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Abstract—Ultra-wideband (UWB) is becoming a major local-
ization technology enabler for the indoor environment. Tradi-
tional localization systems rely on time-of-arrival (ToA)-based
methods such as two-way ranging (TWR) and time difference of
arrival (TDoA). Such solutions cannot scale due to interference
from multiple devices sharing the same part of the wireless spec-
trum. One solution is to use concurrent transmissions for a more
efficient use of air time. Concurrency-based localization systems
that utilize ToA cannot satisfy the accuracy requirements of
many applications due to hardware time scheduling limitations.
Angle of Arrival (AoA) is a promising solution that can provide
scalability and accuracy when used in a concurrent transmission
scheme. UWB radio platforms like Decawave DWM1002 with
dual-UWB-chip design have made it possible to accurately
measure AoA by calculating the phase difference of arrival
(PDoA). State-of-the-art AoA estimation has then been extended
to build self-localization systems with an unlimited number of
tags and to handle multiple sources at the same time. These
methods require tags with dual-chip design which adds cost and
complexity. In this paper, we investigate the idea of estimating
AoA on single-chip (single-antenna) tags receiving concurrent
UWRB signals from dual-chip anchors (intra-anchor concurrency).
We call our system Single-Antenna AoA Estimation (SA-AoA). As
opposed to inter-anchor concurrency, intra-anchor concurrency
consists of receiving two concurrent packets from two different
chips of the same anchor. By estimating AoA on single-chip tags,
SA-AoA reduces the design complexity and the cost of tags by at
least 50%. Our results suggest that the single-antenna AoA can
achieve performance similar to dual-antenna AoA estimation.

Index Terms—UWB, AoA, concurrency

I. INTRODUCTION

Localization in indoor environments has become a topic
of interest to the research community in the past few years
as a major application of the Internet of Things (IoT). With
GPS being the most commonly used technology in outdoor
environments, it performs weakly in indoor environments due
to obstructions creating the non-line-of-sight (NLoS) problem
especially in small-scale buildings. Many wireless technolo-
gies have tackled this problem including WiFi, BLE, RFID,
etc. However, ultra-wideband (UWB) radios have been one of
the most promising localization technologies due to their high
precision and accuracy. A multitude of localization approaches
was applied to UWB to satisfy the needs of many applications.
In particular, Angle of Arrival (AoA) estimation, a phase-
based localization approach, was very promising and showed
more benefits compared to time-based approaches like two-
way ranging (TWR) and time difference of arrival (TDoA) [1].
However, AoA solutions usually require the receiver to have
an array of antennas since AoA is based on the calculation of
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the phase difference of a single signal received at two different
antennas, which increases the hardware and software design
complexities and cost.

The main issues preventing UWB AoA-based systems to
become more practical are the system design complexity and
the total manufacturing cost due to the requirement of using
an array of antennas. The cost overhead significantly affects
large-scale self-localization systems. As UWB is starting to
be integrated into the car and mobile industries, the scale of
the applications is expected to rise further. Hence, reducing
the number of chips per receiver from two to one would be
crucial in large-scale systems.

Ideally, one UWB radio should be able to switch between
an array of antennas to be able to estimate AoA by calculating
PDoA of a received signal. To the best of our knowledge, such
UWRB radios are not commercially available. Another option
is to use a dual-chip design with a tight clock synchronization
which makes the design and implementation of AoA-based
systems very challenging and costly. Additionally, AoA-based
localization systems have to deal with front-back ambiguity
problem [1]. AoA-based localization solutions can have two
architectures:

« Single-antenna tags and dual-antenna anchors: In this
architecture, the tag sends a packet to the anchor that
would be received on both UWB chips and calculates the
angle. This solution is not scalable in the presence of a
large number of tags as they need to send their packets at
different time slots to avoid packet collisions. Decawave
DWM1002 [2] platform combines AoA along with TWR
to provide a single-anchor localization system, but it does
not address the tag scalability problem.

o Dual-antenna tag and single-antenna anchor: In this
architecture, the anchor sends a packet and the tag
receives on both UWB chips and calculates the angle.
This solution is scalable as the number of transmitting
anchors can be small and can be scheduled in different
time slots. With the usage of inter-anchor concurrency,
solutions like AnguLoc [1] managed to make it more
efficient. However, this architecture is not cost-effective
as described earlier.

In this work, we present Single-Antenna AoA (SA-AoA),
which is a different approach to estimating the AoA while
reducing the cost and design complexity compared to existing
concurrent AoA system. SA-AoA uses single-antenna tags
and dual-antenna anchors. However, to avoid the scalability



issue, we invert the role of transmitters making the anchors
send packets from their dual antennas and the tag receives
the packets and calculates the AoA. We consider two separate
cases: (1) The dual-antenna anchor sends packets with a large
delay to allow the tag to receive them as two separate packets;
(2) The anchor schedules packet transmissions with a delay
sufficiently small to send the packets concurrently from its
chips and for the tag to receive both packets combined as
a single packet. This is where we introduced the notion of
intra-anchor concurrency, in contrast with the inter-anchor
concurrency where different anchors send their packets concur-
rently. In intra-anchor concurrency, the chips within the same
anchor send their packets concurrently. In the case of separate
transmissions, the phases of the first and second packets are the
first path phases collected from the Channel Impulse Response
(CIR) of each packet. As for the intra-anchor concurrency, the
phases of the first and second packets are extracted from the
same CIR of the received combined packet, where the phase
of the first packet is the phase of the first path. While the
phase of the second path is the phase of the second peak in
the same CIR.

We implement and evaluate our system on Decawave
platform. Our results suggest that the single antenna AoA
approach can achieve performance similar to the dual antenna
approach.

In this paper, we make these contributions:

o We present the first study of the feasibility of AoA es-
timation on single-antenna UWB radios and comparison
with dual-antenna AoA estimation baseline.

o Study the impact of different transmission delays from
dual-antenna UWB radios on the performance of single-
antenna AoA estimation and explore the necessity of
intra-anchor concurrency.

o Implementation and evaluation of Single antenna AoA on
a Decawave hardware platform to understand the real-
world feasibility.

II. RELATED WORK

In this paper, we study AoA estimation on a single-antenna
system combined with intra-anchor concurrency. The purpose
is to provide a scalable and cost-efficient solution. In this
section, we present the mainly related topics to this work as
follows.

A. Wireless Interference Exploitation

Wireless interference was usually regarded as a major
source of unreliability in wireless communications. Over the
years, multiple solutions aimed to either avoid or mitigate the
interference. Examples of interference avoidance techniques
are TDMA, random access/back-off methods, and traffic re-
duction [3]. Examples of interference mitigation techniques are
FEC correction, non-linear filters [4], and matched filters [5].

However, interference can be beneficial in many appli-
cations. Glossy [6] managed to create a time synchroniza-
tion scheme through constructive interference while keeping
99.99% reliability. Splash [7] exploited the same idea of

Glossy and combined it with channel switching to increase
further the data dissemination in the network. SurePoint [8]
also used similar methods to floor time synchronization in-
formation in the network while increasing packet reliability.
A recent work [9] made use of Glossy to demonstrate the
use of concurrent transmissions to increase the reliability in
multi-hop UWB networks.

In recent work, TX concurrency was used in UWB in a
different way where the concurrency purpose switched from
improving packet reliability to providing a concurrent and
efficient localization system. It was initially presented by
Corbalan and Picco in the context of Single-Sided Two-Way
Ranging (SS-TWR) [10] where response messages are sent
concurrently. And later elaborated in further studies [11-14].
In all these works, the main issue is related to hardware tim-
ing uncertainties and the proposed solutions require multiple
rounds of ranging to reduce the timing errors.

B. Concurrent AoA estimation with UWB radios

In later work, concurrent AoA estimation based-localization
was employed. In the case of AoA estimation, the localization
system relies on phase estimation which is independent of TX
timing uncertainties. In Anguloc [1], a dual-antenna tag and
single antenna anchor architecture was adopted. The anchors
send concurrently packets to the tags. By applying a peak
detection algorithm on the CIR of each chip, phase information
is extracted for each anchor. Then an angle estimation for each
anchor is calculated. An Angle Difference of Arrival (ADoA)
algorithm was applied later to identify the location of each
tag. Although this method presents better results than other
state-of-the-art methods, it does require the tags to have dual
antennas. Wang et al. [15] also exploited the idea of AoA
estimation combined with concurrency to improve the single
anchor localization proposed by Decawave [16]. However,
their solution is not scalable as the CIR information can only
accommodate a limited number of tags. Recently a patent by
Decawave [17] has proposed the idea of AoA estimation (angle
of departure in their context) using a single radio which is
equipped with two CIR accumulators.

Our proposed method combines the benefits of using AoA
with intra-anchor concurrent transmissions to achieve higher
accuracy compared to time-based methods and to reduce the
cost and design complexity of AoA localization systems by
using single-antenna tags.

III. SYSTEM DESIGN

Our work is the first system that demonstrates AoA estima-
tion on a single-antenna system. It also studies the impact of
transmission delays on AoA estimation.

A. Dual-antenna AoA estimation

We first describe the background of UWB Ao0A estimation
and how to exploit state-of-the-art techniques in our design.
The idea of UWB Ao0A estimation was first introduced in
Decawave’s patent [16]. It follows a single-antenna transmitter
and a dual-antenna receiver. Figure 1 illustrates the process
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Fig. 1: Tllustration of classical AoA system. Both receivers
are connected to the same clock. The arriving signal angle
0 causes is received on the receiver with path difference p
changing therefore the phase of arrival of the signals

of path difference calculation that will be used to estimate
the AoA. A single-antenna transmitter sends a packet to the
dual-antenna receiver. The distance between the antennas is d
= 2.08 cm. This distance d is chosen to be less than half
the wavelength of the signal A as explained in Decawave
patent [18]. This antenna separation d makes both receivers
receive the signal with a path difference p ranging from 0 to
d. Based on the path difference p we can calculate the angle as
0 = arcsin(h). As we receive the signal with a path difference
p > 0, the phases of arrival (PoA) of the signal on both
receivers are different. The PoA on each receiver is calculated
based on CIR. When the preamble of the packet is received, the
UWRB chip generates the CIR and detects the first path index.
We can compute therefore the phase at the first path index
as PoA = arctcm(%) with Q; (respectively I;) being the
imaginary (respectivelgl real) part of CIR at the first path index.
As both receivers are using the same clock, we can calculate
the Phase Difference of Arrival (PDoA), that we denote, « as
the difference between the phase of the first receiver and the
phase of the second receiver ranging from — to 7 and map it
to path difference using the formula p = ‘XQ—XW’\ Path estimation
errors can occur due to the antennas asymmetry and therefore
require a calibration. More details can be found in both [16]
and [1].

B. Single-antenna AoA estimation

The idea of AoA estimation revolves around estimating
the path difference p of the signals between a single-antenna
device and two receivers on a dual-antenna device. To be
able to perform this phase difference calculation on the
single-antenna device, the roles of the transmitter and receiver
need to be reversed. Our hypothesis suggests that if two
transmitters running on the same clock send two packets
separated by a delay ¢, the phase difference of the packets
on the receiver side should reflect the path difference.

Let’s assume that we have two clocks running at the same
frequency. At t = 0, the first clock has a phase P1ly and the
second clock has a phase of P2j. Let ¢y be the phase shift
between the first and the second clock at t= 0. After a delay 6,
the phase of the first clock P1; and the phase of the second
clock P25 will have a phase shift of ¢5 = ¢¢. Let PoD; and
PoD, be the phase of departure of the first UWB packet from
the first and second chip respectively. Equation 1 shows the
difference between both phases of departures with ¢ being
the phase shift resulting from the delay within the transmitter
clock.

PoDy — PoD; = Pls — Plg = Ay (1)

When the two signals arrive at the level of the antenna of the
receiver, they arrive with phases of arrival PoA; and PoAs
respectively defined by equation 2 where ®,; and ®, are the
phase shifts resulting from the signal propagation for a path
pl and p2 respectively. When the two signals are processed
by the receiver, the term Ay will be omitted since the receiver
carrier phase will change by A,. Therefore the received phase
difference is ®,2 — ®,,1 which is the phase difference resulting
from two signals taking two different paths.

PoA; = PoD; + ®,;

PoAy = PoDy + ®p

PoAy — PoA; = PoDy — PoD2 4 ®,0 — &)1
PoAy — PoA; = Ay + @pa — Pp1

2

1) Packet transmission scheduling:

As opposed to the classical AoA estimation where a
single packet is sent from a single-antenna transmitter, in
our design, we have two transmitters on the same device
(Figure 3) sending packets sequentially separated by a delay
0 as Figure 2 shows. Based on the value of this delay, there
are two possible cases:

Non-concurrent packet reception: In this case, the delay is
large enough (larger than packet air-time) that the received
packets will be detected as two separate packets. In this case,
the delay should be at least 188 ps (time to transmit the full
packet) plus the packet processing time before being able to
receive the next packet. Since the packets will be received
separately, we can identify their phases from the first path of
the preamble of each packet.

Concurrent packet reception: If the delay is small (smaller
than packet preamble transmission time), the transmitted
packets will be sent concurrently which refers us to the state-
of-the-art work done with inter-node concurrency. In this
case, there are two considerations. First, as the path difference
p ranges between 0 and 2.08 cm which translates to a few
picoseconds. If the packets were to be sent simultaneously,
the peaks for the first and second packet will overlap since
the CIR granularity is only 1 ns. Second, the system clock
used for TX scheduling on DW1000 has a frequency of
124.8 MHz which translates to ~8 ns. Therefore, our delay
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Fig. 2: Illustration of packet trans-
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Fig. 4: CIR of received concurrent packets delayed by 128 ns
shows a first peak at 20 ns and a second peak at around 148 ns

needs to be a multiple of 8 ns to have accurate TX timestamps.
2) Peak detection and phase calculation:

In the case of non-concurrent packet reception, the phase
of arrival of each packet can be extracted directly from the
first path of each packet. However, in the case of concurrent
packet reception, the peaks of each packet will be reflected
on the same CIR. As Figure 4 shows, we notice a first peak
at around 20 ns and a second peak 128 ns later (the delay
is 128 ns in this case) at around 148 ns. Therefore, the first
peak is detected as the first path index and the second peak
will be detected by applying a matched filter on a window of
50 samples centered around the index of the first path + delay.

We can then extract the phase of arrival of the first packet
as PoAysp, = arctan(2L) and the phase of arrival of the

Typr
second packet as PoApy = arctan(?f £2) where fpl is the

index of the first path and fp2 is the index resulting from the
matched filter detection.

3) Phase correction:

Phase extraction from CIR can present two main challenges.

CIR resolution: Although the reception time on DW1000
has a time resolution of 15.6 ps, the CIR has only a resolution
of 1 ns. Therefore, the first path position usually does not
match exactly the index reported on the CIR. We tackle this
issue by taking the average phase of the first path index fpl
and fpl + 1. Similarly, for the second path, the result of
the matched filter has more resolution than the CIR. In this
case, we use a linear estimation of fp2 (basically a weighted
average) to calculate the phase of the second path from two
consecutive samples s1 and s2 where s1 < fp2 < s2.

Phase wraparound: The phase is represented between —
and 7. This means that if the phase increases beyond 7 for
instance, it will wraparound to —7. Since we are considering
averages between consecutive samples, if one of the samples
wrapped around, the resulting average becomes invalid. In
this case, we map the sample that wrapped around between
—27 and 27 and we recalculate the average to end up with a
correct phase.

4) AoA estimation and path correction:

Once we estimate the first and second peak phases, we
compute the phase difference and calibrate it by adding a
phase difference offset. The offset is calculated based on
ground truth data. The purpose of the offset is to ensure that
the measured phase difference values are always between —7
and 7. Then we compute the path difference p similarly to the
case of dual-antenna AoA estimation. With different types of
UWRB systems, the form factor of the antennas on the system
may impact the accuracy of path difference measurements.
The asymmetry between the transmitting antennas can result
in incorrect path difference measurements. To correct the
measurements, we build a path difference fitting polynomial
based on measurements at multiple angles. Once we calculate
our corrected path difference, we calculate AoA by using the
same formula as baseline method to convert path difference
to angle.

IV. EVALUATION
A. Experimental setup

In our experiments, we used DWM1002 (Fig. 3) as our
anchor node and dual-antenna tag (Baseline AoA), and
TREK1000 [19] as our single-antenna tag. We conducted the
experiments in a room of size 4 m X 3 m in a residential
building. We placed all the nodes on tripods at a height of
1.5 m height. We used frequency channel 7, with a preamble
length of 128, and a data rate of 6.8 Mbps, which are
typical settings used in similar concurrency-based studies in
the literature. To study the robustness of angle estimation
across possible hardware manufacturing variations, we did our
experiment using 5 devices of type DWM1002.

B. Feasibility of single-antenna AoA

In this section, we first compare the performance of AoA
estimation single-antenna UWB radio (SA-AoA) compared
to classical AoA estimation systems (baseline dual-antenna).



Then, we study the feasibility of our system with different
parameters.

1) Comparison of single-antenna AoA with baseline
dual-antenna AoA:

In this section we compare the estimation of AoA between
SA-AoA and the baseline AoA estimation provided by
Decawave DWM1002. The baseline system combines AoA
estimation using dual-antenna UWB devices and TWR to
find the location of the target. In this experiment, we place
the nodes at close proximity to have better control on ground
truth angles and at a height of 35 cm. We collect angle
measurements for multiple angles for both SA-AoA and the
baseline system.

In the case of SA-AoA, we consider a delay of 128 ns.
Results from Figure 5 show that for both SA-AoA and the
baseline system, the average error is 3.81° with 4.17° of
standard deviation for the baseline system and 2.61° of
standard deviation for SA-AoA. This result shows that our
system achieves a similar performance with one antenna at
the tag compared to the performance of the baseline AoA
estimation system by Decawave which has two antennas at
the anchor thus improving cost and design efficiency.
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Fig. 5: Comparison between SA-AoA and baseline AoA esti-
mation at different angles. The performance of AoA estimation
is comparable between both systems

2) Single-antenna AoA with different angles and delays:

In the context of AoA-based localization, it is important to
be able to estimate the angle-of arrival at any position in
the localization space. For that purpose, we consider in our
experiments a set of angles (—90°, —60°, —30°, 0°, 30°,
60°, 90°) that covers most of the angle range.

We also want to investigate the usage of different delays
between packet transmissions as different delays can be used
in as a basis of different mac protocols.

We first consider the case of sending packets with large delays
to receive two consecutive packets at the receiver tag (non-
concurrent). We fix the delay to 600 pus and we collect

around 8000 angle measurements. Figure 6 shows the result of
Ao0A estimation with single-antenna tag when using separately
received packets. Due to the phase drift of the transmitters
and receiver, we cannot estimate the AoA correctly for non-
concurrent packets, which implies the importance of concur-
rent transmissions.
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Fig. 6: Result of AoA estimation for non-concurrent packets.
Ao0A estimate largely varies over time due to phase drift
between received packets.

Next, we consider the small delays for AoA estimation
(intra-anchor concurrency). In this scenario, we face the same
problem of phase wraparound as presented in previous ob-
servations. As we test on a specific dual-antenna device, we
define a generic phase difference offset for all delays although
it can be fine-tuned for each delay separately. However, we
still need to build a correction polynomial for each delay.
Figure 7 shows the means and standard deviations of AoA
estimation for a single-antenna tag when using different delays
from 24 ns to 512 ns. We do not observe a large variation when
using different delays because the phase drift is negligible
in a short period of time. We only report a mean standard
deviation of 0.96° among all delays. The receiver could not
receive any packets beyond 512 ns since the receiver chip
cannot identify which path comes first. Compared with the
ground truth angle, the minimum mean error is only 0.56° in
—90° and the maximum mean error is 7.44° in 90°.

3) Single-antenna AoA at different distances:

We also investigate the impact of distance on AoA estimation.
We collect data at multiple angles at different distances with
a delay of 128 ns. We consider two distances of 1 m and 2 m
as allowed by our experiment space. As shown by Figure 8§,
SA-Ao0A performs well under different distances with mean
errors of 5° and standard deviation of 4.20° for 1 m and
mean errors of 5.6° and standard deviation of 4° for 2 m.
This shows that for an indoor environment with limited space,
our solution is largely insensitive to distance as opposed
to time-based methods where ranging errors increase as a
function of the distance [20].
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Fig. 7: Single-antenna AoA estimation with different trans-
mission delays (intra-anchor concurrency). No significant vari-
ation is observed.
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Fig. 8: Evaluation of SA-AoA with multiple distances and
angles. The distance has negligible impact on the AoA esti-
mation

4) Single-antenna AoA on different devices:

Asymmetry in the design and manufacturing of dual-
antenna UWB devices can be the source of errors in AoA
estimation systems. We measured angles on multiple devices
of the same type (DWM1002) with a transmission delay
of 128 ns for different angles. Each box plot in Figure 9
represents the combined mean angle estimation errors of
different devices. We notice that the error box plots before
correction have a large IQR (interquartile range). This
shows that different devices can present a large difference in
angle estimation under the same configuration (ground truth
angle, delay). It is also noticeable that some devices exhibit
drastic errors reaching around 180° of error for the angle
—90°. These errors are the result of the phase wraparound
problem. To mitigate this problem, we add a phase difference
offset specific to each device to bound the phase difference
measurements between —7 and 7. Then, we build a 4" order
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Fig. 9: Comparison of AoA estimation errors pre and post-
correction for multiple angles on different dual-antenna UWB
devices. Large IQRs in pre-corrected estimation errors are
indicators of the asymmetry problem.

polynomial for each device to correct the path difference.
From the post-correction box plots, we conclude that our
correction is effective since the AoA estimation mean error is
around 0° for most ground truth angles and devices but can
reach up to 9° in some cases.

We can assume that the problem of asymmetry is generic
in all dual-antenna UWB devices. This shows the benefit of
using SA-AoA as this correction needs to be done only for
anchors. While for other systems that rely on dual-antenna
UWRB devices as tags, the overhead of calibrating all tags is
larger since typically in a localization system, the number of
tags exceeds largely the number of anchors.

V. DISCUSSION

The proposed technique is a receiver-side technology, in the
sense that the receiver does not need to transmit packets. Thus,
this approach can scale to unlimited number of devices just
like GPS and some UWB-based techniques that have been
proposed in the literature. As a result of our work, we have
shown that it is possible to estimate AoA with such attractive
scaling property.

Ao0A systems typically suffer from front-back ambiguity
problem and unknown device orientation. The proposed ap-
proach can avoid the problem in most scenarios where we have
some geometric constraints. Since we only have dual-antenna
at anchors, we can assume known orientation of anchors and
only send packets to devices inside the room from the front of
the antenna. Hence, the transmitter antenna can be designed
to transmit from only one side. The single-antenna tag then
does not impose any limitation on front-back ambiguity and
unknown orientation.

As mentioned in section IV, using different delays requires
building a correction model for each delay. This can add some
overhead to the initialization step of this system. However, we
can argue that this overhead is minimal as the number of delays



that can be used by the same system is limited and does not
cover the full spectrum of delays that we evaluated.

In this work, we evaluated the proposed system by putting
all the nodes at the same height to maximize the signal
reception. We considered optimal conditions since the purpose
of this work is to prove the feasibility of single-anchor AoA
estimation. Although the signal reception can be reduced at
different heights, we noticed that it doesn’t impact consider-
ably the AoA estimation.

VI. CONCLUSIONS

In this paper, we introduced a novel approach to Angle-of-
Arrival estimation using a single antenna at the receiver tags
and dual antenna at the anchors. This approach of doing con-
current AoA by our system, SA-AOA, allows us to simplify the
design of tags at the expense of a small increase in complexity
on the anchors. We consider this tradeoff an ideal scenario
considering tags are expected to be deployed in much larger
numbers than anchors. The main idea behind the technique
is the transmitters sending multiple packets concurrently and
the tags receiving the concurrent packets simultaneously and
extracting the phase information using CIR. We implemented
and evaluated the system on Decawave hardware platform and
found that the results with single-antenna AoA is similar to
the dual-antenna approach.
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