructure, study the effect of
different speeds of 3D movement, and explore absolute localization
possibilities. We evaluate UTrack3D’s performance under occlu-
sions created by different materials, and evaluate the latency of the
real-time processing pipeline. Our evaluations are performed in a
cluttered lab so as to experience real-world multipath.

2 RELATEDWORK
The broad application space that requires precise 3D tracking has
motivated various tracking solutions based on different modalities.
The literature makes it clear that any one solution may not be suit-
able for all applications. In this section, we briefly review existing
solutions starting with marker-based, then dwelling on marker free,
acoustic, and finally radio-frequency based solutions.

Inmarker-attached camera-based solutions, special infrared
(IR) reflecting markers are placed on the object or human subject
being tracked in a distinct pattern allowing a set of specialized
IR cameras to detect their location. Several commercial solutions
exist [6–8] and are widely used in movie making, movement sci-
ences, and robotic tracking. Multiple infrared light emitters cover a
fixed volume of space being tracked. The IR light reflects from the
markers on the object and these reflections are captured by IR cam-
eras (usually collocated with the IR emitters). While localization
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accuracy can be sub-millimeter, such motion capture systems are
very expensive1.

When the tracking occurs on a single plane, such as a white-
board, commercial solutions such as Boxlight’s Mimio platform
have driven down the costs (to around $1000) by combining in-
frared and acoustics. The Mimio platform is useful for tracking a
lecturer’s whiteboard writing, but is not a general solution for 3D
spaces. In comparison, UTrack3D achieves sub-centimeter-level
tracking accuracy in 3D space with low-cost sensors.

Marker-free camera-based solutions are well-studied in the
computer vision field. One can either use external RGB-depth cam-
era [4, 5], stereo cameras [9] to directly capture the position change
of an object in the FOV [23, 27, 28, 31–33, 41], or perform simulta-
neous localization and mapping (SLAM) to infer the object’s own
position using an on-object camera [12, 42, 43, 48, 53]. However,
object tracking using image data requires a compute-heavy pipeline
involving object detection, recognition, and geometric transforma-
tion. Yet, its tracking accuracy is limited by the image resolution
and are sensitive to external factors, such as ambient light, viewing
position, occlusion, etc. In comparison, UTrack3D actively tracks
the tag on the object using the UWB CIR at the receivers, yields
much more efficient bandwidth usage and results in a simpler data
processing pipeline without the need for object detection and object
recognition. UTrack3D is unaffected by different lighting conditions,
and works even when encased in different non-metallic materials.

Acoustic-based tracking solutions: Acoustic signals have
been explored as an alternative to camera-based solutions for its
low-cost sensors [13, 38, 45, 55, 58, 65, 66, 68, 70]. For instance,
Strata [66] leverages the phase change in the acoustic CIR to pas-
sively track an object with a 1.0𝑐𝑚 2D tracking error. ReflecTrack [70]
achieves a median error of 28.4𝑚𝑚 in the 0.6𝑚 × 0.6𝑚 × 0.6𝑚 space
using frequency-modulated continuous wave (FMCW) signals in
audible frequencies. However, acoustic signals have limited range
(typically < 1𝑚). Modern built-in speakers and microphones sup-
press the power of acoustic signals in the inaudible range, leading
to rapid attenuation. In addition, hardware imperfection generates
noise even if inaudible frequencies [51], and can be irritating to
pets and children and captured by nearby microphones. Acoustic
signals also attenuate significantly when passing through various
packaging materials such as wood, wool, and glass, etc. It is worth
noting, however, that since sound travels much slower than radio-
frequency signals, in some applications where the limitations of
sound-based tracking do not apply, acoustic tracking can be a more
practical and cost effective solution.

RF-based tracking solutions: High-precision RF-based track-
ing is an active research area and has seen substantial work in
recent times. Existing RF-based solutions use RFID [29, 54, 57, 64],
millimeter-wave signals[50, 59], Wi-Fi signals [26, 30, 60, 61], or
custom RF signals [35, 62]. Millimeter-wave techniques are based
on reflections of signals and suffer from many of the limitations of
markerless camera systems. The tracking approach for RF-based
systems is based on received signal strength (RSS), time of flight,
or phase information. RSS-based techniques only provide coarse-
grained localization and tracking. Time of flight solutions are lim-
ited in accuracy by bandwidth of the signal and in that sense, Wi-Fi
1We have received several price-quotes all exceeding $10,000 and have actually de-
ployed one such system for our ground truth.

based solutions perform poorly compared to mmWave and UWB-
based solutions. When phase information is used, stability of the
phase measurements and the signal wavelength are crucial. For
example, RFID phase 90%𝑡𝑖𝑙𝑒 stability for Impinj R420 at 907𝑀𝐻𝑧
is about 8.6° [49], which translates to 7.9𝑚𝑚 theoretical limit. In
contrast, UWB signals at 4𝐺𝐻𝑧 provides 0.9𝑚𝑚 theoretical resolu-
tion limit [15]. Tracking based on RFID can be fragile when faced
with multipath, flexing of tags or orientation changes, as reported
by [56]. Use of Wi-Fi CSI is a possible alternative [71]. However,
given how important and prevalent Wi-Fi communication is to-
day, it is difficult to find an empty channel to dedicate to tracking.
Without a dedicated channel, Wi-Fi tracking will suffer from in-
terference from other communication devices in the vicinity and
will itself interfere. RF-based solutions are also significantly influ-
enced by environmental multipath. UWB signals with their large
bandwidths are more resistant to multipath providing a promising
alternative [14, 16–19, 40, 63]. Prior work has shown the promise of
UWB-based tracking by using non-standard UWB signals emitted
by custom hardware [36, 37, 67]. However, the hardware design of
these efforts does not comply with the current UWB standards: they
require much larger bandwidth than the standards, and the signals
are captured using specialized oscilloscopes. Those systems, while
pioneering at the time, are far from being an IoT platform for practi-
cal everyday use. Our previous work, ITrackU [15], fuses UWB and
inertial sensors to track the motion of a pen-like instrument on a 2D
plane, providing 7𝑚𝑚 accuracy at the 90%𝑡𝑖𝑙𝑒 . This current work,
instead, uses only UWB signals (without fusion with other sensors)
to achieve 9𝑚𝑚 error in 3D space, opening up opportunities for a
much wider application space in the real-world.

Overall, we believe compared to existing work in this space,
UTrack3D significantly advances 3D motion tracking and will find
uses in a large number of applications.

3 PRIMER ON UWB PHASE-BASED
LOCALIZATION

Before delving into the design of UTrack3D, it is useful to first
describe the fundamentals of how UWB can leverage physical-layer
(PHY) features to track the motion of a tag. Note that UWB does
not use FMCW, but rather uses wide-band short-time pulses which
make it simple to obtain the channel impulse response (CIR) [25].

Localization with channel impulse response. Traditionally,
UWB employs two-way ranging which exchanges messages be-
tween two devices and measures the time-of-flight (ToF) based on
transmission and reception timestamps to calculate the distance.
While it is widely used as an active ranging solution in indoor local-
ization applications [16, 24], the 10𝑐𝑚 ranging error is inadequate
for tracking applications that require at least an order of magnitude
better precision, e.g., digitizing the trajectory of a AR-wand in the
air. This paper takes a different approach which tracks with the
phase change of the UWB’s carrier wave which is available in the
form of complex channel impulse response from our hardware. The
basic model of UTrack3D involves a single-antenna UWB transmit-
ter (TX), and multiple multi-antenna UWB receivers (RX). The TX
continuously sends UWB messages, which are captured by each
UWB receiver after traveling in the air for time 𝜏𝑖 . Note that the in-
air propagation time 𝜏𝑖 is directly correlated to the TX-RX distance
𝑑𝑖 by 𝜏𝑖 = 𝑑𝑖

𝑐 , which is the primary constraint we use to perform
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Figure 2: A 2-antenna receiver observes 2 peaks in CIR. The time
difference of these two peaks build a hyperbolic constrain for local-
izing the transmitter.

localization. For ease of illustration, we temporarily neglect the
multipath effect and assume the signal will only reach the antenna
via the direct path. For a UWB signal with center frequency 𝑓𝑐 , the
received signal at receiver 𝑟𝑖 is a copy of the transmitted signal 𝑥 (𝑡)
with a specific time delay 𝜏 and attenuation factor 𝑎:

𝑦 (𝑡) = 𝑎𝑒− 𝑗2𝜋 𝑓 𝜏+𝜙𝑜𝑥 (𝑡 − 𝜏), (1)
where 𝜙𝑜 is the phase offset varying with time and UWB receivers.
With the assumption of linear channel, the input-output-irrelevant
channel impulse response (CIR) between the TX and RX is modeled
as:

ℎ𝑖 (𝑡) = 𝑎𝑖𝑒− 𝑗2𝜋 𝑓 𝜏+𝜙𝑜𝛿 (𝑡 − 𝜏) = 𝑎𝑖𝑒− 𝑗 (2𝑛𝜋+𝜙+𝜙𝑜 )𝛿 (𝑡 − 𝜏), (2)
where 𝑛 is the number of phase wrappings. Obviously, the CIR is
influenced by the location of the transmitter: the phase wrappings
𝑛 and the fractional part 𝜙 are directly linked to the TX-RX distance
with 𝑑 = (𝑛 + 𝜙

2𝜋 )𝜆. After analog-to-digital-conversion, the dis-
cretized CIR is a sequence of complex numbers which is extracted
by correlating the received signal with known preamble. The phase
observable from the CIR samples, 𝜙𝑐 , is actually the sum of in-air
phase 𝜙 and phase offset 𝜙𝑜 (𝜙𝑐 = 𝜙𝑜 +𝜙), and does not include any
information about the integer number of phase wraps. Next, we
will introduce the method to cancel out the receiver-specific phase
offset, and the integer phase wraps.

Phase offset cancellation with multiple antennas. The root
cause of the receiver-specific phase offset is that a wireless trans-
mitter cannot be phase-synchronized with a receiver since both run
their own independent oscillators with their own drifts. To cancel
the phase offset, we employ the same method as used in [15]. Rather
than use a single-antenna receiver, we connect multiple antennas
to a receiver, as shown in Fig. 2. These antennas are physically
placed at different positions, connected with RF cables. Because all
antennas in the same receiver share the same phase offset in one
UWB transmission, we can differentiate the phases measured at
each antenna to cancel phase offset. This way, the location of the
UWB transmitter is inferred from the distance difference to each
antenna. Mathematically, if we use 0-indexed antenna as the refer-
ence for a 𝑘−antenna receiver, the distance difference Δ𝑑𝑖 between
the 0𝑡ℎ antenna and the 𝑖𝑡ℎ antenna, 𝑖 = [𝑖 ..𝑘] is calculated as:

𝑑𝑖 − 𝑑0 = (𝑛𝑖 +
𝜙𝑐
𝑖
− 𝜙0
2𝜋 )𝜆 − (𝑛0 +

𝜙𝑐0 − 𝜙0
2𝜋 )𝜆

= (𝑛𝑖 − 𝑛0 +
𝜙𝑐
𝑖
− 𝜙𝑐0
2𝜋 )𝜆,

(3)

Every pair of antennas provides a hyperbola constraint to solve the
location of the transmitter.

Integer phase-wrap cancellation. Obtaining the integer num-
ber of phase wraps is a hard problem in wireless communication,
known as the integer ambiguity problem [22]. However, if the UWB
packet rate is sufficiently fast, the phase change between two con-
secutive packets is within 𝜋 . That way, the integer part can be
simply dropped if we keep tracking the phase change between
consecutive packets. More formally, the change of the distance dif-
ference in two adjacent UWB packets 𝑗 and 𝑗 + 1 can be written
as

Δ𝑑𝑖, 𝑗+1 − Δ𝑑𝑖, 𝑗 = (
𝜙𝑐
𝑖, 𝑗+1 − 𝜙

𝑐
0, 𝑗+1

2𝜋 −
𝜙𝑐
𝑖, 𝑗

− 𝜙𝑐0, 𝑗
2𝜋 )𝜆. (4)

UTrack3D uses Equation (4) to track the object’s 3D location with
3 antenna-pairs.

4 SYSTEM DESIGN
We now start with an exploration of the hardware setup followed
by the system overview and then the system details.

4.1 Infrastructure Hardware Setup
4.1.1 Design considerations: As described in Section 3, one needs
at least 3 pairs of air path differences to uniquely determine the
location of the UWB transmitter. An intuitive implementation is
using a single receiver with four antennas—one at the origin and
three others at three extreme points along the three axes. This would
be similar to ITrackU [15] that builds a receiver with 3 antennas to
track a pen trajectory on a 2D surface. However, we observe the
following issues of such a 3D tracking setup:

(i) Dynamic range issue: The amplitude of the impulses in CIR
varies with the relative location of the TX to the antenna (distance
and angle) and the radiation pattern of the antenna. Ideally, the
received signal from each antenna should have comparable ampli-
tude so the phases of all impulses can be clearly extracted. However,
this is extremely difficult on a receiver with more than 3 antennas:
the relative ratio between impulses dramatically change when the
TX moves, and the weakest impulse is frequently overwhelmed by
noise. Fig. 3 shows the observed CIR variation for a four-antenna
receiver when we only move the TX by 30𝑐𝑚. We observe that
even this small movement can make the 3𝑟𝑑 and the 4𝑡ℎ impulse
extremely weak, resulting in a tracking failure. Of course, moving
in a different direction would weaken a different combination of
impulses and get buried in noise.

(ii) Multipath issue: Apart from the direct line-of-sight (LOS)
path, the transmitted signal can also reach the antenna after being
reflected by other objects, resulting in a peak which comes a few
nanoseconds later than the LOS signal. This is known as multipath.
While the large bandwidth of UWB provides superior separability
of these multipath peaks, an impulse selection algorithm needs
to determine which peak corresponds to per-antenna LOS signal.
This task is progressively harder with more antennas connected
to the same receiver in presence of multipath. As shown in Fig. 3,
the multipath of previous signals can confuse the peak selection
algorithm for later antennas.

(iii) Burden of hardware elements: Multiple antennas at the same
receiver need different length cables to temporally separate the
signals received at each antenna in the CIR. Every 1𝑛𝑎𝑛𝑜𝑠𝑒𝑐𝑜𝑛𝑑
separation in the CIR corresponds to about 1 𝑓 𝑒𝑒𝑡 of additional cable
length (the exact number changes based on the cables dielectric
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Figure 3: A four-antenna RX experiences significant dynamic range
issue in CIR. Cannot be used for 3D tracking.
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Figure 4: The 3-receiver hardware setup of UTrack3D.
properties). Additionally, because of high cable attenuation, one
needs to try different combinations of amplifiers and attenuators to
optimally tune the power of the obtained signals. Consequently, the
complexity of the hardware significantly increases with the number
of antenna elements. We therefore conclude that simply adding
antenna elements to prior work in 2D tracking is not practical. We
must modify the hardware design.

UTrack3D aims at creating a hardware setup resilient to dynamic
range and multipath issues, while preserving simplicity and prac-
ticality. UTrack3D employs multiple 2-antenna receivers, rather
than a single multi-antenna receiver. Doing so reduces the dynamic
range issue to that between only two antennas for every RF-chain.
Of course, this increases the hardware cost almost 3 fold, but given
the inexpensive nature of the underlying COTS UWB devices, our
costs are still at least an order of magnitude lower than optical
tracking systems. Fig. 4 describes our tracking system. The infras-
tructure consists of three UWB receivers, each equipped with two
antennas for phase differentiation. The antennas on the same re-
ceiver are connected using long RF cables. To reduce the hardware
used, the first antenna is shared by all the receivers and is placed at
the origin of a 3D area. When the TX sends a UWB message, this
message is simultaneously received by all the UWB receivers. Each
UWB receiver extracts CIR separately and streams to the host for
computation. The host thus receives three CIRs corresponding to
the signals arriving at each receiver, (see Fig. 4), which will be fed
into the tracking pipeline for TX localization.
4.2 System Overview
We now present an overview of the various modules in UTrack3D,
which we will describe in detail in Section 4.3.

Fig. 5 describes UTrack3D’s processing pipeline at a high-level,
which starts with obtaining the three CIRs. All CIRs originally have
taps 1𝑛𝑎𝑛𝑜𝑠𝑒𝑐𝑜𝑛𝑑 apart, but we upsample the complex CIR 64 times,
as done by the hardware’s leading edge detection algorithm [1].
The upsampled CIRs are used by the forward localization stage,
which extracts the appropriate peaks fromCIRs and perform precise
tracking of the UWB transmitter using multi-lateration. However,

the results could be wrong when low-quality CIRs are captured,
e.g., with encumbered with heavy multipath, or with extremely low
SNR. The errors remaining after the forward localization will be
detected and corrected in the posterior location check phase with
an outlier detector and an optional re-initialization module.

At a high level, for each receiver, the forward localization stage
proposes a few peak candidates in the CIR that are likely to be the
line-of-sight (LOS) signals received by each antenna. Of course,
only one of these pairs is valid. Therefore, the individual peaks
are fed into a peak-pair ranking module to pair these candidates
and sort them according to a likelihood criterion. The localization
solver will extract phases from the top-ranked pair, calculate the
phase difference change compared to the previous CIR and perform
multi-lateration to determine the transmitter’s location in 3D. This
is one pass of the forward localization process. This location is
then fed into an outlier detection module to determine if it has
significantly deviated from the trajectory seen thus far. If an outlier
is detected, the pipeline will loop back to the localization module,
to select the next ranked peak pair for localization. This process
will repeat until the estimated location is in the expected region. If
no such location is found after traversing all peak pairs, UTrack3D
will use part of the previous trajectory to predict a location as
the current estimation. Thus, UTrack3D uses observed CIRs to
compute the change in phase difference to track the location of the
transmitter. However, merely tracking the phase changes cannot
provide a reliable initial location. We explore if it is possible to
obtain an approximate absolute location that can also be used for
reinitialization if tracking is lost for too long and we lose count of
phase wraping, also clearing any accumulated errors in the previous
tracking process.
4.3 System Details
We will now discuss the specific challenges faced by each module
and how UTrack3D tackles them.

4.3.1 Peak candidate proposals: The ideal CIR of a double-antenna
receiver is a sequence of complex samples with only two prominent
peaks, corresponding to the received signal at each antenna. Never-
theless, because of multipath, the CIR often has several peaks with
comparable amplitude. Moreover, due to the non-uniform radiation
pattern of the antenna, it is possible for a LOS peak to be lower than
a multipath reflection. To prevent missing LOS peaks, UTrack3D
proposes several peaks that could correspond to the LOS signal.
However, proposing candidate peaks is non-trivial. Fig. 6 shows
a sample CIR. Apart from the clearly-separated peaks (marked in
green dash line), some peaks are “merged” with adjacent peaks
(marked as red dash line). This happens when the propagation
delay of two paths is very close. Missing a LOS peak could affect
current and future localization (we will illustrate such dependency
later). The question is: How can we extract all the peaks, including
the merged ones, that are likely to be LOS signals?

The key observation is that even if two peaks are merged, it is
still possible to extract each individual peak from the merged signal
due to discontinuities introduced in the pulse shape (observe the
pulse shape at the red dot in Fig. 6). If such discontinuity can be
mathematically described, one will be able to extract the invisible
peaks which are merged with other multipath signals. To achieve
this, UTrack3D operates on the upsampled CIR signal and calculates
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derivative for detecting hidden peaks.

the 1𝑠𝑡 -order and 2𝑛𝑑 -order derivative of the CIR magnitude. The
1𝑠𝑡 -order derivative describes the slope of the pulse’s shape of
the CIR. Intuitively, the CIR portion showing a small slope (flat
in pulse shape) has a high probability to include a merged peak.
On the other hand, the 2nd-order derivative gives the convexity
of the CIR amplitude. We observe that the discontinuity of the
pulse shape frequently occurs when the convexity of the CIR flips
(i.e., the 2nd-order derivative crosses zero). Fig. 7 demonstrates
the correlation between these two properties and a merged peak
(see the red dots). UTrack3D identifies as a merged peak, the CIR
sample which simultaneously satisfy: (i) the slope is smaller than
a threshold, (ii) the convexity flips, and (iii) the amplitude of the
original CIR is larger than a threshold.

The merged peaks, together with other clearly-separated peaks,
form the candidate peaks. To reduce the processing overhead, UTrack3D
preserves only the first 𝑛 prominent peaks for each antenna, which
are then fed into the localization module for peak-pair ranking and
location calculation.

4.3.2 Localization: The localization module includes a peak-pair
ranking algorithm, which sorts all the peak-pairs by the confidence
of being LOS signals, and a location solver to estimate the trans-
mitter’s 3D coordinates.

Peak-pair ranking. UTrack3D pairs two peaks, one from the
candidates for the first-antenna LOS signal and another from the
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Figure 8: The time gap change of LOS signals between two consec-
utive packets is much smaller than the time difference between
adjacent peaks within a CIR.

candidates for the second-antenna LOS signal, in this module. As
mentioned, there are 𝑛 peak candidates for each antenna, yield-
ing 𝑛2 combinations of peak pairs. Exhaustively trying every pair
would break hopes of real-time tracking. To reduce the computation
overhead, UTrack3D ranks all the peak-pairs according to the con-
fidence of being LOS signals before feeding them into the location
solver. We ask: how to quantify the confidence of a peak pair?

The first intuition is that since a LOS signal travels the least
distance, the peaks with a lower tap index in the CIR are assigned a
higher confidence. However, relying solely on arriving time proves
inadequate. The multipath of the first antenna may appear just
before the second peak candidates, causing peak-pair ranking to
mistakenly assign a high confidence to this multipath peak.

UTrack3D leverages the fact that the time difference of two LOS
signals in the CIR is nearly equal in two consecutive UWB packets.
Mathematically, the time gap between two LOS peaks equals to the
cable delay plus the in-air travelling time difference of two signals:

𝑡𝑔𝑎𝑝 = 𝑡𝑐𝑎𝑏𝑙𝑒 + Δ𝑡𝑎𝑖𝑟 , (5)
where the cable delay can be viewed as a constant. In two consec-
utive packets, the physical motion is very small, yielding a very
minute change in Δ𝑡𝑎𝑖𝑟 . Therefore, the change of their time gap
between LOS signals is negligible. Fig. 8 shows the CDF of the time
gap change between two consecutive UWB packets. Such time gap
change is typically smaller than 1𝑛𝑠 . In contrast, the time difference
of two adjacent peaks are much larger than 1𝑛𝑠 . If we mistakenly
choose the wrong candidate, the inter-antenna time gap will have
a sharp change: in Fig. 8, once the previous time gap 𝑡𝑘 has already
been determined, the best match for peak with 𝑡 = 𝑡1 will be the
peak with 𝑡 = 𝑡2 for the (𝑘 + 1)-th packet. UTrack3D employs a
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generalized normal distribution 𝐺𝑁 [44]:

𝑤𝑔𝑎𝑝 (𝑡𝑘+1 − 𝑡𝑘 , 𝛽) =
𝛽

2Γ(1/𝛽) 𝑒
(− |𝑡𝑘+1−𝑡𝑘 |

𝜎

𝛽

) (6)

to model the effect of time gap change. Compared to the original
normal distribution, 𝐺𝑁 distribution allows for tuning the weight
of the main lobe on probability distribution function (PDF) using a
parameter 𝛽 . This property satisfies the demand to rank peak pairs:
the peaks with near-zero time gap change will have quasi-equal
confidence, while larger time gap change decreases the confidence.
In our implementation, we empirically set 𝜎 = 1𝑛𝑠 and 𝛽 = 5.

The final peak-pair ranking algorithm runs as follows: UTrack3D
first calculates the confidence𝑤𝑔𝑎𝑝of each peak pair using the time
gap change. Then all the peak pairs will be sorted by the ascending
order of their response time. A decreasing confidence 𝑤𝑡 will be
assigned to the sorted peak pairs. The final confidence is calculated
as: 𝑤 = 𝑤𝑡𝑤𝑔𝑎𝑝 . The peak pairs will be ranked using attribute 𝑤
and are fed into the location solver for localization.

Location solver. Given a pair of peaks in the CIR, the location
solver extracts the phase for each peak and subtracts them to get the
inter-peak phase difference Δ𝜙

𝑐 . The change of Δ𝜙𝑐 is only caused
by the air path difference from the transmitter to each antenna.
Such change is minute between two consecutive UWB packets so
UTrack3D wraps the phase change into [−𝜋, 𝜋). The phase differ-
ence change is mapped to the change of the air path difference using
Equation (4). This builds a hyperbolic constrain to track the location
of the transmitter. Given three hyperbolic constrains, UTrack3D is
able to obtain a unique solution to the transmitter’s location using
L-BFGS-B optimization [11, 69]. UTrack3D sets the seed at the most
recent location with 20𝑐𝑚 bound around this searching point.

Of course, as the phase could wrap between two UWB packets,
the maximum allowed moving speed in UTrack3D is bounded.
Theoretically, the moving speed must be less than 𝜆𝑅

4 (𝑅 is the
UWB packet rate) to ensure no phase wrapping. Since UTrack3D
uses 4𝐺𝐻𝑧 UWB signals with a update rate of 77𝐻𝑧, the maximum
moving speed is 1.45𝑚/𝑠 . Detailed evaluation is shown in Section 6,
and we leave optimizations to improve update rate for future work.

4.3.3 Outlier Detection: The calculated location in the localization
module, however, can be erroneous. This error could either result
from choosing the incorrect peak pair, or receiving an occluded CIR.
Without handling these cases correctly, such error will propagate
to the following tracking because of UTrack3D’s dependency on
the previous tracking information.

UTrack3D employs an outlier detection algorithm to determine
whether a location is an outlier, given the previous trajectory. The
outlier detection is making prior prediction of the transmitter’s
current 3D coordinate using only the location and the velocity of
the previous samples: 𝑝𝑖+1 = 𝑝𝑖 + 𝑣𝑖𝑡 . The true location is expected
to be located in a sphere centered at 𝑝𝑖+1 with a radius representing
the tolerance of prediction error:

|𝑝𝑖+1 − 𝑝𝑖+1 | ≤ 𝜖𝑖+1 . (7)
where error term 𝜖𝑖+1 is modeled as the sum of the moving average
of previous prediction errors

∑𝑖−1
𝑗=𝑖−𝑘 𝜃 𝑗𝜖 𝑗 and a fixed Gaussian

error distribution N(0, 𝜎2).

If an outlier is detected, the algorithm selects the next peak pair
for location calculation. This process repeats until a valid location
is found, or if no locations are valid, the prediction 𝑝𝑖+1 is used.

4.3.4 (Re-)Initialization: The last unresolved question is how is the
initial location obtained? Equation (4) illustrates why the initial
location is needed: It provides a reference air path difference to
compute per-CIR air path difference that follows. One trivial solu-
tion is to always trigger tracking from a known starting point, and
periodically guide the user to move the object back to this initial
location. However, we would like to avoid such requirements.

UTrack3D explores two options to automatically initialize the
air path difference: Localization using time-difference-of-arrival
(TDoA) or two-way ranging (TWR).

(1) TDoA-based localization: Apart from the phase difference,
CIR also provides inter-antenna time difference 𝑡𝑔𝑎𝑝 which is in-
fluenced by the transmitter’s location. According to Equation (5),
the in-air propagation time difference of two antennas 𝑡𝑎𝑖𝑟 can be
directly obtained by subtracting the cable delay 𝑡𝑐𝑎𝑏𝑙𝑒 (calibrated
beforehand) from 𝑡𝑔𝑎𝑝 . Then the air path difference is the product of
the speed of light and in-air time difference, which can be directly
used as a constrain to locate the transmitter.

(2) TWR-based localization: UTrack3D can employ two-way
ranging protocol, as specified in [10], to locate the transmitter via
multi-lateration by exchanging UWB messages with each receiver
to measure the time of flight (TOF). The TX-RX distance is the
product of ToF and the speed of light. Done right, TWR-based lo-
calization will not need to calibrate the cable delay. However, it
complicates the communication protocol as it requires the infras-
tructure receivers to send message as well.

These two methods do not rely on historical positions, hence
they can be used as a one-shot estimation of the initial location.
Of course, because of the limited precision in determining peak
locations, both TDoA-based and TWR-based methods yield high
localization error, usually at decimeter-level. However, note that
UTrack3D does not continuously use the time-difference-based
estimation for localization—it is used only to estimate the initial
location. The later localization is still performed using the phase-
based method. Further, as a tracking application, UTrack3D does
not care about the absolute localization errors, but concentrates on
minimizing the bias-free trajectory errors. Detailed analysis of the
effect of initial location error is in Section 6.

With one-shot localization, the user could trigger a reset from
the transmitter itself, say by pushing a button indicating to the
receivers to reset location.

5 IMPLEMENTATION
We prototype UTrack3D on COTS UWB devices. Fig. 9 shows the
UTrack3D’s prototype setup, including a simple UWB transmitter
and one of the UWB receivers.

UWB transmitter (tracked in 3D). The UTrack3D transmitter
which will be mounted on the object being tracked is quite simple
with only a UWB chip and a microcontroller. It uses an Adafruit
Feather M0 base design with an ATSAMD21G18 ARM Cortex M0
processor and a DWM1000 UWB chip [3]. The transmitter is only
5.7𝑐𝑚 × 2.1𝑐𝑚, miniaturized to fit onto a wide range of accessories,
like a stylus, a pen, or a carving knife. The UWB channel is set to
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Figure 9: Table-top UTrack3D implementation.

UWB Channel 2, with 3.993𝐺𝐻𝑧 center frequency and a 500𝑀𝐻𝑧
bandwidth. At this channel, the UWB wavelength is 7.51𝑐𝑚. To
ensure a very high packet reception rate, we set the UWB data
rate to 110𝐾𝑏𝑝𝑠 (the lowest available data rate) and the preamble
length to 2048 (one of the most reliable, in our testing). The UWB
transmitter continuously sends UWB packets with only 2 bytes
indicating the packet sequence. The UWB transmitting rate is about
77𝐻𝑧 and this data is processed real-time at the receivers and then
at the host computer.

UWB receiving system (static infrastructure). The receiving
system of UTrack3D consists of multiple double-antenna Trek1000
UWB receivers. To locate an object in 3D, at least three receivers
are needed. In our minimal setup in Fig. 9, four antennas are con-
nected to three Trek1000 boards. One antenna, at the left corner
in the figure, is shared by all the boards, and each receiver inde-
pendently connects to a second antenna along each of the three
axes. Two antennas at the same receiver are connected using a
long RF cable. As the signal arriving at the second antenna will
experience attenuation when propagating in the RF cable, leading
to disproportional received power between the first and second LOS
signal, an RF attenuator is attached at the first antenna to balance
the peak power. All the receivers stream data to a host with Intel
Core i7-9750H and 16GB memory via serial port. The host creates
an independent thread for data streaming from each receiver and
synchronizes them in the main thread. The overall data streaming
rate in our implementation is 77𝐻𝑧. A higher streaming rate can
be available with fine-grained data compression and system-level
optimizations. We leave it to future work.

6 EVALUATION
We evaluate UTrack3D in an indoor lab environment as shown
in Fig. 10. Our setup has been built on top of a typical movable
desk. Eight OptiTrack [6] IR cameras are placed around the track-
ing region to capture the ground-truth moving trajectory of the
transmitter at 120𝐻𝑧, with a precision of 0.3𝑚𝑚. For most of the
experiments, the UWB transmitter moves within the rectangular
cuboid formed by the four antennas over the desk.
6.1 UTrack3D Tracking Performance
We first evaluate the overall performance of UTrack3D in terms of
3D tracking accuracy. As illustrated in Section 4.3, the localization
of UTrack3D involves two stages: (i) UTrack3D first calculates the
location of the transmitter with a pair of candidate peaks in the
forward localization, then (ii) performs outlier detection to re-select
the peak pair if the estimated location significantly deviated.

We draw arbitrary 3D shapes by hand in the air. Movements are
confined to a small volume over a standard lab desk (see Fig. 10).
The transmitter is powered using a USB powerbank and we move

the transmitter by holding it at the USB-C connector, as shown
in Fig. 11. We overlay the trajectory calculated by UTrack3D over
the ground truth (after origin shift and axis rotation). The three
IR markers at the transmitter, visible in Fig. 11 are used by the
ground truth system. We test upwards of 20 trajectories to evaluate
UTrack3D’s performance.

Fig. 12 gives the visualization when we write a word (“Good”)
and when we draw a 3D geometrical shape composed of squares in
different planes. A top-view and two side-views of the tracked geo-
metric shape are shown at the bottom demonstrating the tracking
accuracy. UTrack3D faithfully replicates the trajectory of the UWB
transmitter, demonstrating UTrack3D’s capability.

Quantitatively, Fig. 13 shows the CDF of tracking error in these
two examples. Approximately 90% of the samples have an error
smaller than 9𝑚𝑚. This level of precision is sufficient for a wide
range of applications requiring centimeter-level accuracy, like VR
painting or tracking robot manipulation. As UTrack3D is a two-
stage pipeline, we further evaluate the pipeline when only forward
localization is enabled (FL-Only) with the most likely peak-pair
to study the utility of outlier detection and trajectory prediction
in UTrack3D. The CDF shows poorer performance without the
full UTrack3D pipeline. This lower accuracy is the effect of a few
intermediate outliers that offset the subsequent tracking. With no
posterior checks, outliers are kept and errors propagate.

6.2 Micro-Benchmarks
6.2.1 Drift over time: Ideally, for phase difference 𝜙𝑡 at any time
𝑡 , the accumulated phase difference change Δ𝜙𝑡 from the initial
phase difference 𝜙0 satisfies: Δ𝜙𝑡 = 2𝑛𝜋 +𝑤𝑟𝑎𝑝 (𝜙𝑡 − 𝜙0), where
𝑛 gives the number of integer wraps and 𝑤𝑟𝑎𝑝 () is a phase mod-
ulo function mapping the phase into [−𝜋, 𝜋). When 𝜙𝑡 varies with
Gaussian distribution (phase stability), the change in phase differ-
ence also conforms with Gaussian distribution (the integer portion
of phase change can be explicitly determined and ignored during
the tracking). Hence, theoretically UTrack3D should not drift over
time if the peaks in CIR are clearly extracted.

To study whether UTrack3D will drift in practice, we place the
transmitter on a robotic arm (Elephant myCobot 280) and repeat a
simple one-stroke trajectory for 10 minutes (about 50 cycles). To
minimize the influence of locations on tracking accuracy, the robotic
arm only sweeps around a small region (30𝑐𝑚 in extent). The drift
error is calculated by measuring the deviation of all the samples of
later cycles with respect to the first cycle. Fig. 14 shows that, even
after 10 minutes, the mean, 90%𝑡𝑖𝑙𝑒 , and the maximum error remain
at 2𝑚𝑚, 5𝑚𝑚 and 8𝑚𝑚 respectively. No apparent drift is observed
during this process. Our evaluation demonstrates that long-term
tracking has little effect on the tracking accuracy of UTrack3D. This
superior property compared to inertial sensing opens up various
opportunities, but a comparison study is out of scope since we
focus on a UWB-only solution. For instance, a sculptor can digitize
the motion of the sculpting tool for a long time without requiring
frequent re-initialization, enabling a more natural activity for the
sculptor.

6.2.2 Effect of the TX location: UTrack3D solves for the intersec-
tion of hyperbolas through an optimization method. This inevitably
results in an error distribution dependent on the transmitter’s loca-
tion, since a small error in distance difference estimate can have
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Figure 10: The evaluation setup of UTrack3D. Ground-truth is acquired using Opti-
Track system [6].

Figure 11: The transmitter is held by
hand at the USB power connector.
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cross section view of geometric shape.
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world parameters. First heatmap is below the table.

substantially different localization error depending on whether that
error occurs near the asymptote or near the center of the hyperbola.
This effect is known as the geometric dilution of precision (GDoP).

In the minimum setup used in UTrack3D, four antennas are
placed at four corners of the tracking region (origin and the ex-
tremes of the three axes). Taking the coordinate system in Fig. 10,
the positions of antennas are (0, 0, 0), (1.5, 0, 0), (0, 0.8, 0), (0, 0, 0.8),
respectively. The GDoP is tightly dependent on the relative location
of the transmitter with respect to these antennas. Since it is a pure
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Figure 16: Simulation setup: Locations of receiving antennas and
transmitters.

Table 1: Simulation parameters: Locations of received antennas.

Antenna Positions (AT1∼ AT4)
Co-planar (0, 0, 0), (1.5, 0, 0), (0, 0.8, 0), (1.5, 0.8, 0)
One-Z-Diff (0, 0, 0), (1.5, 0, 0), (0, 0.8, 0), (1.5, 0.8, 0.8)
All-Z-Diff-1 (0, 0, 0), (1.5, 0, 0.1), (0, 0.8, 0.5), (1.5, 0.8, 0.8)

All-Z-Diff-2 (0.02,−0.04, 0.02), (1.5,−0.04, 0.28),
(0.07, 0.71,−0.25), (1.41, 0.98, 0.75)

mathematical problem, we simulate the GDoP in Python by feeding
the parameters of our setup and expected phase errors. The phase
difference change is modeled as a Gaussian distribution, with a
standard deviation measured with the real-world data (4◦). In the
simulation, we repeat the same trajectories with equal Gaussian
variance in phase measurement at different locations. Fig. 15 shows
the heatmap of median error when we scan the whole XY-plane
at a height of −0.4𝑚 (below the table), 0𝑚, 0.4𝑚 and 0.8𝑚. Errors
larger than 50𝑚𝑚 are clipped to 50𝑚𝑚.

Wemake several important observations. First, UTrack3D achieves
the best performance when the transmitter is located in the central
region surrounded by the antennas, where the error is typically
< 1𝑐𝑚. Moving the transmitter further from the anchors will in
general degrade the tracking accuracy. Second, the region very
close to each antenna produces significantly higher errors due to
poor GDoP. Even slight variance incurs significant errors (> 5𝑐𝑚)
in localization. One solution is to add an additional receiver with
antennas at a different location; when the transmitter is near an
antenna, the remaining receivers can compensate the error, and still
robustly track the transmitter’s location. Evaluation with additional
antennas is discussed next.
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6.2.3 Effect of the locations of receiver antennas: Apart from the
transmitter’s trajectory and location, the locations of the fixed re-
ceiver antennas may also influence the geometric dilution of preci-
sion, affecting the tracking accuracy. Understanding this effect can
guide the deployment of receiver antennas to optimize UTrack3D’s
performance for certain expected trajectories. Particularly, we are
interested in answering the question: Will diversifying coordinates
of receiver antennas improve observed precision of 3D tracking?

We evaluate the effect of receiver antennas’ locations on the
accuracy of tracking using a Python simulation based on underlying
phase precision values from practical real-world trajectories. In
UTrack3D’s minimum setup, there is exactly one antenna which has
a different 𝑋 , 𝑌 or 𝑍 coordinate from the other three. For example,
the antenna placed at (0, 0, 0.8) is the only one which is not located
in the 𝑍 = 0 plane. Relaxing this constraint in simulation, we
compare the performance of four different setups:

(1) Nearly co-planar: All the four antennas are approximately located
in the same plane (Fig. 16 (top-left));

(2) One-Z-Diff: Three antennas are placed at plane 𝑍 = 0, one an-
tenna is above the other three (Fig. 16 (top-right)). This is also the
setup UTrack3D uses for other evaluations;

(3) All-Z-Diff-1: None of the four antennas have the same 𝑍 coordi-
nates (Fig. 16 (bottom-left)). This is done by moving antenna 2 and
3 vertically based on One-Z-Diff setup. Note that diversifying 𝑍 in
this way will shrink the convex hull formed by antennas.

(4) All-Z-Diff-2: None of the four antennas have the same 𝑍 coordi-
nates (Fig. 16 (bottom-right)). This is done by rotating One-Z-Diff
setup by a certain angle. Diversifying 𝑍 coordinate in this way does
not change the size of the convex hull formed by antennas.

The exact antenna locations are provided in Table 1. We use
the real-word trajectory (Fig. 12 (top-right)) for our evaluation.
Because the transmitter’s location also influences the tracking er-
ror (as seen in Section 6.2.2), we repeat the test four times by
varying the centroid of the trajectory (centered at the various
green triangles shown in Fig. 16). The centroids of 𝐿𝑜𝑐1 to 𝐿𝑜𝑐4

are (0.6, 0.3, 0), (0.3, 0.3, 0.3), (0.6, 0.3, 0.6) and (1.2, 0.3, 0.6), respec-
tively. The other parameters of these trajectories are exactly the
same. Fig. 17 presents the 90%𝑡𝑖𝑙𝑒 tracking error of each receiver
setup. Co-planar setup gives the worst performance. This is because
zero-diversity in 𝑍 coordinate results in poor geometric dilution of
precision. Interestingly, we also observe clear performance degra-
dation in All-Z-Diff-1 setup, even if Z coordinates are further diver-
sified. Such degradation comes from the fact that the convex hull
formed by All-Z-Diff-1 is smaller, compared to One-Z-Diff setup.
The effect of the size of the convex hull is more clear when we
observe the fourth setup, All-Z-Diff-2. Similar to All-Z-Diff-1, the
Z coordinates of its antennas are all diversified. However, since All-
Z-Diff-2 is simply a rotation of One-Z-Diff, the size of the convex
hull does not change. As a result, All-Z-Diff-2 clearly outperforms
All-Z-Diff-1. Finally, we observe that All-Z-Diff-2 has similar er-
ror to One-Z-Diff, which demonstrates that merely diversifying Z
coordinates does not further improve the accuracy.
6.2.4 Effect of the number of receivers: While a minimal setup
needs only 3 dual-antenna receivers, having more receivers ex-
pands the coverage of UTrack3D’s tracking region, and can also
improve performance when the transmitter is already within a
good tracking region. To add two more receivers to our original
setup. The additional receivers are placed as shown in Fig. 18. We
choose a location within the tracking region where the benefit of
adding additional antennas is clear. At this location, the 3-antenna
minimal setup has around 2 𝑐𝑚 90%𝑡𝑖𝑙𝑒 localization error. All the
5 receivers simultaneously receive UWB signals and stream CIR
to the host. However, only a subset of the receivers will be used
to run UTrack3D’s tracking algorithm. Fig. 19 shows the CDF of
errors when 3 (removing RX4 and RX5), 4 (removing RX 5), and 5
receivers are used in tracking. We observe improved tail-accuracy.
At the 90%𝑡𝑖𝑙𝑒 , we observe a slight improvement (2𝑐𝑚, 1.9𝑐𝑚 and
1.7𝑐𝑚 with 3, 4 and 5 receivers). However, the worst-case errors
are significantly reduced from 9.2𝑐𝑚 with 3 receivers to 2.8𝑐𝑚 with
5 receivers. In summary, more receivers provide better tracking
accuracy though increase the hardware and processing costs.
6.2.5 Effect of moving speeds: Since UTrack3D employs phase
difference change to track motion, two consecutive CIRs should
have a phase difference change less than 𝜋 . Otherwise, a phase
wrapping error can occur which will degrade the tracking perfor-
mance. UTrack3D’s theoretical maximum moving speed at which
the performance is not influenced by phase wrapping is computed
as 𝜆𝑅

4 , where 𝜆 and 𝑅 are the UWBwavelength and the UWB packet
rate. In UTrack3D the UWB packet rate is 77𝐻𝑧, which enables a
1.45𝑚/𝑠 moving speed if using 3.993𝐺𝐻𝑧 UWB channel. However,
the practical maximum speed is typically lower because of phase
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Table 2: Time consumption of each module in UTrack3D.

Procedure Sub-Module Time (ms)
Send/Receive

UWB N/A 4.0 ∼ 13.0
(77 ∼ 250𝐻𝑧)

CIR Reading 2
Process Data Peak Proposing 4.3

(i7-9750H CPU) Localization 2.9
Outlier Detection <1
(Re-)initialization 2.2

Table 3: The effect of blocking on UTrack3D.

Acrylic
Board Wood Human

Body
Metal
Sheet

Signal Attenuation 0.9dB 2.4dB 11.5dB 14.8dB
90%𝑡𝑖𝑙𝑒 Error 1.6𝑐𝑚 1.3𝑐𝑚 × ×
CIR Available? Yes Yes Yes No

variance. We ask: How does the moving speed influence the tracking
performance. To evaluate this, we repeat the same trajectory with
different moving speeds. Fig. 20 presents the error CDF when the
transmitter is moving at different speeds (“PW” is the estimated
phase wrapping count.). For a moving speed of 0.32𝑚/𝑠 , 0.44𝑚/𝑠
and 0.65𝑚/𝑠 , UTrack3D achieves near-optimal performance with
90%𝑡𝑖𝑙𝑒 error < 1𝑐𝑚. To give an intuition, these three speeds cor-
respond to slow writing, normal writing, and fast writing in the
air. When the moving speed rises up to 1.14𝑚/𝑠 , an error in even
one UWB transmission starts to increase the chance that phase
wrapping occurs and thereby increases the overall error. Moving at
such a speed typically involves some sudden and intense motion,
e.g., a rapid stroke of the hand, and is unlikely. Note that UTrack3D
is after all a table-top solution; a speed of 0.65𝑚/𝑠 would approxi-
mately move the object the entire width of the table in slightly over
1 second, and the theoretical max speed of 1.14𝑚/𝑠 would move
the object across the entire length of the table within that time.
For example, digitizing a carving process only needs a velocity less
than 0.2𝑚/𝑠 , which is perfectly covered by UTrack3D. Additionally,
while we test with a packet rate of 77𝐻𝑧, a packet rate as high as
250𝐻𝑧 is available by increasing the UWB data rate (to 6.8𝑀𝑏𝑝𝑠).
Therefore, the maximum speed with no phase wrapping can reach
up to 4.7𝑚/𝑠 , satisfying the demands of most applications.

6.2.6 Effect of initialization: UTrack3D provides an option to au-
tomatically compute the initial position using time difference in
the CIR. In this evaluation, we study the performance of this auto-
initialization algorithm and how the initialization error will influence
the tracking performance.

Initial localization error. The initial location is estimated
using TDoA or TWR method. For TDoA method, we measure the
on-cable delay using two approaches: (i) Computing cable delay
in advance (pre-computing (PRE)); and (ii) Computing cable delay
using samples in a previous time window, typically a few seconds
ago (just-in-time computing (JIT)). Compared to pre-computing
which strictly needs no prior information, just-in-time computing
still needs calibration at the very beginning, but can dynamically
adapt to the influence of environmental factors such as temperature
affecting cable delay. For TWR method, an RF switch is used to
disable the signal arriving at the first antenna. Fig. 21 gives the
error CDF of the absolute localization error. The median absolute

localization error of PRE- and JIT-computing for cable delay cali-
bration is 8.2𝑐𝑚 and 10.6𝑐𝑚 respectively, consistent with typical
UWB localization values. Overall, JIT computing outperforms PRE
computing because it captures the temporal environmental factors
which can influence the cable delay. The median error for TWR-
based approach is about 9.6𝑐𝑚 providing a baseline to compare
against. The advantage of TWR-based method is that the localiza-
tion is not affected by the cable delay, at a cost of more complicated
communication protocol. Note that the evaluated absolute localiza-
tion error is not the final error for UTrack3D; it is only the deviation
of the first sample from the ground-truth. As a tracking system,
UTrack3D is rather insensitive to initial bias, though a non-linear
mapping between phase-differences and absolute location will af-
fect UTrack3D’s tracking performance. We explore this non-linear
relationship next.

Initial localization error’s effect on tracking performance.
According to Eq. 4, an initial localization error should have no influ-
ence on phase difference change measurement, but will corrupt the
location estimation by polluting the last sample’s in-air distance
difference. To illustrate, imagine two transmitters located at dif-
ferent positions 𝑝1 and 𝑝2. Even if they observe the same phase
difference change after moving to 𝑝′1 and 𝑝

′
2 respectively, the rel-

ative distance 𝑝′1 − 𝑝1 does not equal 𝑝
′
2 − 𝑝2. To understand the

effect of this non-linear mapping on tracking, we virtually deviate
the coordinate of the first location. Then, the estimated trajectory
is re-aligned to the ground-truth to decouple the effect of the initial
bias and just compare the tracking error.

Fig. 22 shows the relation between the 90%𝑡𝑖𝑙𝑒 tracking error and
the initial localization error. The tracking error increases marginally
from 9𝑚𝑚 to 19.8𝑐𝑚 as the absolute localization error increases
from 0 to 50𝑐𝑚. Using our real-world measurements of the initial
localization error in Fig. 21, we expect 1.2𝑐𝑚 90%𝑡𝑖𝑙𝑒 tracking error
if performing initial localization using JIT measurements, or 2.9𝑐𝑚
90%𝑡𝑖𝑙𝑒 tracking error if using per-computed measurements. Aver-
aging a set of initial locations can further improve the performance.
6.2.7 Effect of Occlusions: One advantage of UTrack3D over camera-
based tracking solutions is that tracking can still be performedwhen
the line-of-sight is blocked. We use different blocking materials
(acrylic board, wood, human body, and metal) to test how signal
blocking influences UTrack3D’s performance. Table 3 presents the
signal attenuation and the 90%𝑡𝑖𝑙𝑒 error. Acrylic boards and wood
boards, two common packaging materials, have little influence
on UTrack3D’s performance. The LOS peak of each antenna is
still clearly distinguishable. However, objects with a significant
attenuation factor can lead to tracking failure. When a human body
blocks, the signal peaks are still observable but can be overwhelmed
by noise. Frequent such errors cannot be corrected. Finally, when
blocking with a metal sheet, the receiver can lose CIR completely
which shows a failure case and UTrack3D cannot function under
such blockage.

6.3 System Evaluation
6.3.1 Processing Time: UTrack3D aims to track the motion of an
object in real-time. The end-to-end tracking involves two parallel
steps: (1) Sending UWB signals from TX and receiving at RX; (2)
Processing the received UWB signals to estimate the transmitter’s
location. Table 2 shows the time consumption of each procedure.
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The time delay of sending and receiving UWB signals is typically
between 4𝑚𝑠 and 13𝑚𝑠 , governed by the UWB bitrate. The manda-
tory data processing procedures include the time spent on CIR
reading (2𝑚𝑠), peak proposals (4.3𝑚𝑠), localization (2.9𝑚𝑠) and out-
lier detection (< 1𝑚𝑠). Note that while the localization and outlier
detection can repeat several times until finding a location in the
predicted region, in our experience, less than 5% samples need more
than one loop to locate the correct peaks under UTrack3D peak-pair
ranking algorithm, which significantly improves the efficiency of
data processing. Re-initialization takes about 2.2𝑚𝑠 . It only happens
infrequently when auto-initialization is enabled to obtain the first
location. Overall, UTrack3D takes about 10𝑚𝑠 to estimate a location
end-to-end after parallelizing UWB signals sending/receiving and
data processing. This time delay currently enables a data rate of
77𝐻𝑧 constrained by the UWB transmission time, which is sufficient
for a wide range of real-time applications.
6.3.2 Power consumption: The power consumption influences
how often the tracked object will need to be recharged. When the
UWB packet rate is 77𝐻𝑧, the power consumption at the transmitter
and one receiver is 210𝑚𝑊 and 710𝑚𝑊 respectively. Admittedly,
hundreds of milliwatts might seem high for an embedded system.
This is partly because UTrack3D receivers are built on a full eval-
uation kit (TREK1000) integrated with additional functions such
as a screen, and the transmitter uses older version UWB module
(DWM1000) with limited power optimizations. According to the
datasheet [2], the power consumption can be reduced to 64𝑚𝑊
for transmitting and 170𝑚𝑊 for receiving by replacing DWM1000
with DWM3000 module, though we have not practically tested it.
We leave this optimization for future work.
6.3.3 Cost: Our infrastructure setup comprises 3 TREK1000 boards
which are the most costly components in UTrack3D. Note that
TREK1000 is an evaluation kit which we use in UTrack3D since it
has an SMA port that provides flexibility of connecting our own
antennas, RF cables, and attenuators. Together these cost around
$600. In contrast, our transmitter, which is based on our custom
design costs around $50, which is equivalent in capability to the
TREK1000 boards, except for the SMA connector. Thus, we expect
the cost of the UWB devices (3RX+1TX) to be around $200 when
manufactured anew. External attenuators and cables add around
$100 creating a $500 setup. Our software processing pipeline will be
made open source and therefore will be available for free. Overall,
UTrack3D significantly reduces the cost barrier to entry for 3D
motion capture.

7 DISCUSSION AND FUTUREWORK
UTrack3D addresses the fundamental problems of tracking move-
ments in 3D in a small confined space. However there will be a sig-
nificant amount of effort needed if one wishes to convert UTrack3D
into a commercial product. We discuss some of the current limita-
tions and provide pointers to facilitate future work in this space.

The influence of dynamic ranging. The amplitude ratio of
the two peaks at each antenna dynamically changes when the
transmitter moves. In locations where one peak is overwhelmed
by noise, UTrack3D loses tracking. This dynamic range problem
is the fundamental factor limiting the UTrack3D’s tracking range.
One option is adding redundancy by using additional receivers. The

host could run an adaptive algorithm to analyze the confidence of
the CIR provided by each receiver based on the peak amplitude and
inter-peak time difference. Once a CIR’s confidence falls below a
threshold, the host would disregard this CIR. With the remaining
CIRs, the host would still be able to track the object’s movements.

Velocity limit. The maximum non-wrapping moving speed of
UTrack3D is determined by both the sampling rate 𝑅 and wave-
length 𝜆. With UTrack3D’s setup, the upper-bound speed of non-
wrapping is approximately 1.45𝑚/𝑠 . This upper-bound allows track-
ing common 3D actions like carving, drawing, and hand gestures,
but may fall short for actions needing high-speed motion. Remain-
ing within the IEEE standard [10], one can push the upper bound of
the non-wrapping velocity by increasing the sampling rate. Some
potential improvements include using a shorter preamable for UWB
or extracting fewer CIR samples. We leave these for future work.

Multi-object tracking. The current setup of UTrack3D only
supports tracking one transmitter. To track multiple objects, all
transmitters will need a round-robin protocol which emits UWB
signals in sequence. This approach inevitably decreases the rate of
sending/receiving UWB signals. However, one can also invert the
trasmitter and receiver roles in UTrack3D, i.e., three fixed double-
antenna transmitters send UWB signals to the UWB receiver at-
tached on the object. Amicro-controller will run UTrack3D tracking
algorithm on the object. This setup will support tracking unlimited
objects, so long as each object has enough compute-power to run
the location solver. It is unknown whether the computing power of
the tiny micro-controller on the object will be sufficient to perform
the tracking task. The exploration of the possibility of multi-object
tracking is left for future work.

Absolute localization. UTrack3D achieves millimeter-level
accuracy in tracking 3D movements (relative localization of a se-
quence of 3D locations), but accurate absolute localization remains
a challenge. The fusion of UWB with other sensors, such as inertial
sensors, is a potential solution. Advanced fusion algorithms can
preserve history to correct errors after a trajectory is complete,
which improves the performance of absolute localization. We leave
such post-processing for future work.

8 CONCLUDING REMARKS
UTrack3D provides a cost-effective table-top alternative for cap-
turing 3D movements in a small area. We have developed a UWB-
based tracking system that benefits from UWB’s superior phase
resolution and higher bandwidth, for sub-centimeter localization.
UTrack3D makes architectural innovations in creating a multi-
UWB dual-antenna system and algorithmic innovations via our
signal processing pipeline to provide a robust 3D tracking solution
which can benefit a wide variety of applications. Indeed, we have
only developed lab prototypes, and some effort will be required to
transition it into commercial products, however, we believe we have
laid solid foundations for future research and product development
in this space.
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