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ULoc: Low-Power, Scalable and cm-Accurate UWB-Tag Localization
and Tracking for Indoor Applications

MINGHUI ZHAO, TYLER CHANG, ADITYA ARUN, ROSHAN AYYALASOMAYAJULA, CHI
ZHANG, DINESH BHARADIA, University of California, San Diego, USA

Amyriad of IoT applications, ranging from tracking assets in hospitals, logistics, and construction industries to indoor tracking
in large indoor spaces, demand centimeter-accurate localization that is robust to blockages from hands, furniture, or other
occlusions in the environment. With this need, in the recent past, Ultra Wide Band (UWB) based localization and tracking has
become popular. Its popularity is driven by its proposed high bandwidth and protocol specifically designed for localization
of specialized “tags”. This high bandwidth of UWB provides a fine resolution of the time-of-travel of the signal that can be
translated to the location of the tag with centimeter-grade accuracy in a controlled environment. Unfortunately, we find
that high latency and high-power consumption of these time-of-travel methods are the major culprits which prevent such a
system from deploying multiple tags in the environment. Thus, we developed ULoc, a scalable, low-power, and cm-accurate
UWB localization and tracking system. In ULoc, we custom build a multi-antenna UWB anchor that enables azimuth and
polar angle of arrival (henceforth shortened to ‘3D-AoA’) measurements, with just the reception of a single packet from
the tag. By combining multiple UWB anchors, ULoc can localize the tag in 3D space. The single-packet location estimation
reduces the latency of the entire system by at least 3×, as compared with state of art multi-packet UWB localization protocols,
making UWB based localization scalable. ULoc’s design also reduces the power consumption per location estimate at the tag
by 9×, as compared to state-of-art time-of-travel algorithms. We further develop a novel 3D-AoA based 3D localization that
shows a stationary localization accuracy of 3.6 cm which is 1.8× better than the state-of-the-art two-way ranging (TWR)
systems. We further developed a temporal tracking system that achieves a tracking accuracy of 10 cm in mobile conditions
which is 4.3× better than the state-of-the-art TWR systems.
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1 INTRODUCTION
Localization and tracking applications have been on an increase for various indoor settings ranging from indoor
navigation [66] to asset and personnel tracking for industrial settings like hospitals [1, 11] and construction [18].
To this extent, RF-based systems [27, 46, 55, 65, 80] have been popular as their alternative, VR and camera-based
systems depend on ideal lighting, are sensitivity to blockages, and are very expensive. Amongst these RF-based
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Fig. 1. ULoc: Comparing the traditional UWB localization system to ULoc, showing (a) Low-ba�ery life (180 days) and high
latency (8 packet exchanges) (b) High ba�er life (876 days) and low latency (1 packet exchange) (c) ULoc's custom localization
anchor and tag boards, where tag is placed next to a penny, measures only1”6 � 3”7 cm.

systems, Ultra-Wide Band (UWB) based systems have gained more traction in both industry [1,8� 10,12� 16,20,28]
and academia [29, 48, 49, 105] as UWB is developed speci�cally as a localization-based RF protocol. This traction
from industry and academia has led to the deployment of UWB based systems in smartphones [3], tags [4, 17, 19]
and access points [5] to enable localization in them.

To enable these modern applications along with the localization capability in these modern devices, a new
set of requirements needs to be met. We would next discuss these requirements and show where the current
state-of-the-art does not meet these requirements:

R.1Low-latency and Real-Time Estimation: Many of the industrial and commercial applications mentioned
above require the location estimates of the UWB tags to be acquired in real-time with a location update rate of
up to a few 100's of Hz [45, 95] to make time-critical and safety decisions. For example, consider the situation
of an automated robotic arm in an industrial setting that loads and unloads the inventory in close vicinity of a
worker. The localization system should be able to get an estimate of both the robotic arm and the worker in
real-time to be able to avoid any crashes or injuries. While the traditional Two-Way Ranging (TWR) based
UWB localization systems [24, 25, 29, 40, 41, 43, 46, 48, 50, 57, 58, 60, 62, 64, 71, 72, 83, 91, 100, 105] make use of
measurements of Time of Flights as shown in Figure 1a and trilaterate the UWB tag. These algorithms need at
least 12 individual packet exchanges across all the anchors to get the 3D location of a single UWB tag1 limiting
the real-time performance of the system and reducing the location update rate to 76Hz. Thus these traditional
TWR based UWB localization systems cannot be real-time to meet the time-critical and safety requirements
for these applications.

R.2 Infrastructure-aware: In addition, the industrial, construction and hospital settings need the infrastructure
to be able to locate multiple tags for inventory and personnel analytics and management. To avoid collision in
an industrial setting we talked about earlier, for example, the `infrastructure' operating the machinery needs to
know the position of all the equipment and personnel. While, many of the recent systems [46, 49, 61, 74, 84]
reverse the localization from infrastructure-driven to `Tag-driven' to improve the latency compared to the
traditional TWR systems, which have very poor latency as discussed in R.1. These tag-driven systems make
the tag actively transmit and receive from multiple anchors in the environment and depend on the tag to play
a central role in localizing and tracking itself with assistance from the infrastructure and the anchors similar to
GPS localization on a smartphone. Further, this tag-driven localization requires an additional transmission of

14 Anchors with 3 packet exchanges for each
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each tag's location back to the infrastructure which would create more tra�c and make the management of
multiple tags non-real-time (R.1).

R.3Long operation lifetime: Further, these tags on personnel or equipment in the industry need to be low-power
to enable long-battery based operation lifetime of these tags. The tag-driven systems discussed above [46, 49,
61, 74, 84], scale well with an increasing number of tags for latency but make the tag power-hungry since all
the computation is performed on the tag end to locate itself. Further, these systems require the tag to passively
listen to the transmissions from multiple anchors in the environment to perform self-localization based on Time
Di�erence of Arrival (TDoA) [46] or Angle Di�erence of Arrival (ADoA) [49]. This requires the tag to always
actively listen for and receive incoming packets making the tag1”8� more power hungry [6] as compared to a
tag that purely transmits beacons and relies on the infrastructure for localization and tracking.

R.43D Accuracy: Finally, these UWB based systems need to be able to accurately track the UWB tags to cm-grade
accuracy in 3D to avoid causing damage and crashes for example in the industrial setting we have discussed in
R.1. Furthermore, in these safety-critical scenarios it is essential to be robust even in a corner case (i.e. 90th and
99th percentile error of sub-50 cm) [52, 92]. Unfortunately, most of the state-of-the-art systems [46, 49, 91]
only perform localization in 2D and have had high errors for Non-Line of Sight (NLoS) cases, which cause the
high errors (>sub-50cm) in these corners (90C� and99C� percentile) cases.

In this paper, we present ULoc, a UWB based 3D system that achieves low-power, real-time, and cm-accurate
tracking. ULoc's design makes the tag low-power (R.3) by o�oading all the complexity from the tag to the
infrastructure and in the process making the location available to infrastructure (R.2). ULoc achieves this by
designing an anchor board that o�-loads all the complexity to the infrastructure, that also enables providing the
tag's cm-accurate 3D location (R.4) in real-time (R.2) with just one single transmission from the tag as shown in
Figure 1b. ULoc thus satis�es the above-described requirements (R.1-R.4) by making contributions on multiple
ends, including tag's protocol, anchor design, and algorithm design.
Low-Power and Low-Latency tag design: Firstly, In ULoc, we make the UWB tags low-power and low-latency
by o�oading all the complexity from the tag to the anchor board that we design. To do that, we enable the anchor
boards in tandem with a back-end infrastructure to locate the tag accurately with a single `Blink' broadcast
transmission. This broadcast transmission is then received by all of the ULoc's anchor boards in the environment
that can then enable the tag's location estimation at the infrastructure. We thus, reduce a 12 packet exchange to a
single transmission, making the system real-time. Further, also make the tag low-power by just transmitting
instead of receiving which is1”8� more power-hungry, and by avoiding adding any compute requirements on
the tag. Thus making the tag low-power and the localization estimation of the tag low-latency.
ULoc Anchor Design: As mentioned earlier, we enable the tag to just broadcast a single `Blink' transmission to
enable 3D accurate location estimation in real-time. We enable this with our ULoc's anchor board design that
enables `3D-AoA'2 estimation at each anchor that is combined across them to get accurate 3D tag location in
real-time. While there have been recent systems [25, 49, 94] that have started looking into AoA based localization
for UWB systems, these are still power consuming (R.3) and do not perform 3D AoA(R.4) estimations. So, the
�rst contribution of ULoc comes from its custom-built hardware design to enable accurate 3D AoA estimation.
In ULoc, we design an L-shaped 2D antenna array, that simultaneously receives the `Blink' packet transmitted
by the UWB tag across each antenna on each anchor. We further make design adjustments on our hardware to
enable time, frequency, and phase synchronization across all the antennas on a single anchor board to make
accurate 3D AoA estimation at each anchor board. We enable this by designing clock distribution circuits and
timing synchronization circuits that overcome the limitations of the current commercial UWB transceivers [7].

2Polar and Azimuth angle measurements to enable 3D Localization, so 3D AoA. In literature, often 2D-AoA is used for just estimating azimuth
angle only, as it provides 2D location. Hence, we use `3D AoA' for measuring azimuth and polar angle.
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The readers can �nd our open-sourced hardware and �rmware design updates to enable these accurate 3D AoA
estimates online3.
ULoc's Algorithm Design: To enable accurate 3D AoA estimation for real-time localization, in ULoc's algorithm
design we �rst utilize ULoc's hardware design to get the time, frequency, and phase synchronized channel impulse
responses (CIR) of the `Blink' transmissions of the tag across all the anchors. These CIR estimates across all
the antennas for one single anchor board are then utilized to estimate 3D AoA at each anchor. While there are
MUSIC and other high-resolution algorithms that provide accurate multipath-free 3D AoA in WiFi localization
systems [55, 75, 96, 97], these algorithms need to compute heavy Singular Value Decomposition and/or averaging
across multiple packets [55]. In contrast, ULoc takes advantage of the high-sampling rate enabled First Peak
Index(FPI) detection system of the commercial Decawave-chipset [35]. This FPI index is accurate at least 1 nsec
due to the high bandwidth of UWB systems, thus enabling multipath free 3D AoA estimation by using simple
and fast 2D FFT algorithms [59].
Combining Across multiple anchors at the infrastructure: Finally, while this FPI̧ 2D FFT approach to
estimation provides decently accurate 3D AoA estimates, these are not accurate enough to provide cm-grade
localization and tracking accuracy that is required for our systems. One of the reasons for these inaccuracies in
the 3D AoA estimates provided by FPI¸ 2D FFT is due to high mobility and sudden change in the multipath
scenarios that lead to leakage of multipath signal power into the direct path tap index estimated by the FPI
algorithm. The second key observation that ULoc makes to overcome this is to utilize the temporal consistency
of these systems, and while Kalman Filtering [70, 93] based approaches can be readily applied, the 3D AoA errors,
we have observed are non-Gaussian in nature. Thus, we develop a novel non-Gaussian temporal tracker for UWB
tag location, enabling ULoc to achieve low-power and cm-accurate 3D localization in real-time.

To evaluate the e�cacy of ULoc, we have deployed up to 4 of these anchors in three di�erent 3D spaces with
the ground truth obtained from VR headset [22], with random human motion experiments. First is an indoor
o�ce/home setting space with a lot of monitors, desks, and chairs spanning105 C� 165 C� 105 C, second is a large
indoor open space and the third space is a larger scale indoor setting scenario with clear demarcated boundaries
and few heavy re�ectors occurring frequently in a space of205 C� 205 C� 135 C. We have located and tracked our
custom-designed small-form-factor UWB tag (ULoc's tag), with custom �rmware using the same DW1000 UWB
transceiver, under multiple scenarios to achieve the following results:

� Comparing with the state-of-the-art two-way ranging-based localization technique (TWR), ULoc achieves
a median (90th percentile) 3D localization error that's1”8� (2”5� ) smaller in stationary conditions. Further-
more, in high mobility conditions, ULoc achieves a median (90th percentile) error3”1� (4”3� ) smaller than
that achieved by TWR. This satis�es R.4.

� ULoc also achieves a localization latency of1 msec per tag location, which is13� lower than the state of
the art two-way ranging based techniques (TWR) that can at the best give a localization latency of13msec.
Thus showing the scalability of ULoc. This satis�es R.1.

� ULoc can achieve this localization latency and accuracy with minimal power consumption wherein, ULoc's
algorithm consumes31`� of energy for one location estimate and the state of the art two-way ranging
based trilateration algorithm (TWR) consumes up to286̀ � of energy per location estimate. This satis�es
R.3.

� ULoc can track multiple tags in real-time without any loss in its accuracy. We show this via simulating a
simple medium access control (MAC) protocol and testing 4 co-located tags in an o�ce environment. This
satis�es R.2.

3h�ps://github.com/ucsdwcsng/ULoc-public
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With these results, we show that ULoc makes the following key contributions to UWB-based 3D localization.
First, we expand on existing 2D-FFT-based algorithms for polar and azimuth angle estimation to provide few-
centimeter accurate tracking even in high-mobility conditions in Section 2. Second, we develop multiple UWB
transceiver designs that enable accurate angular estimation in both azimuth and polar in Section 3. Further, we
robustly test ULoc's algorithm and platform in a variety of mobility and environment conditions in Section 4.
Finally, we present our intended future work to tackle some of the existing limitations in Section 6.

2 ULOC'S ALGORITHM AND PROTOCOL
In this section, we present the details of ULoc's protocol and algorithm design that enables ULoc to be low-latency,
low-power and cm-accurate 3D localization. As described in section 1, one of the ULoc's contribution that
enables these features is its novel anchor board design which is described in section 3. This hardware design in
tandem with the tag's protocol of single `Blink' transmission that enables infrastructure-aware tag localization by
transferring all the complexity from the tag to the anchor. We �rst detail this protocol of the tag that enables this
low-power and low-latency localization in section 2.1. After we present the protocol design on the tag that enables
low-power and low-latency localization, we then do a deep dive into our algorithm design of the computations at
each individual anchors that enables real-time 3D AoA estimation in section 2.2. Finally, we present how the
infrastructure combines these real-time 3D AoA estimates from multiple of the ULoc's anchor boards to achieve
cm-accurate 3D location at the infrastructure for all the tags in the environment in section 2.3.

2.1 Enabling Low-power and Low-latency Tag Design and Protocol
In ULoc, we design our UWB tag to be low-power and enable low-latency location updates. To enable the above,
we would �rst summarize the trade-o� in the current UWB based localization systems. Firstly, UWB transceivers
consume1”8� more power while receiving than while transmitting [6], clearly showing that the tag should be
transmitting more than receiving. A more detailed description and comparison of these power-consumption
metrics can be found in appendix B. Furthermore, traditional TWR systems [31, 32, 46, 49, 72, 91, 103] employ at
least 12 packet transfer including running the tag in receiver mode continuously to perform localization making
the tag, power consuming and the system, high-latency. While, recent systems [31, 32, 46, 49, 72, 91, 103] are
`tag-driven' to ensure low-latency where only the tag knows its location, making the tags require compute and
thus power-hungry. Further the tag has to receive simultaneously from multiple anchors and should constantly
be on listening mode, making it hard for it duty cycle its sleep mode and also as mentioned earlier that receiving
consumes more power. Thus, we see a trade-o� of low-power for low-latency in the current UWB localization
systems by enabling infrastructure-aware and infrastructure-driven tag localization in contrast to the more
power-hungry `tag-driven system'.

Taking this trade-o� into account, we design a low-power and low-latency system by pushing the complexity of
location computation and scheduled packet transfer protocols onto the Anchor or the infrastructure of our system.
We enable this by enabling a localization protocol, wherein the tag just needs to transmit a one-single packet
to let the infrastructure �gure out the location of the tag. These single packet tag transmissions are received at
multiple ULoc anchors spread across the environment, which compute the azimuth and polar angle-of-arrival of
the signal (3D-AoA). The 3D-AoA estimates across multiple anchors are then used to locate the tag in real-time.

Furthermore, we can enable blink without modifying the UWB protocol as follows, in ULoc's protocol, the
�rst time the tag is booted, it initiates standard protocol compliant repeated transmissions (Blinks) to inform the
infrastructure of its existence. Upon discovery of the tag, the anchors transmitRange-Initresponse as is common
with the UWB protocol. During theRange-Inittransmission, the anchors program the tag to only transmit aBlink
at a periodic interval to enable accurate localization of the tag. Thus, the tag only needs to transmit only one
Blink message to let all the ULoc anchors receive it and locate it simultaneously. This removes compute from the
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tag reducing the power-consumption on the tag. Additionally, thisBlink interval can be modi�ed based on the
number of co-located tags in the environment to avoid packet collision. Finally, as mentioned earlier, the 3D AoA
and the tag location estimations are performed at the infrastructure removing all complexity from the tag.

Thus the single `Blink' transmission-based protocol makes the tag last longer up to 2.4 years, compared to the
state of the art tag driven systems [31, 32, 46, 49, 72, 91, 103] that only last as long as 4 months, or the traditional
TWR based systems [24, 40, 41, 60]that last only 3.1 months. Further, this protocol also makes the location update
rate real-time for ULoc with a latency of only 1msec for each location for a tag, where the traditional UWB
systems have a latency as high as up to 13msec.

2.2 ULoc's Anchors Algorithm: Real-time 3D AoA Estimation
In ULoc, we thus use the above-described tag protocol in tandem with ULoc's novel 8-antenna L-shaped anchor
board design shown in Figure 1b to estimate 3D AoAs by making simple and smart design choices that make our
�nal localization real-time, low-power, and cm-accurate. A detailed description of ULoc's hardware is described
in section 3, ULoc's anchor boards shown in Figure 1b enable accurate time, frequency, and phase synchronization
necessary for accurate 3D AoA estimation [55, 59, 97].

In this section, we �rst tackle the issue of making the 3D AoA estimates in real-time using our anchor board
design. ULoc's AoA estimation design is inspired by the decade long research in WiFi-based systems that use
algorithms such as MUSIC [76, 97], SpotFi [55], ESPRIT [75], and FFT inspired algorithms [26, 59, 96] that
estimate the 2D AoA of the incoming signal at the receiver. In a similar vein, authors [59] extend to 3D AoA
estimates by employing a two-dimensional antenna array at the receiver. Unlike UWB systems, WiFi-based
systems struggle with limited bandwidth (20-80MHz) that make multipath resolution challenging for WiFi-based
localization systems. More speci�cally due to limited bandwidth, the WiFi-based systems can resolve direct-path
from multipath only when they are separated by more than 3.75m.

To tackle this, authors [55] have used novel CSI-smoothing and 2-D MUSIC algorithms to achieve multipath
resolution. More speci�cally, MUSIC-based algorithms estimate auto-correlation and then use the SVD to de�ne
the noise space. The signal-projection orthogonal to this noise space leads to the parameter (like 3D-AoA)
estimate [55, 97]. Further, most of these MUSIC algorithms perform combining of data across space/antennas [97]
or across time/packets [55] to achieve decimeter level localization performance.

In ULoc, we want to minimize the latency and so �rstly we would not want to average across multiple packets
to compute the auto-correlation as that increases the latency for single location computation. Unfortunately
though, without averaging and using only one packet leads to noisy estimates for auto-correlation and thereof 3D
AoA values. We further present the same in our evaluation Figure 10c. Secondly, the SVD computation involved
in MUSIC requires an$ ¹=2º �oating-point operations, whereas the FFT-based algorithms [26, 59] (if the direct
path can be identi�ed) requires only$ ¹= log¹=ºº, where= is the number of input data points. Based on these
observations we choose to rely on FFT-based algorithms for ULoc's 3D AoA estimation.

Above, we assume the FFT-based 3D AoA estimation that we can extract the direct path's tap across all the
antennas from the given CIR information from each antenna of our anchor board. To get the direct path's tap
across all the antennas we rely on the design of the antenna chipset [7]. These antenna chipsets provide the
First Path Index (FPI) which is the direct path's index as the direct path travels the least amount of time. This
FPI estimate provided by the antenna chipsets has a resolution of up to 1 nanosecond. In Figure 2(a), we show
the channel magnitude measured across four antennas at ULoc's anchor in the absence of any multipath. We
compute the likelihood pro�le (shown next to it) of the azimuth and elevation angle of arrival at this time-index
(FPI) and observe that the 3D-AoA estimate (blue circle) matches closely with ground truth (purple triangle).
Thus, FPI provides a reasonable estimate of the direct path and therefore it could be used with FFT-based 3D
AoA estimation. Based on these observations we extend the FFT-based 3D AoA estimation presented in [59] to
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(a) Without strong reflector (b) With strong reflector

Fig. 2. E�ects of a strong reflector placed 2 feet away from ULoc's anchor in Env-3 as shown in Figure 7. (a) Shows the CIR
estimates and 3D AoA profile without the reflector where we see one clear peak. (b) Shows CIR and 3D AoA profile a�er we
add the strong reflector. The green-arrow shows the incoming direct path and multipath signal. We observe that the FPI's
fine-time resolution allows ULoc to robustly resolve for multipath in the environment.

(a)
(b)

Fig. 3. (a) Intuition: (C= 461): Shows likelihood map with existent correct peak indicated by red triangle. (C= 462): Shows
likelihood map with existent, but fading correct peak. (C= 463): Shows likelihood map with correct peak non-existent. (b)
AoA error distributions: Shows the error distributions and their corresponding Normal fit performed on errors for UWB
based measured angle of arrivals before applying ULoc's AoA tracking algorithm (called UWB), we can see that the errors in
angle of arrival is very weak fit because of high errors at the tails. And a�er applying ULoc's AoA tracking algorithm (called
ULoc) we can see that the AoA errors are normally and tightly distributed.

FPI + 2D FFT-based 3D AoA estimates in real-time. We present a more formal mathematical formulation and the
axis representation we use to achieve our FPI + 2D-FFT based 3D AoA estimates for our L-shaped anchor board
design in Appendix Section A.

2.3 Accurate, Real-time 3D AoA Estimation
The above 3D AoA estimates (\ UWB• qUWB) are provided in real-time and are more accurate than MUSIC-based
estimates without averaging. Unfortunately, we observe in a few90C� percentile data samples that when multi-path
gets closer it disintegrates into two theta-phi values and our initial assumption of FPI capturing the direct path
is invalid. To understand this better we show few examples of these90C� percentile cases with close multipath.
We expect that each consecutive antenna would see a constant phase di�erence for the vertical or horizontal
antenna array. If we have these constant phase di�erences, the theta-phi likelihood-map would have a single
peak. This single peak provides a con�dent estimate of the azimuth and elevation angle-of-arrival. Unfortunately,
in certain scenarios, close existing multipath in the channel can corrupt the phase di�erence between some pairs
of antennas. This will result in multiple ambiguous peaks in the theta-phi likelihood-map shown in the pro�le in
Figure 3(a). In a few more instances the peak corresponding to the actual ground truth completely vanishes as
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Fig. 4. Overall Algorithm Flow: Given the initial input likelihood-maps across N-anchors from Eq 5, separately determine 3D
AoA and triangulate and find ULoc localization. Lower block gives an in depth view of how the temporal tracker takes input
likelihood-maps from Eq 5 to find a cleaned 3D AoA. We refer to the anchors as "APs" in this figure.

shown in Figure 3(a)(C= 463). These erroneous peaks can lead to incorrect 3D AoA predictions, particularly in
high mobility situations where the peak can move greatly throughout the likelihood-map within a single time
instance.

To overcome this phase distortion, we leverage the continuous nature of human or object motion in the
environment and choose to utilize this to our advantage to track the 3D AoA predictions over time. While a
simple solution would be to pass the 3D localization estimates predicted using the 3D AoA based trilateration
estimates from multiple of ULoc's anchor boards through a simple Kalman Filter [70, 93]. While these algorithms
try to model the errors in the 3D localization to track the user accurately over time, they do not accurately model
the underlying error distributions of the 3D AoA systems. One of the major reasons for these errors is that these
3D AoA errors are non-Gaussian as shown in Figure 3(b).

The non-Gaussian error distribution of AoA based systems can be attributed to the fact that AoA estimation
algorithms equate the phase di�erence tosin¹º andcos¹º of AoA, therefore resulting in higher error for\ andq
at angles close to̧•� 90� . This non-uniformity of AoA results in high errors at angles beyond� 60� leading to a
non-Gaussian-like spread towards the higher end of the angular spectrum. Hence, we observe an over-estimation
in the error of the measurements and a poorer �t of the Kalman �ltered path.

A brief design of the novel temporal tracking algorithm employed in ULoc is depicted in Figure 4. The �rst and
foremost intuition is within the temporal tracker that tracks the user over-time by estimating the user's velocity
from the previous# (= 7) estimates, and uses that to predict the user's next location, based on the optimized
user location from the previous temporal estimate. In our temporal tracker, we utilize the global maxima peak
for the previous# time instances rather than our optimized prediction from the previous instances. We take
this approach to overcome the case that no good peak exists for an extended period of time, for when using our
previously optimized peak would rely mostly on the low inertial cleaned prediction. This could result in our
optimized prediction drifting o� forever in the direction it was last moving. For example, consider the peaks
shown in Figure 5(c), where the correct peak disappears. This disappearance of the peak over multiple packets
with the optimized prediction would continue to drift on the same course with the same velocity as the last
measurement.

To de�ne the temporal tracker more formally, let us consider the maxima peaks derived from our algorithm
in section 2.2 at time instances¹C� =º•= = 1•2•� � � • # ¹= 7º for all the # 0? anchor boards in the environment,
(\ UWB

C� = , qUWB
C� = ). We then estimate our Maxima 3D XYZ positions by simple trilateration [55, 97] (-. / ¹Cº), which

are then utilized to get the estimate of the approximate velocity of the UWB tagEtemporal¹Cº . Using this velocity
along with the previous instant's predicted location,-. / temporal¹C� 1º the temporal tracker predicts the location
of the current instant-. / temporal¹Cº as-. / temporal¹C� 1º ¸ Etemporal¹Cº � � C, which is then remapped to the 3D
AoA estimates for all the# 0? anchors in the environment as (\ cleaned

C , qcleaned
C ).

Depending on the temporal tracker alone can be harmful as we can completely neglect the current 3D AoA
estimation pro�le, which would lead to incorrect predictions during sudden changes in direction and orientation
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of the tag motion. Thus in addition to the temporal tracker, we use the prediction of the temporal tracker
to estimate the closest peak to it amongst the peaks in the current pro�le in the `Closest Peak Finder' block
shown in Figure 4. We perform this operation to weigh our trust over the current pro�le as well, and not rely
completely on the temporal tracker alone. We then take a weighted average of both the temporal tracker 3D AoA
estimate (\ cleaned

C ,qcleaned
C ) and the closest peak �nder 3D AoA estimate (\ close

C , qclose
C ) to get accurate real-time 3D

AoA estimate of ULoc, (\ ULoc
C , qULoc

C ). These weights,, reliability (<1) de�ne the reliability of the current 3D AoA
estimates of our temporal tracker (\ cleaned

C ,qcleaned
C ).

Weight Generation: The weighting factor (, reliability ) describes the error distribution of each likelihood-map,
using the weights (peaks, angular, and distance) to account for non-Gaussian 3D-AoA errors. The weights
themselves (F?•C, F0•C, andF •C) are averaged to determine the weighting factor. The three weights take in three
inputs: theta cleaned, theta close, and the number of peaks in the likelihood-map at time t. The �rst weight
(F?•C) counts the number of peaks in the likelihood-map, and grants less reliance on theta close as the number of
peaks increase. The second weight (F0•C) accounts for erroneous 3D-AoA estimation following Eq 5 close to� 60� ,
granting less reliance to theta close as the average estimation between theta cleaned and theta close approaches
3D-AoA extrema. The third weight (F3•C) compares the di�erence between theta cleaned and theta close, granting
less reliance to theta close as the di�erence increases. Given the high inertial behavior of theta cleaned, this
weight accounts for large instantaneous changes in the likelihood-map, particularly in disappearances of the
correct peak.
Re-Initialization of Temporal Tracker: A �nal consideration in determining accurate 3D-AoA is re-initialization
of theta cleaned (\ cleaned

C ). Given the di�erential determination of theta cleaned, drift may occur and cause highly
erroneous 3D-AoA estimation. It thus becomes necessary to re-initialize our theta cleaned estimation alongside
reliable theta close (\ close

C ) estimations. Theta close is considered reliable when within� 60� , and the weighting
factor is within 0”35(, reliability Ÿ= 0”35). Under these conditions, we set theta cleaned to be the same as theta
close,\ cleaned

C = \ close
C .

ULoc 3D-AoA: ULoc's �nal 3D AoA determination is given by Eq 1 below.

\ * !>2
:•C = , reliability\ cleaned

:•C ¸ ¹ 1 � , reliabilityº\ close
:•C ; q* !>2

:•C = , reliabilityqcleaned
:•C ¸ ¹ 1 � , reliabilityºqclose

:•C (1)

where• , reliability =
¹F3•C¸ F?•C¸ F0•Cº

3
2 »0•1¼

where\ * !>2
:•C is the �nal theta estimation for anchor: 2 f1•2•� � � • #0=2�>Agat time index,C. Thus ULoc achieve

accurate Real-time 3D AoA estimates from a single anchor board

2.4 Accurate, Real-time 3D Localization
For a multi-anchor setup ULoc's anchors do not need to perform any TWR measurements, & simply employ a
standard triangulation algorithm using the accurately tracked 3D AoA estimates (\̂ : •q̂: ) from multiple anchor
points (8: = 1•2•� � � • #0=2�>A). where we de�ne the line;: starting from the anchor's location,x: in the direction
of (\̂ : •q̂: ) as

;: � p: = x: ¸ C®E: (2)

where,p: is any point along the line;: for a given translation ofCaway from the known point on the line,
x: , and®E: = »sin ¹q̂: º•cos¹q̂: º sin ¹\̂ : º•cos¹q̂: º cos¹\̂ : º¼is the unit vector de�ned in the direction de�ned by
(\̂ : •q̂: ). With this de�nition of the line,;: , we can estimate the location of the tagxC06as
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xC06= argmin
x

# 0?Õ

: =1

¹x: � xº) ¹� � ®E: ®E)
: º¹x: � xº (3)

where� is an3� 3 identity matrix. Using this formulation we can perform much faster accurate 3D localization
that is at least20� faster than a standard TWR based localization algorithm.

3 ULOC'S HARDWARE, SOFTWARE DESIGN AND SOFTWARE PLATFORM
In the previous section, we assumed that ULoc's platform can provide anchors, which can measure the 3D
angle-of-arrival for any UWB transmission. In this section, we would present details of ULoc hardware design,
�rmware design and tag design, wireless calibration and data processing to enable a real-time operation. ULoc
platform would be open-sourced allowing the community to build large scale anchors to be forefront of this
exciting direction in indoor 3D localization.

3.1 Anchor Hardware Design
The goal of ULoc anchor is to achieve 3D AoA by receiving single packet from the tag. To measure accurate
3D AoA, we need to measure the relative phase di�erence in the channel impulse response between all the
antennas accurately. It therefore requires all the antennas which are connected to the transceivers on a ULoc
anchor to be synchronized in time, frequency, and phase. However, note for ULoc to work, the multiple ULoc
anchors deployed in environment don't need to be synchronized, only the transceivers on each anchor needs
to be synchronized. In this subsection we detail ULoc's anchor hardware designs to achieve these goals. The
open-source ULoc anchor hardware design would enable the community to quickly develop and experiment on
synchronized multi-transceiver UWB anchors.
L-shaped Antenna Array: Each ULoc anchor contains 2 orthogonal arrays of commercial, o�-the-shelfDWM1000
UWB transceivers, with 4 modules in the horizontal direction and 4 modules in the vertical direction as shown
in Figure 5(b) to measure theta-phi AoA. Additionally, the anchor has a micro-controller, a clock distribution
network/synchronization circuit, and power supply circuits. The anchor measures16”0 � 13”4 centimeters. The
DWM1000module contains theDW1000UWB transceiver chip and a ceramic antenna, along with supporting
circuits [7]. One of the most important factors to consider while designing the L-shaped antenna array is to factor
in the polarization of antennas in both linear arrays. Although these two linear arrays are perpendicular, we
need to make sure that all the antennas are oriented the same way. Given that the form factor of eachDWM1000
module is1”3 � 2”3 cm, we place the modules in the same orientations such that all adjacent antennas are 3.3 cm
apart, which is the half wavelength for the 4.4928-GHz channel in ULoc system, which provide distance between
the antennas less than half a wavelength necessary to achieve unique theta-phi estimates.
Coordination of Transceivers in the anchor: In a normal UWB ranging system, each UWB transceiver is
controlled by an individual microcontroller to handle the protocol and timing. A straight-forward way to build a
multi-transceiver anchor is to have multiple such transceiver-microcontroller pairs, and then a central controller
to command and time them to work together. However, this quickly makes the system expensive and complex
with multiple asynchronously-running microcontrollers making timing extremely tricky. Instead, as illustrated in
Fig. 5a, ULoc uses one singleSTM32F446RCT6ARM Cortex-M4 microcontroller (MCU) [82] to control all of the
DW1000UWB transceivers.

TheDW1000chips and the MCU communicate via two 20 MHz Serial Peripheral Interface (SPI) buses, which is
the highest speed supported by the chip, with 4 chips on each bus. The MCU selects the chips to communicate on
the SPI buses in a round-robin manner, using 8 of its general purpose input/output (GPIO) pins connected to
respective chip'schip select(CS) pin. Therefore, to communicate with a speci�c transceiver, the MCU asserts the
GPIO pin connected to the respective transceiver's CS pin, and then starts communication on the SPI bus. In this
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(a)
(b)

(c)

Fig. 5. ULoc Anchor Board: (a) Shows system design for anchor PCB. (b) Shows picture of anchor PCB bo�om side with
L-shaped antenna array and clock distribution network. (c) Shows ULoc's anti-racing SYNC circuit logic design

setup, all the transceivers are made to work together and the MCU can handle the communication protocol as if
they were one uni�ed transceiver.

Furthermore, when Tx / Rx event occurs at a transceiver, it asserts itsinterrupt request(IRQ) pin to notify the
MCU of the event so that the MCU can take action accordingly. Due to the limited amount of GPIOs on MCU and
considering the scalability of using a di�erent number of transceivers on an ULoc anchor, we connected the IRQ
pins of all 4 transceivers on each SPI bus to an OR gate before connecting to a MCU input pin.
Clock Distribution and Synchronization: Under ideal circumstances, AoA should be derived from transceivers
that share the same carrier clock, so that frequency and phase reference are consistent across all transceivers.
However, in practice, each UWB transceiver chip generates a carrier clock with its own phase-locked loop
(PLL), all of which runs independently with slightly di�erent frequency and phase o�set. Fortunately, since the
PLL on each transceiver eventually aligns the carrier clock phase to the phase of the reference clock, we can
synchronize the carrier frequency and phase by feeding the same reference clock to all the transceivers. The
quality of synchronization depends on the quality of the reference clock signal; hence we use clock bu�ers and a
carefully designed distribution network to avoid long clock traces running across the board, giving the reference
clock signal the best quality we can achieve.

The clock on ULoc anchor is generated with an AbraconASTXR-12-38.4MHztemperature compensated crystal
oscillator (TCXO) [23], whose output is level-shifted to 3.3 V, and then bu�ered/fanned out with Microchip
PL133-37clock bu�ers [68], before being fed into each transceiver. All clock traces are measured and meandered
if necessary, as shown in Fig. 5b, to ensure the same distance that the clock signal travels from the TCXO to
each of the transceivers. Note that eachDWM1000module comes with a crystal preinstalled as its clock source,
so to feed all the modules with the same clock, we removed the metal shields on the modules and removed the
preinstalled crystal. Then to connect eachDW1000's clock input to the clock distribution network, we solder a
wire from a pad connected to the clock bu�er on anchor PCB, to a pad on the module where the removed crystal's
output is.

The UWB transceiver provides an additionalSYNCsignal input, which can be used to reset the timestamp in
each transceiver to keep them aligned. TheSYNCsignal is sampled at the rising edge of the reference clock signal
[6]. However, without special prevention,SYNCsignal can sometimes become asserted when the reference clock
is close to a rising edge, and due to inevitable subtle di�erences in the delays in the reference clock distribution
network, di�erent transceivers could sample theSYNCsignals at di�erent reference clock cycles, which introduces
an o�set in the timestamps. Such an o�set might be compensable in software as it can only be one reference
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