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Abstract—This paper evaluates IEEE 802.15.4z standard-
compliant NXP SR040 and SR150 chips in Angle of Arrival
(Ao0A) capabilities in Channel 9 (7.737—8.237 GHz) of the Ultra-
WideBand (UWB) spectrum. Due to the shorter wavelength,
higher frequencies may encounter certain limitations when it
comes to harsh environments, as more reflections and multipath
propagation can occur. Furthermore, they also can be affected
by their enclosure used to protect the electronics in such an
environment, which needs to be taken into account during
product design. This work presents the results of the evaluation
measurement scenario relatable to real-life use cases and con-
cludes potentially valuable insight important for consideration
when creating a new UWB product. Besides a basic overview of
the theoretical estimation of AoA by Time Difference of Arrival
(TDoA) and Phase Difference of Arrival (PDoA), and the evalu-
ation of the corresponding results, the main contribution is the
repeatable topology considered for the conducted measurements.
The presented results allow vendors to compare their solutions
with the various radio chips or antenna configurations.

Index Terms—Angle of arrival (AoA), line of sight (LoS), Ultra
wideband technology (UWB)

I. INTRODUCTION

Although Ultra-Wideband (UWB) has been known for sev-
eral decades, it is experiencing a renaissance and gaining
momentum in recent years, mainly due to the expansion
into more fields — mobile phones, wearables, automotive or
industrial applications. This significantly stimulates innovation
and integration of UWB radio chip solutions and other related
radio (RF) components (antennas and parts of the whole radio
front-end part). As a result, the estimated number of sold UWB
chips is expected to further grow at least by 2025, as presented
in [1], [2], which in terms of numbers means over 1 billion
annual UWB technology-enabled device shipments, especially
in consumer electronics like mobile phones, which will open
new opportunities along with new challenges to cope with [3].

One of these challenges might be adoption of higher UWB
channels, such as Channel 9 discussed in this work. The main
reason is that with growing frequency, the wavelength shortens
and thus influences the needs of the RF front-end, including
the antennas and enclosure designs, as the wavelength might
be close to the dimensions of used enclosures (material and its
thickness, screws, etc.). Therefore it is valuable to evaluate the
performance of available hardware, discuss the results, and set
the ground for further complex testing and detailed evaluation
measurements.

This paper is further structured into sections as follows:
(ii) Theoretical principles, where the mathematical background
of measured quantities is presented; (iii) Related works regard-
ing evaluated integrated circuits; (iv) Method of Measuring,
where the used hardware and tools are briefly presented along
with description of the measurement scenario and environment
assessed; (v) Achieved Results and Discussion, and finally the
(vi) Conclusion section with statements based on the results
and observations from the conducted experiments.

II. THEORETICAL PRINCIPLES

A brief explanation of principles used for estimation of the
ranging parameters is presented in this section. The principles
of the Phase Difference of Arrival (PDoA) and Angle of
Arrival (AoA) estimation are based on trigonometric functions
from corresponding triangles and relationships of distance,
time, and velocity [4]. To illustrate these relationships, Fig. 1
below shows the derivation of equations for PDoA estimation
in a two-antenna array.

o Deos®) T

Dsin(0)

K Angle

—— Direct path
Antenna

---—» Quotation

. . Wave

TX ----- » Propagation direction

: Proapgation axis

Fig. 1: Geometry for Phase Difference of Arrival (PDoA)
estimation.

The two receiving antennas RX;, RX, are at a distance d
from each other. The distance between the axis of the receiver
antenna array and the transmitter antenna 7X is denoted by D.



The angle subtended from the plane of the antenna array to the
direct path is denoted by 6, or 61 for TX-RX; and 05 for TX-
RX;, nonetheless for distances greater than a few wavelengths
A, when D < d, it is possible to use 61 = 6 = 6. Then,
trigonometric functions and the similarity of triangles can be
applied to derive the relationships below.

As soon as the wave-front of the propagating wave reaches
the first receiving antenna, the wave with the speed of light
c still has to travel to the second antenna over the distance
dy = dsin(f), which, since velocity is distance over time,
will happen in time

dsin(6)

= ——~, (1)
C

also known as the Time Difference of Arrival (TDoA),
depicted illustratively in Fig. 2.
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Fig. 2: Phase Difference of Arrival (PDoA) estimation.

To conclude the theory explanation and derive an equation
for PDoA and AoA estimation, a simple carrier wave is
depiceted in Fig. 2. It can be described as

A(t) = Asin(wt) = Asin(p), (2)

where ¢ is the phase of the wave received on RX; as ¢; and
RXj; as o, delayed by ¢;. Now, the difference is derived as

Ap =g —p1 =2rf(t+t1) —2rf =2rft;.  (3)

Further, by using t; derived in (1) and knowing that 27 in
radians represents 360° and wavelength is defined as

c
A= 4)
f
it is possible to write the following relation for PDoA
360°
Ap = Td - sin(0), )
from which the AoA can be expressed as follows:
Ap A
0 = sin ! =, 6
s (360o d) ©

This is considered for antennas of nearly ideally identical
radiation patterns with negligible effects of mutual coupling.
To achieve correct Ay to € mapping, for distance d between
antennas there is a condition d < % for interval 0 =[5, 7]
angle [4].

III. RELATED WORK

Regarding hands-on experiments with AoA estimation using
real-world hardware, there are only several similar studies
assessing measured values of AoA utilizing UWB radio and
PDoA. Still, all of them rely on different types of UWB
integrated circuits, none of them being produced by NXP.

The authors of [4] present results achieved with Qorvo
Decawave DW1000 chips in a small anechoic chamber, in
other words, in an ideal environment. The same chips were
used by [5], where authors also present results achieved
with DW1000 chips bringing performances analysis of an
AoA using PDoA kit, reaching maximal error of 10° in an
ideal environment with planar antennas. Both studies show
that overall errors in AoA estimation are produced by the
electromagnetic effects in the anchor (receiver) antenna array
rather than on-chip PDoA measurement inaccuracy when an
ideal environment is considered.

TABLE I: Published works mentioning SR040 and SR150.

No. Year
[6] 2022

Context mentioning the NXP chips

This research work provides a comparison of several
commercially available UWB localization modules.
Modules are compared instead based on technical
specifications than real-world measurements.

[7] 2022 | The main goal of this work is to evaluate the possibility
of cross-technology interferences between UWB and
WI-Fi 6E. For this purpose, Decawave DW1000 and
Qorvo DW3000 in different physical layer settings

were used.

[8] 2022 | This paper compares UWB and Bluetooth localiza-
tion accuracy in an office environment for both LoS
and NLoS scenarios. Notably, the work relies on the
utilization of DW1000 since NXP SR040 was not

available at the time of the research.

[9] 2022 | Research thoroughly compares currently available
UWB radio chips in terms of compatibility and basic
functionality. The main focus is given on interoper-
ability and compatibility issues related to physical,

medium-access-control, and upper layers.

[10] | 2021 | This paper evaluates a practical over-the-air attack on
IEEE 802.15.4z high-rate pulse repetition frequency
(HRP) UWB distance measurements systems. Notably,
the attack is conducted on several off-the-shelf UWB

chips, including NXP SR040 and SR150.

[11] | 2021 Research work focused on the security analysis of
UWB HRP mode. Notably, multiple attacks and coun-

termeasures for HRP mode are discussed.

[12] | 2021 | Recently published doctoral thesis dealing with UWB
security. The work introduces the UWB pulse record-
ing modulation scheme and enlargement attack detec-

tion for security improvements of the UWB standard.

[13] | 2021 Bachelor thesis focused on the design of a UWB board
prototype for localization. On top of that, currently
available UWB chips are discussed, and a comparison
is made. Finally, an initial analysis of location accuracy

is given.

Meanwhile, in [14], a testbed with Arbitrary Waveform
Generator (AWG), oscilloscope, and a computer running
Matlab is used to evaluate the influence of UWB antennas
on the AoA estimation, also stating the conclusion that the



performance of AoA estimation is considerably influenced
mainly by the receiving antennas on the anchor receiving
antenna array.

Yet still, both transmitter and receiver antennas were always
of different types and configurations, as well as methods of
data acquisition and calculation or different UWB channels
were used in these types of studies. This makes their results
rather incomparable against each other. On top of that, to our
best knowledge, none of the available publications evaluates
Ao0A estimation capabilities in the new UWB Channel 9.
Therefore, examples are selected to utilize the measurement
approach, as a comparison of the results would be out of the
context of this report and require a more extensive, dedicated
research and overview. However, sources mentioning measure-
ments and evaluation based explicitly on the NXP Trimension
SR040 and SR150 (see section IV) are not that plentiful, as
Tab. I suggests, many of them often contain only informative
mention of them and do not provide any practical evaluation.

Consequently, results of any experiment with the newest
NXP hardware can be considered a potential contribution when
it comes to their practical evaluation in a real-world scenario.

IV. MEASUREMENT ENVIRONMENT AND SCENARIO

The NXP revealed the Trimension SR040 and SR150 in-
tegrated circuits implementing the IEEE 802.15.4z standard
[15], which currently is in Revision 802.15.4-2020 [16]. These
chips were made accessible for evaluation by Mobile Knowl-
edge as an evaluation set of tags and anchor called MK UWB
Kit [15], used for the measurements in this paper. The radio
part of the anchor equipped with SR150 is based on Amotech
module ASMOP1BOONT [17], which is complemented by two
external surface-mount devices (SMD) antennas by the same
manufacturer. At the same time, the RF circuitry of the tag
builds directly upon the SR040 and a planar antenna on the
tag’s printed circuit board (PCB). Furthermore, both tag and
anchor utilize the NXP QN9090 MCU with Bluetooth Low
Energy 5.0, and near field communication (NFC) [18].

Fig. 3: Photo of the measurement setup in the underground
parking lot.

For experimental testing and measurement evaluation, se-
lecting an adequate environment that should match the con-

ditions and parameters of the potential deployment in real
scenarios is crucial. For this report, an indoor underground
parking lot was chosen, depicted in Fig. 3 below, as it
resembles a typical industrial-like UWB indoor scenario.

Both the tag and the anchor were located approximately
1.5 m above ground using tripods and under direct line-of-sight
(LoS) conditions. For precise angle adjustment, a commercial
device Edelkrone HeadOne [19] was used. Consequently,
angles were set in the interval from -45° to +45° with the step
of 15° and the angle of 0° being in the center of direct LoS.
This measurement was performed in three separate phases,
changing the distance between tag and anchor from 5m to
20m and 30m, always in a static position.

V. RESULTS AND DISCUSSION

The obtained data can be viewed in many different con-
texts and mutual relationships, with the most interesting ones
presented in this section.

In the first set of measurements, the PDoA accuracy in
relation to the angle of incidence was evaluated as it represents
the base of AoA estimation. The red dashed line depicted in
Fig. 4 is a value based on a formula (2) representing phase shift
in an optimal condition without distortion from interferences
in the signal path. According to expectations, the deviation is
the lowest when the angle is zero and rises with the growing
angle. Surprisingly, the inaccuracy of PDoA estimation for
the negative half-plane is the highest for the angle of -30° but
decreases significantly at -45°. This behavior can be caused
by the uneven antenna radiation pattern or caused by the
reflected wave causing interferences with the main beam. For
the positive half of the diagram, this behavior can be seen
only for a 20m distance. However, for 45°, the inaccuracy
rises for all TX and RX separation distances. Finally, it can
be seen that the PDoA estimation accuracy decreases with the
rising distance. It is not critical for small angles (-15° to 15°),
but it is more pronounced for larger angles.
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Fig. 4: Measured PDoA.

Further, as the PDoA plays a crucial role in AoA estimation,
it can be assumed that the influence of PDoA will also be
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Fig. 5: AoA measured at varying distance.

observable on the accuracy of AoA results. As seen in Fig. 5,
the practical measurements verify this assumption. Notably,
the red dashed line represents the expected value of AoA,
whereas the filled blue area shows boundaries of maximal and
minimal mastered AoA values, with the solid line standing for
the mean value.

The measurement results further verify the initial idea of
declining AoA estimation accuracy with the rising distance
between receiver and transmitter. This is evident especially
for the maximum and minimum estimation boundaries, which
significantly expand with the increasing distance of devices
(most pronounced for 30 m separation). Notably, the accuracy
of AoA estimation is surprisingly higher for 20m distance
compared to 5m separation. It can be caused by a smaller
contribution of reflected waves on the resulting signal wave-
form. In the case of a 5m distance, the reflected beams may
represent a significant part of the total amplitude. However,
for a 20 m distance, the influence of these rays is negligible.
Nevertheless, in the case of averaged values, these inaccuracies
are significantly reduced, which means that it is possible to
increase the AoOA estimation accuracy by averaging values
from multiple measurements.
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Fig. 6: Errors in angle estimation.

Finally, Fig. 6 summarizes errors of AoA measurement in
absolute values on the vertical axis for each set (expected)

angle on the horizontal axis. The trend of average error
distribution being larger in the left half-plane compared to the
right half-plane, which is in line with other similar works [4].
It is also further verified that the AoA estimation accuracy is
higher for 20 m distance compared to both 5m and 30 m, but
only for smaller angles (-15° to 15°).

Notably, all the tests presented in this paper to this part
were performed with bare electronics without considering any
enclosure, vital for any practical industrial use-case. However,
especially in UWB Channel 9, which means around the center
frequency of 8 GHz, it is potentially probable that when put in
an enclosure of a not adapted design, the frequency might be
high enough to alter the radiation pattern of the tag, as using
(4) the A/2 = 0.018 m, which is in order of dimensions of
common universal enclosures [20]. Therefore for the closest
range of 5 m distance, the measurement was repeated with the
tag being enclosed in a standard universal box [20] to assess
the possible influence of an enclosure. Although the results
in Fig. 7 copy the trend in behaviour observable in plots in
Fig. 5, there is a slight observable discrepancy when the tag
is enclosed.
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Fig. 7: AoA estimation error in relation to use of an enclosure.



VI. CONCLUSION

This paper presents evaluation results of the new UWB
chips by NXP, namely the SR150 and SR040, in terms of AoA
capabilities in UWB Channel 9 using space-efficient SMD
receiving antennas.

Although there were some significant errors reaching over
10° in some of the AoA estimations, it has to be empha-
sized that these were achieved only with a receiver’s build-
in pair of SMD antennas. From the results it can be seen
that with distance the accuracy of AoA estimation drops,
which is consistent with the assumption that the accuracy
is significantly affected by the antenna array electromagnetic
parameters rather than the capabilities of the radio chip itself.
Therefore with a better antenna array, an improvement in AoA
estimation accuracy can be expected even for greater distances
between the tag and the anchor. Also, from the results of
measurement with and without an enclosure, it seems that the
design of the used enclosure has the capability to influence
the estimation at higher frequencies of UWB Channel 9, as it
influences the tag antenna.

Future work could introduce more sample granularity, as it
would give a better overall image, even if there are significant
errors near the edges of the evaluated interval, as this work
brings results measured only in an interval of < —45°, +45° >.
Also, even if the experiments were conducted in a real
environment, only clear line-of-sight path was considered, so
evaluation of various LoS and nLoS scenarios would also
broaden the image.
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