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ABSTRACT
There is much interest in fine-grained RFID localization sys-
tems. Existing systems for accurate localization typically
require infrastructure, either in the form of extensive refer-
ence tags or many antennas (e.g., antenna arrays) to localize
RFID tags within their radio range. Yet, there remains a need
for fine-grained RFID localization solutions that are in a
compact, portable, mobile form, that can be held by users as
they walk around areas to map them, such as in retail stores,
warehouses, or manufacturing plants.

We present the design, implementation, and evaluation of
POLAR, a portable handheld system for fine-grained RFID
localization. Our design introduces two key innovations that
enable robust, accurate, and real-time localization of RFID
tags. The first is complex-controlled polarization (CCP), a
mechanism for localizing RFIDs at all orientations through
software-controlled polarization of two linearly polarized
antennas. The second is joint tag discovery and localization
(JTDL), a method for simultaneously localizing and read-
ing tags with zero-overhead regardless of tag orientation.
Building on these two techniques, we develop an end-to-
end handheld system that addresses a number of practical
challenges in self-interference, efficient inventorying, and
self-localization. Our evaluation demonstrates that POLAR
achieves a median accuracy of a few centimeters in each of
the x/y/z dimensions in practical indoor environments.

CCS CONCEPTS
• Networks→ Sensor networks; • Computer systems
organization→ Sensor networks.
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Figure 1: POLAR Prototype. Our handheld prototype consists of
complex-controllable antennas, software radios with self-interference can-
cellation, a self-localization camera, and an onboard processor.
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1 INTRODUCTION
Fine-grained RFID localization has attracted much attention
from the mobile and sensor computing community, due to
its numerous applications spanning retail, manufacturing,
warehousing, entertainment, and more [11, 41, 43, 51, 59, 65].
In this paper, we set out to build a fine-grained handheld
RFID localization system. We envision that a user of our
system can walk around a typical indoor environment, such
as a warehouse or a retail store, carrying a portable device
that scans and accurately localizes all RFID-tagged items in
its vicinity with fine-grained accuracy (10-20 centimeters).
Such a capability would allow retailers, manufacturers, and
warehouse operators to map all RFID-tagged items in their
buildings and create digital twins of their environments to
provide new analytics and make operational processes such
as search, retrieval, and putaway more efficient.

Unfortunately, state-of-the-art RFID systems cannot achieve
the vision of fine-grained localization in a handheld form-
factor. Most existing systems fall in two categories. The first
consists of fine-grained RFID localization systems which
leverage bulky antenna setups [25, 41, 59, 60]; these can
achieve high accuracy but need to be deployed as an in-
frastructure with antennas spaced by meter-scale distances,
making them unsuitable to be held by a user. The second cat-
egory consists of commercial handheld RFID readers from
companies like Zebra, Bluebird, and AsReader [2, 5, 8]; these
can be easily held by a user but cannot accurately localize
RFIDs as they only detect the presence of tags, not their
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(a) Phase of Vertical Tag. (b) Phase of Horizontal Tag.
Figure 2: Impact of TagRotations. (a) Tag reflects a CP signal when
aligned with its polarization. (b) Rotated tag reflects at a different
point, creating a phase offset.
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(a) Constructing CP Signals.

30°

Ampl=cos(30)

Ampl=sin(30)

30°

(b) Constructing LP Signals.
Figure 3: Complex-Controlled Polarization. (a) 2 perpendicular signals with a
90° phase shift create a CP signal. (b) 2 perpendicular signals construct a 30° LP signal.

location. And while there have been proposals to leverage
mobility in RFID localization [11, 40, 51, 51, 59, 65], most of
these proposals require either moving the reader (or the tag)
on predefined trajectories (e.g., by a robot), making them
ill-suited for handheld human mobility.

We present POLAR1, a handheld system for fine-grained
RFID localization, shown in Fig. 1. As a user carrying our
device walks around an indoor environment, the device can
self-localize, as it reads and localizes RFIDs within its radio
range. This information allows it to create digital twins of in-
door environments that are populated with the tagged items
in 3D space. In contrast to prior approaches for fine-grained
RFID localization which are constrained by the radio range
of a deployed infrastructure, POLAR’s handheld device can
cover any area a user walks in, making this approach sig-
nificantly more cost-effective and scalable than large-scale
antenna deployments.
A major challenge we faced in developing POLAR was

achieving fine-grained localization independent of an RFID’s
orientation. In practical deployments, RFIDs may be tagged
at any orientation on their target items. Existing portable
RFID readers typically rely on circularly polarized antennas,
which allow them to power up and read tags irrespective of
their orientation. However, the circular polarization adds an
intractable phase to the RFID’s channel if the tag orienta-
tion changes, even if the RFID remains in the same location;
this makes accurate localization difficult.2 State-of-the-art
localization relies on accurate phase measurements, mean-
ing that phase distortions would make accurate localization
very challenging. In principle, one could replace circularly
polarized antennas with linearly polarized ones, but these
cannot read tags that are in orthogonal (or near orthogonal)
orientations, which could lead to missing up to half the tags
in the environment and is the reason why portable readers
rely on circularly polarized antennas in the first place.
To see why localizing RFIDs using circularly polarized

antennas suffers from an unknown phase offset, consider the
1Polarization-based Orientation-independent Localization of Any RFID
2This phase-based issue does not occur in antenna arrays (or SAR-based
systems) because their localization is based on phase differences between
antenna elements, allowing them to cancel out the orientation phase.

illustrative example shown in Fig. 2. In circularly polarized
transmissions, the electric field (shown as the black arrows)
rotates as the signal travels in space. Since RFIDs are linearly
polarized,3 they power-up (and respond) when the received
electric field is alignedwith their orientation. Thus, as shown
in Fig. 2a, a vertical RFID tag would reflect the signal when
the electric field is vertical. On the other hand, if the RFID
is rotated, as shown in Fig. 2b, then a vertically-received
electric field vector is not aligned anymore, and the signal
needs to travel longer for the field to be aligned with the tag,
indicated by the additional green arc. This adds a fictitious
distance and creates a phase offset that is dependent on the
RFID’s orientation.4 This is why today’s handheld readers,
which leverage circularly polarized antennas, are incapable
of performing accurate phase-based localization.
So how can we read and accurately localize RFID tags

independent of their orientation? We introduce a technique
called complex-controlled polarization (CCP). Our approach
relies on two orthogonal, linearly polarized antennas with
independent phase and amplitude control. Let us first show
how POLAR can read RFIDs across orientations. Rather than
using a single circularly polarized antenna, POLAR gener-
ates a circularly polarized signal by feeding the same signal
to both linearly polarized antennas, with a 90° phase shift
between them, as shown in Fig. 3a. This allows POLAR to
generate a circularly polarized signal using two linearly
polarized antennas, and power up the RFID at any angle.

Next, let us see how this approach can localize tags across
orientations. Recall that using circularly polarized antennas
would introduce an unknown phase offset, which limits their
localization accuracy. If the tag is vertical or horizontal, then
one can simply transmit along the vertically-polarized or
horizontally-polarized reader antenna, respectively. How-
ever, if the tag is at 30° as shown in Fig. 3b, then if we use the
vertical antenna alone, it would receive only a fraction of the
power. Ideally, we would like to generate a linearly polarized
signal whose orientation is aligned with the tag. To do so,
3Circularly polarized RFIDs exist, but are more expensive and larger than
linearly polarized ones. Hence, they have significantly less adoption.
4Only rotation in the circular polarization plane impacts phase (see §2).
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we perform independent amplitude control across the two
antennas. Specifically, rather than transmitting from only
one of the antennas, we transmit the same signal but with
cos(𝜋 30

180 ) amplitude along vertical antenna and sin(𝜋 30
180 )

along horizontal antenna (with no phase offset), as shown
in Fig. 3b. This allows generating a linearly polarized sig-
nal at the corresponding angle (30°), matching that of the
tag. This approach can be applied at any angle, allowing
POLAR to achieve the highest signal-to-noise ratio (SNR)
across orientations, and receive a response without a phase
offset, enabling accurate localization.

Building the above technique into an efficient and portable
localization system faces a number of practical challenges.
While CCP allows generating different polarizations for read-
ing and localization, wewould like to perform both processes
simultaneously (rather than serially) to make the system effi-
cient. The overall device also needs to be compact, ideally by
using the same antennas for reading and localization. This is
complicated by the need to realize simultaneously different
polarizations and to deal with the self-interference across
all simultaneous transmissions (and polarizations).

To address these challenges, POLAR introduces a mecha-
nism called joint tag discovery and localization (JTDL). Build-
ing on past work in dual-frequency excitation, the system
decouples powering the RFIDs from localizing them [39, 41].
Specifically, our JTDL approach generates signals to power
the tags (in the UHF ISM band) in a circularly polarized
fashion while transmitting localization frequencies outside
the ISM in a linearly polarized manner. Our design takes
this idea a step further by transmitting different frequencies
at different times from the horizontal and vertical antennas
and combining them in post-processing to emulate differ-
ent polarizations and synthesize any orientation. We detail
this technique in §3, how POLAR performs self-interference
cancellation in §4, and enable accurate 3D localization in §5.
We built a prototype of POLAR (Fig. 1). Our prototype

uses an Intel Realsense T265 [26] to self-localize, and im-
plements the algorithms for RFID discovery, identification,
and localization on bladeRF software radios [44]. We also
designed and fabricated compact wideband antennas with
desirable gain and bandwidth properties for wideband RFID
localization. Our empirical evaluation demonstrates:
• POLAR’s CCP for circularly polarized transmissions lets
it power up and read tags across all orientations. In compari-
son, for tags placed at the same distance, a linearly polarized
antenna cannot power (or read) up to 30% of tag angles.
• POLAR’s CCP-based approach for linearly polarized trans-
missions is able to read the tag’s phase without a phase shift,
achieving a 90th percentile phase error less than 0.2 radians
in the presence of tag rotations up to 90°. In contrast, if we
use a circularly polarized antenna, the tag’s response has
an unknown phase shift, ranging anywhere from 0.03 to 3.1
radians (roughly 𝜋 radians, as expected for a 90° rotation).

• Our end-to-end system can localize RFID tags with a me-
dian accuracy of 9cm and 90𝑡ℎ percentile of 17cm, indepen-
dent of the tag’s orientation, as a user carrying the device
performs normal RFID inventorying, thus achieving accu-
rate and efficient localization in a handheld form factor.
Contributions:The paper presents POLAR, a portable, hand-
held RFID localization system that is accurate, robust, and
efficient. It introduces multiple innovations. First is complex-
controlled polarization (CCP), an approach to localize RFID
tags under random orientations using a handheld device
with two linearly polarized antennas. Second is a mechanism
to jointly perform discovery and time-of-flight estimation
with zero overhead, independent of the tag orientation. The
paper also contributes a proof-of-concept prototype imple-
mentation and experimental evaluation demonstrating the
method’s accuracy and efficiency.
2 LOCALIZING ACROSS ALL ANGLES
In this section, we first describe the challenges associated
with reading and locating tags at different orientations. Next,
we show how POLAR’s design overcomes these challenges.
2.1 The Tag Orientation Problem
The majority of RFID readers rely on circularly polarized
(CP) antennas because they can power and read tags regard-
less of orientation. However, in the presence of arbitrary
tag rotations, these antennas can fail entirely in localization.
Recall from §1 that the issue arises from the fact that most
accurate localization systems rely on the phase of the tag’s
response to measure the distance to the tag. However, the
phase for a CP signal depends on the orientation of the tag.
In fact, certain tag rotations can cause phase offsets up to 𝜋 ,
resulting in localization errors up to several meters.5
To understand the impact of tag orientations, consider

the three different rotations: roll, pitch, and yaw in Fig. 4.
Changing the tag’s roll adds a phase offset for CP signals,
shown in Fig. 2. This is because the tag’s strongest reflection
occurs when the tag is aligned with the signal’s electric field.
Fig. 2a shows a CP signal incident to a linearly polarized
tag. The phase of the response is determined by the point
where the electric field (black arrows) becomes aligned with
the tag. When the tag is rotated to a new angle in Fig. 2b,
the signal needs to travel a further distance to be aligned
with the tag, as indicated by the additional green arc. This
introduces a phase offset that is dependent on the rotation of
the tag. In contrast, changing the tag’s pitch or yaw does not
induce a phase offset, since these rotations do not change the
direction of the tag’s polarization relative to the CP signal.

We investigated this phenomenon in a real-world experi-
ment by measuring the impact of tag rotation on the tag’s
phase. We placed the tag and our reader at a fixed distance
and we rotated the tag in intervals of 10° in the 3 directions
5Some solutions (e.g., antenna arrays) work despite this phase offset, but
require bulky setups that need wall mounting and cannot be handheld.
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Figure 4: Tag Rotations. Axes of rota-
tions: pitch (red), roll (green), yaw (blue).

(a) Pitch. (b) Yaw. (c) Roll.
Figure 5: Impact of Tag Rotations. Change in phase of tag’s response vs orientation, for a horizontally
polarized (purple), vertically polarized (blue), and CP (red) antenna for (a) pitch, (b) yaw, and (c) roll.

(roll, pitch, yaw). At each angle, we measured the average
phase and SNR. We repeated the experiment with a verti-
cally polarized (blue), a horizontally polarized (purple) and
a circularly polarized (red) antenna.
Fig. 5 plots the change in phase of the tag’s response

(relative to the tag’s response at an initial orientation) as
a function of the tag’s angle for each of the three rotation
directions. We focus on the range of 0° to 90°, since the
remaining angles follow the same pattern. In these plots, a
solid line indicates that the SNR at that angle was above a
threshold(e.g., -0.25 dB) and the dotted lines indicate that the
SNR was below that threshold. We make a few observations:

• Fig. 5a and Fig. 5b show that for pitch and yaw, respec-
tively, the phase remains consistent (i.e., the change in phase
remains near 0) for the circularly polarized signal.
• Fig. 5c demonstrates the issue that arises for changes in
the tag’s roll. The phase changes drastically, from 3.2 radians
to -0.4 radians, for the CP signal, despite the distance to the
tag remaining fixed. This means that the total change in
phase is 3.6 radians (more than 𝜋 radians). This large change
would result in meters of error in phase-based localization.
• In contrast, for linearly polarized signals, the phase re-
mains the same across all three rotations (if the tag is pow-
ered up). This is expected since the relative rotation between
the signal’s electric field and the tag remains fixed over time.
Therefore, the tag’s phase does not change with rotation.

This experiment demonstrates that replacing a CP an-
tenna with a linearly polarized(LP) antenna eliminates the
unknown phase offset. However, an LP antenna cannot
power tags at all angles. This is due to polarization mis-
match, where the tag only harvests energy from the portion
of a signal that is parallel with its polarization [22]. Thus,
when the polarization is near-perpendicular to the tag, the
tag cannot harvest enough energy to power.
To investigate the impact of polarization mismatch on

powering up a tag, we conducted an experiment by placing
the tag and reader at a fixed distance and rotating the tag’s
roll angle by 10°. At each angle, we read the tag 30 times and
measured the SNR. If the tag was not successfully read,6 we
capped the measurement SNR at a minimum of -30dB.

Fig. 6 plots max tag SNR vs roll angle for vertically (purple)
6We declared a reading to be successfully if the checksum was correct

and horizontally (red) polarized antennas. Our remarks:
• When the tag is orthogonal to the polarization, the an-
tenna cannot read the tag (the SNR is -30dB). Specifically,
the horizontal (90°) antenna cannot read tags from 0° to 20°.
Similarly, the vertical (0°) cannot read from 70° to 90°.
• When the tag angle is not orthogonal to the polarization,
the antennas can read the tag. For example, the vertical
antenna (0°) can read tags with high SNR between 0°and 70°.
This shows that polarization mismatch prevents an LP an-
tenna from reading a tag when within 20° of orthogonality.
2.2 Complex-Controlled Polarization
So far, we have described the challenges of reading and lo-
calizing tags at different orientations. To overcome these
challenges, POLAR introduces Complex-Controlled Polariza-
tion (CCP). Our technique leverages perpendicular, linearly
polarized antennas with independent phase and amplitude
control, as shown in Fig. 1.7 The remainder of this section
describes how CCP enables both reading and locating tags
at all orientations. For simplicity, we discuss these two steps
independently then describe how we combine them in §3.
2.2.1 Reading Tags with CCP. Recall from §2.1 that CP sig-
nals can power tags at all orientations(but they add an un-
known phase to localization). Instead of using a CP antenna,
POLAR leverages its 2 LP antennas to generate a CP signal.
Fig. 3a shows how POLAR is able to construct the CP

signal. POLAR sends a horizontal (blue) and a vertical (green)
signal simultaneously, with a 90° phase shift between the
two signals. At each point in time, the resulting signal is the
vector addition of these two signals. As the signals travel,
their phase offset causes this vector to rotate, creating a
CP signal (traced out in black). This signal can power tags
across orientations in the sameway as a separate CP antenna.
Formally, we send the following:

𝑇𝑋ℎ𝑜𝑟𝑖𝑧,1 = 𝑥 & 𝑇𝑋𝑣𝑒𝑟𝑡,1 = 𝑥𝑒 𝑗𝜋/2 (1)

where 𝑇𝑋ℎ𝑜𝑟𝑖𝑧,1 and 𝑇𝑋𝑣𝑒𝑟𝑡,1 are the transmitted signals on
the two perpendicular antennas (horizontal and vertical),
and x is the time-domain (modulated) RF signal. It is worth
noting here that this approach is inherently different from
typical MIMO (multi-input multi-output) systems in both
theory and design [57]. This is because, in MIMO systems,
7In our design, we used 2 transmit antennas and 2 receive antennas, but
the design could be reduced from 4 to 2 antennas by using circulators.
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Figure 6: SNR vs Angle. The plot
shows SNR vs roll for POLAR (blue),
horizontally polarized antenna (red),
vertically polarized antenna (purple).

30°
Combined 
Signal

Vertical
Signal

Horizontal 
Signal

Figure 7: Constructing Arbitrary
Angles. Two perpendicular signals
(green,blue) with different amplitudes
are sent. Combined signal is sum(red).

Figure 8: POLAR’s Phase.
Change in POLAR’s phase vs angle
when a tag rotates in roll(blue),
yaw(purple), pitch(red).

Figure 9: RSS vs roll. RSS vs tag
roll angle using POLAR (blue), hor-
izontally polarized(red), vertically
polarized(purple) antenna.

antennas typically have the same polarization, and adding a
phase offset does would not induce a time-varying polariza-
tion change of the transmitted signals.

Beyond powering the tag, we also need to decode the tag’s
response. Similar to transmission, we synthesize a CP signal
by combining the received signals with a 90° phase shift.
This ensures that we can read the tag at all orientations.

To demonstrate the effectiveness of this technique, we
repeated the SNR experiment from §2.1 to measure the SNR
of the tag’s response as a function of the tag’s roll. Fig. 6
shows the results for POLAR(blue). Unlike either of the LP
signals, POLAR is able to achieve a high SNR(over 34dB)
across all angles, which shows this design successfully cre-
ates CP signals that can power and read tags at all angles.
2.2.2 Localizing Tags with CCP. Next, POLAR employs an
LP signal to localize the RFID. For simplicity, let us assume
that the RFID has been powered up, and that our goal is to
use LP antennas to measure the phase of its response.

Recall that simply using LP signals results in polarization
mismatch, causing a large drop in the SNR when the tag is
near perpendicular to the signal. We observed this in Fig. 5c,
where dashes lines denoted a very low SNR, when each of
the horizontally and vertically polarized antennas were near
orthogonal to the tag. Such SNR drop would impact channel
estimates and lead to an inaccurate location estimate.

To overcome this, POLAR can construct an LP signal that
aligns with the tag’s orientation, minimizing losses from po-
larization mismatch.8 Fig. 3b shows how POLAR constructs
different LP signals. It simultaneously sends a vertical (green)
and a horizontal (blue) signal. Unlike the CP signal described
above, these two signals are sent with no phase shift. The re-
sulting signal is their vector addition, shown in red, creating
a linearly polarized signal at an angle.

To change the orientation of this transmission, we change
the relative amplitudes of the signals. Fig. 7 shows an exam-
ple where the horizontal(blue) and vertical(green) signals are
sent with different amplitudes. The combined signal(red) is
at 30°. Therefore, through its independent amplitude control,
POLAR can construct an LP signal at any angle.
To generate a signal at a given angle \ , POLAR needs

8Another option is to use many antennas with different polarizations, but
that would lead to a bulky and expensive setup.

to compute the necessary amplitudes. To do so, we note
that the resulting signal is the hypotenuse of the right trian-
gle formed by the two perpendicular signals. Therefore, to
construct a signal at angle \ , we can send:

𝑇𝑋ℎ𝑜𝑟𝑖𝑧,2 = 𝑠𝑖𝑛(\ )𝑥 & 𝑇𝑋𝑣𝑒𝑟𝑡,2 = 𝑐𝑜𝑠 (\ )𝑥 (2)

where 𝑇𝑋ℎ𝑜𝑟𝑖𝑧,2 and 𝑇𝑋𝑣𝑒𝑟𝑡,2 are the signals sent on the hor-
izontal and vertical antennas, and 𝑥 is the modulated signal.

Once the tag backscatters this signal, POLAR receives the
response on its two perpendicular receive antennas. Each
antenna will receive only the component of the tag’s re-
sponse that is parallel to its polarization, again resulting in
polarization mismatch. In theory, one could simply use the
signal with the strongest response for localization. However,
doing so would lose information from the other antenna,
limiting the SNR. For example, when the tag is at 45°, each
receive antenna will receive the same amount of power from
the tag, so dropping the received signal from one antenna
would result in losing half of the received power.

Instead, POLAR combines the two responses to construct
an LP receive signal that matches the tag’s orientation. This
combination optimizes the power of the received signal, max-
imizing the SNR and therefore allowing accurate localization
at further ranges.9To combine these signals, we project the
received signals onto an angle \ in a similar manner to the
transmitted signal. Formally:

𝑅𝑋𝑐𝑜𝑚𝑏 = 𝑠𝑖𝑛(\ )𝑅𝑋ℎ𝑜𝑟𝑖𝑧 + 𝑐𝑜𝑠 (\ )𝑅𝑋𝑣𝑒𝑟𝑡 (3)

where 𝑅𝑋𝑐𝑜𝑚𝑏 is the combined signal, 𝑅𝑋ℎ𝑜𝑟𝑖𝑧 and 𝑅𝑋𝑣𝑒𝑟𝑡 are
the received signals on the horizontal and vertical antennas.

One might wonder whether adding a phase offset - rather
than an amplitude offset - between the transmitted signals
on the vertical and horizontal antennas may be a more ap-
propriate approach for generating LP signals at different
orientations. In practice, adding a phase offset would not
lead to LP signals but rather CP ones. This is because a phase
offset is equivalent to adding a delay between the transmit-
ted signals, causing them to rotate with respect to each other
over time. Indeed, our approach for generating a CP signal
in §2.2.1 relied on a 90◦ phase offset. Similarly, other phase
offsets would result in elliptical polarizations with different
major and minor axes (rather than linear polarizations).
Validating CCP. To evaluate this design, we assessed our
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ability to read both a consistent phase and a strong tag
response, regardless of orientation. First, we investigated
whether this design reads phase independent of orientation.
We repeated the experiment from §2.1, where the reader and
tag were placed at a fixed distance and the tag was rotated in
all 3 directions. We measured the change in phase (relative
to the response at an initial orientation) for each rotation
using POLAR’s design. Fig. 8 plots the change in phase as
a function of the tag’s roll (blue), yaw (purple), pitch(red).
The range of the phase across all tag angles is below 0.2,
0.3, and 0.2 radians for roll, pitch, and yaw, respectively.
These variations are minimal, and significantly smaller than
those observed with the CP (specifically in Fig. 5c). The
consistency of the phase across tag rotations demonstrates
that our design reads orientation-independent tag phases,
which is critical for accurate localization.

Next, we investigated POLAR’s ability to receive equiva-
lent power across all tag rotations by using its CCP design
to generate LP signals at any angle. We placed the tag and
our reader at a fixed distance and rotated the tag’s roll in
intervals of 10°. To ensure the tag was powered for every
trial, we placed separate antennas for powering and reading
the tag. We measured the channel strength at each angle.
We compare this to the signal strength when using a single
LP antenna, both horizontal and vertical.
Fig. 9 plots the normalized signal strength (relative to

the max) vs tag roll for POLAR (blue), a horizontal antenna
(red), and a vertical antenna (purple). For both horizontal
(90°) and vertical (0°) antennas, the impact of polarization
mismatch can be seen by a significant decline of over 25dB
in signal strength as the tag moves closer to perpendicular.
For POLAR, the signal strength remains consistent across
all tag angles, varying by less than 3dB. This shows CCP’s
effectiveness in overcoming polarization mismatch.

3 JOINT DISCOVERY & LOCALIZATION
In the previous section, we described how POLAR leverages
CCP to construct both circularly polarized signals for pow-
ering tags and linearly polarized signals for localizing tags.
In this section, we describe how POLAR combines these
techniques to simultaneously read and localize tags.
A key goal is to localize tags during a standard RFID

inventorying process and without additional overhead for
localization. To realize this goal, POLAR starts by building
on a technique known as dual-frequency excitation [41].
In this technique, two signals of different frequencies are
sent to the RFID tag: one high-power signal in the UHF ISM
band to read the tag and one low-power signal for sensing.
While the high-power signal must remain within the tag’s
narrow bandwidth to successfully read the tag, the sensing
signal can be sent at any frequency. Since the RFID tag
is frequency agnostic, it will reflect both signals. Thus, by
9Proof omitted due to space constraints.

Figure 10: Protocol Timing. Timing of one JTDL round. The top 2 rows
show the reader’s downlink commands and tag’s uplink response. The
bottom 2 rows show the two LP sensing signals. Different frequencies
(shown by different colors) are sent at different times to avoid interference.

varying the sensing frequency across a wide bandwidth, this
technique can be used to measure ultra-wideband (UWB)
channel estimates for accurate localization.

Building on this technique, POLAR simultaneously sends
its circularly polarized signal (to power the tag) and a lin-
early polarized signal (to localize). Since these signals are
at different frequencies, we can send both from the same
CCP antennas without them impacting each other’s polar-
izations. To efficiently localize tags during discovery, we
introduce a technique called Joint Tag Discovery and Local-
ization (JTDL), where we leverage the CCP technique to
simultaneously perform tag discovery and UWB sensing,
collecting over 200MHz of bandwidth within each tag read.

One challenge with performing joint discovery and local-
ization with CCP is that the angle of each tag is unknown a
priori, making it infeasible for us to construct an LP transmit
signal to match the tag’s angle as described in §2.

To overcome this challenge, our idea is to send any given
frequency on both antennas, but at different times. This
allows measuring the horizontal and vertical components of
the tag response, and combing them in post processing to
achieve optimal SNR. The technique follows a 3-step process:
(1) Transmission. POLAR transmits the horizontal and
vertical LP signals at different times. However, separating the
two transmit signals would require twice the transmission
time, making it inefficient. Instead, we transmits different
frequency permutations on the 2 transmit antennas simulta-
neously. Fig. 10 shows the schedule used to fit all frequencies
within one round of the standard EPC Gen2 protocol [21].
The first 2 rows show the reader’s downlink (CP) commands
and the tag’s uplink responses. During this process, POLAR
measures the tag’s channel whenever the tag is backscat-
tering (the RN16 and EPC). The bottom 2 rows show the
transmitted frequencies for each of the LP antennas, with
colors denoting different frequencies. Since the simultane-
ous frequencies are different, they do not interfere with each
other and can be sent concurrently. With this, POLAR can
measure >200MHz of bandwidth for each tag read, sufficient
for accurate localization [41].10 This is repeated until all tags
within the device’s radio range are read.
10If the same frequency is sent on both antennas, the result would be an LP
signal at 45°, which causes large polarization mismatch for tags near -45°.
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(2) Signal Combination.Next, for each frequency, POLAR
combines the channel measurements from each antenna in
post-process to achieve optimal SNR. To do so, we simply
perform maximal ratio combining [57].
(3) Distance Estimation. Finally, with its UWB channel
estimates, it can now invert the channel to estimate the
time-of-flight to the tag and measure the 1D distance using
the same methods applied in past work [11, 39–41]. 11

POLAR repeats this process for every tag that it reads
during discovery, which allows it to compute the 1D distance
estimates for all tags in the environment accurately and
efficiently. In §5, we describe how POLAR leverages these
1D measurements to perform robust 3D localization.
4 ADDRESSING SELF-INTERFERENCE
Awell-known problem in designing compact RFID readers is
self-interference [36]. Since these readers are full duplex (i.e.,
they transmit while receiving the RFID response), the trans-
mitted signals leak back to the receiver. This leakage is much
stronger than the backscatter response and can overwhelm
the receiver, preventing successful decoding. To deal with
this leakage, RFID readers either separate the transmitter
and receiver (e.g., by half a meter) or employ some self-
interference cancellation scheme [3, 20, 47], whose choice
depends on the reader implementation, bandwidth, antenna
design, etc. Since we want to build a compact handheld
reader, we cannot separate our antennas by a large distance,
so we need to incorporate cancellation into our design.
Bringing self-interference cancellation to POLAR faces

two key challenges. First, the system needs to not only cancel
self-interference from a typical RFID reader signal, but also
from the UWB out-of-band signal, and it is more difficult
to cancel wideband signals than typical narrowband RFID
signals [27]. Second, POLAR has two different modes for
transmission that happen simultaneously: the in-band is
transmitted as a CP signal, and the out-of-band is transmitted
as an LP. This adds further complexity, as we need to cancel
two types of signals that are transmitted simultaneously.
To deal with self-interference, we sought simple and ef-

fective mechanisms, which we explain below.
4.1 Dealing with CP Interference
POLAR aims to limit the self-interference from the CP sig-
nal used to power the tags. To do this, our approach is to
leverage a method called cross-polarization in the context of
CP antennas. At a high level, cross-polarization means that
if a transmitter and receiver have orthogonal polarizations,
then the transmitted signal is significantly attenuated at the
receiver. Indeed, we saw this in §2.1, where a horizontally po-
larized antenna could not power up a vertical tag. While this
phenomenon is problematic in powering RFIDs, we harness
11As demonstrated in past work[41], UWB enables time-of-flight estimation
for multiple propagation paths, which allows identifying the direct path
for accurate distance estimation in multipath.

it to cancel self-interference of our in-band signal.
To harness cross-polarization, we first note that our in-

band transmitted UHF signal is CP. Specifically, we trans-
mit with right-hand circular polarization (RHCP), i.e., the
electric field is travelling clockwise, as in Fig. 3a. For two
antennas with opposite polarization directions (i.e., facing
each other), the cross-polarization of an RHCP transmission
is typically left-hand circular polarization (LHCP), which
rotates in the opposite direction, (i.e., counter-clockwise).
However, in our design, the transmitter and receiver share
the same polarization direction (i.e., they are both facing
the same direction). Therefore, the cross-polarization of our
RHCP transmitter is an RHCP receiver. This ensures that the
transmission and reception remain orthogonal, minimizing
the received signal.

Next, let us mathematically formalize this concept. Based
on the earlier discussion, any polarization can be described
using a 2D complex vector [𝐸ℎ, 𝐸𝑣], where the coordinates
correspond to the horizontal and vertical (complex) numbers
applied to the transmitted vector. An RHCP polarization can
be realized as 𝐸𝑅𝐻𝐶𝑃 = 1/

√
2[1, 𝑒−𝑗𝜋/2], where 1/

√
2 is the

power normalization factor. Therefore, the received leakage
signal in the ideal case is:

⟨𝐸𝑅𝐻𝐶𝑃 , 𝐸𝑅𝐻𝐶𝑃 ⟩ =
1
√
2
[
1, 𝑒−𝑗𝜋/2

]
∗ 1
√
2

[
1

𝑒−𝑗𝜋/2

]
= 0 (4)

To implement RHCP at the receiver using 2 linearly po-
larized antennas, we use a similar method as for generating
the transmit signal. We add a 90° phase shift between the
two received signals.

To investigate the impact of our cross-polarization mech-
anism on cancelling the leakage, we measured the isolation
(i.e., attenuation of the leakage) between the transmitter and
receiver. To do so, we placed the setup in a large, open space
with RF absorbers on the floor and covering all equipment
(to mitigate the impact of reflections off the surrounding
environment). Using a vector network analyzer, we mea-
sured the isolation between the transmitter and receiver
from 850MHz to 950MHz (covering the international ISM
bands). Fig. 11 plots the isolation with (blue) and without
(purple) the cross polarization as a function of frequency.
When receiving without cross polarization at 900 MHz, the
design only achieves 21 dB of isolation.12 In comparison,
POLAR’s design with cross-polarization achieves 45 dB of
isolation, an improvement of more than 20 dB (i.e., 100×).

One might wonder whether cross-polarization would not
only mitigate self-interference, but also attenuate the re-
ceived backscatter response. Thankfully, that is not the case;
once the signal backscatters, it becomes linearly polarized.
A CP antenna can receive an LP signal, regardless of its po-
larization. Indeed, that is why we used CP in the first place
in our design of the in-band transmitter as described in §2.
12This natural isolation is due to the antenna spacing.
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Figure 11: Impact of Cross-Polarization. The plot shows the leakage
for a CP signal with (blue) and without (purple) cross-polarization.

We can formally see this by considering the polarization
projections. If a tag’s polarization is 𝐸𝑡𝑎𝑔 = [cos(\ ), sin(\ )],
the amplitude of the signal received by the tag is13:

〈
𝐸𝑅𝐻𝐶𝑃 , 𝐸

∗
𝑡𝑎𝑔

〉
=

1
√
2
[
1, 𝑒−𝑗𝜋/2

]
∗
[
cos(\ )
sin(\ )

]
=

1
√
2
(cos(\ ) + 𝑒−𝑗𝜋/2 sin(\ ))

(5)

This signal is backscattered by the tag, which one can
model as re-emitting the received signal along the same
polarization14. Hence, the polarization of the received signal
can be expressed as:15

〈
𝐸∗𝑡𝑎𝑔, 𝐸𝑅𝐻𝐶𝑃

〉
=

1
√
2
[
cos(\ ), sin(\ )

]
∗
[

1
𝑒−𝑗𝜋/2

]
=

1
√
2
(cos(\ ) + 𝑒−𝑗𝜋/2 sin(\ ))

(6)

The above shows that even though the reader’s transmit
and receive are circularly cross-polarized, they are able to
receive an LP backscatter signal. It is worth noting that this
elegant concept has been observed and documented in the
context of polarization light filters [63].
4.2 Dealing with LP Interference
In addition to the CP signals, POLAR needs to minimize the
self interference from the LP signals used for localization.
One might wonder if we can apply a self-interference can-
cellation mechanism similar to the cross-polarization that
we used for the in-band CP signal. While a cross-polarized
receive antenna (e.g., a horizontal receive antenna for a ver-
tical transmit antenna) would attenuate the leakage, this
would also significantly attenuate the tag’s response. For
example, consider a vertical tag. When transmitting on a ver-
tical antenna, the tag’s backscatter response will be strong.
However, a horizontal antenna cannot receive its response
due to the polarization mismatch (as demonstrated in §2.1).
Similarly, when transmitting on the horizontal antenna, the
reflected signal will be weak due to polarization mismatch.
In this case, POLAR would be unable to measure the tag
response from either antenna pair. Thus, it must use parallel
13We use the conjugate to account for the fact that the transmitter and re-
ceiver have opposite polarization directions (they’re facing each other) [30].
14We maintain the same frame of reference as Eq. 5.
15Here, we ignore the amplitude and phase of backscatter as these are
simply scalars from the perspective of polarization

Frequency (MHz)
763 790 833 871 915 938 973 1008 Avg

Vert 16 22 31 23 29 21 21 22 23
Horiz 21 21 31 22 26 19 23 18 23

Table 1: Nulling Cancellation (in dB). The table shows the cancellation
from wire nulling across frequencies for the Vert and Horiz antennas.

Algorithm 1Measurement Selection Algorithm
for Tag in Tags do

INITIAL FILTERING
for𝑚𝑖 in measurements do

if 𝑆𝑁𝑅𝑖 < 𝜏 then
Remove𝑚𝑖

MEASUREMENT SORTING
Compute bounding box of all measurements
Split bounding box evenly into a grid of 3x3x3
for𝑚𝑖 in measurements do

𝑔𝑖 ← grid space where 𝑚𝑖 was taken

MEASUREMENT SELECTION
for 𝑔𝑗 in grid spaces do

𝑠𝑒𝑙_𝑚𝑒𝑎𝑠 𝑗 ← argmax𝑠.𝑡 .𝑔𝑘=𝑔𝑗
𝑆𝑁𝑅𝑘

TRILATERATION
Perform Trilateration with all 𝑠𝑒𝑙_𝑚𝑒𝑎𝑠

transmit and receive antennas, leading to high leakage.
To overcome this, POLAR employs over-the-wire nulling,

building on past work in MIMO interference cancellation [3,
57]. At a high level, it estimates the leakage signal16 and
injects another signal into the receiver, structuring it so that
it destructively combines with the leakage at the receiver.
(See [57] for more details.) POLAR repeats this process for
each frequency for wideband nulling, and performs it inde-
pendently for the vertical and horizontal antenna pairs.
We investigated the impact of nulling by measuring the

cancellation between parallel antennas. We transmitted a
fixed signal and compared the magnitude of leakage with
and without nulling. We repeated this for all frequencies
used in localization.
Table 1 reports the average cancellation for the vertical

and horizontal pairs of antennas. It shows the cancellation
for each frequency, and the average cancellation across fre-
quencies. With an average cancellation of 23dB, POLAR can
significantly mitigate the self-interference between parallel
antennas. This is the cancellation on top of the natural isola-
tion(due to the attenuation of the signal over the direct path).
With a natural isolation of ∼20dB(achievable by either small
antenna spacing or a circulator[15]), the overall isolation is
>40dB, roughly equal to that of cross-polarized CP signals.

5 ROBUST 3D LOCALIZATION
So far, we have described how POLAR enables compact,
efficient 1D localization for all tags regardless of orientation.
As a usermoves, the system collects 1Dmeasurements across
space to perform 3D localization via trilateration.
16Note that this can be a one-time calibration, since the self-interference is
dominated by antenna leakage, which does not change over time.
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Figure 12: Hardware Architecture. The diagram shows
SDRs, phase shifters, nulling, splitters, and antennas.

Figure 13: Bowtie Antenna.
Our custom wideband antenna.

Figure 14: EvaluationEnvironments.This figure shows two
example evaluation environments for POLAR.

One challenge in performing 3D localization is selecting
more optimal vantage points for localization. Specifically,
if the measurements are collected from nearby locations,
their intersection will be sensitive to small errors in the 1D
estimates. This is a well-known phenomenon in RF local-
ization systems called dilution of precision (DoP). Ideally,
the system needs to choose measurement locations that are
furthest apart to reduce the probability of a poor DoP [11].
To do this, POLAR introduces an algorithm that intelli-

gently selects a subset of its 1D measurements to use for
trilateration. The goal of this selection is to maximize DoP
and measurement SNR (in order to minimize the likelihood
of erroneous measurements for each tag and thus improve
the robustness of localization). POLAR’s measurement selec-
tion algorithm consists of the following three steps, which
are detailed in Alg. 1. The first step involves filtering to re-
move all measurements with an SNR below a threshold 𝜏

(e.g., 4 dB). This helps eliminate poor measurements that are
likely to have high error. The second step involves sorting
all measurements for a given tag based on their location
in space and dividing the bounding box that contains them
into 3 × 3 × 3 evenly-spaced grid. The final step is selecting
the measurement with the highest SNR from each grid.17
After selecting 1D measurements, POLAR performs tri-

lateration with outlier rejection similar to [11] to localize in
3D. This is repeated for every tag in the environment.
6 IMPLEMENTATION & EVALUATION
Hardware. POLAR’s hardware architecture is shown in
Fig. 12. We implemented a wideband RFID reader following
past designs [11, 39, 41]. We extended it to use three Nuand
BladeRF software defined radio [44]: one for the CP signal,
one for the horizontal LP sensing signal and one for the ver-
tical LP. To create CP, we used two ZX10Q-2-13-S+ RF power
splitters[69] to apply 90° phase shifts. At each antenna, the
signals for the CP and LP were combined (or split) using
ZAPD-21-S+ splitters[67].
Custom Antennas. Various antenna designs have been
proposed for compact UHF RFID readers [12, 37, 61, 64]. We
custom-designed our antennas to have a small factor and
desired frequency range (700 MHz to 1 GHz). We selected a
bowtie design (Fig. 13) due to its ability to achieve relatively
17If a grid space is empty, we select the measurement with the highest SNR.

flat wideband operation in small form factor. Our antenna
was fabricated on a 0.8mm-thick FR4 substrate and measures
4.5cm x 11cm. Since the bowtie antenna is a balanced struc-
ture, it was necessary to add a balun (balanced to unbalanced
component) between its two branches to efficiently connect
it to a coaxial cable (an unbalanced structure).
Software.We connected the BladeRFs to a raspberry pi[46]
to collect RFIDmeasurements.We implemented the EPCGen
2 Protocol [21] for reading RFID tags, allowing us to read any
number of tags in the environment. Self-localization was im-
plemented using the Intel Realsense T265 camera[26], which
has built-in visual-inertial odometry (VIO).We synchronized
the output of the camera with the samples obtained from the
BladeRFs. We processed the measurements and computed
3D location estimates on an Ubuntu 20.04 computer. We
used the SciPy[49] library to perform trilateration.
Latency. In POLAR, self-interference cancellation and RFID
interrogation are performed in real-time. In our implementa-
tion, a tag can be read in approximately 6ms.18 Our process-
ing is currently performed in post-processing on a separate
computer, but can be run in parallel with RFID data acquisi-
tion on the edge (e.g., raspberry pi) or in the cloud to achieve
real-time operation. Currently, a ToF estimate takes an av-
erage of 13ms to compute, and the end-to-end localization
(Alg. 1) can be run on separate threads in roughly 750ms.
Transmission Frequencies. As described in §3, we trans-
mit both a CP signal to power the tags and LP signals to
localize the tags. We can transmit our CP signal inside the
UHF ISM band at around 30 dBm. For our LP signals, we
transmit with an average EIRP less than -20dBm to meet
FCC regulations. To choose the transmission frequencies, we
selected multiple frequencies to span the roughly 250 MHz
of bandwidth that COTS RFIDs reflect[41]. Given the PLL
relock time of our SDR (i.e., time to switch frequencies),
we could fit 8 frequency hops within each tag read. Choos-
ing near-equal spacing between frequencies, while avoiding
high interference frequencies (including in-band interfer-
ence), lead us to the frequencies listed in Table 1. 19
18Faster tag reading can be achieved by changing the backscatter link
frequency as part of the EPC Gen 2 protocol[21].
19Given our out-of-band frequencies, our maximum unaliased range (due
to subsampling in the frequency domain) is roughly 5m. While this is
sufficient for our implementation, this could be extended by changing the
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Figure 15: Read Rate vs Distance. Average read
rate of POLAR (blue), Linear IB (purple), and COTS
CP(red) vs. distance.
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Figure 16: Benefit of Cross-Polarization.Aver-
age read rate vs. distance for POLAR (blue) and a
system without cross-polarization (purple).
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Figure 17: Benefit of Over-the-Wire Nulling.
Average 2D localization error vs. distance for
POLAR(blue) and No Nulling(purple).

Evaluation Environment.We evaluated POLAR in a stan-
dard indoor environment in an office with tables, chairs,
computers, etc. In our experiments, there were users walk-
ing in the background and other standard wireless technolo-
gies. Unless stated otherwise, our POLAR device was moved
through the environment by a human user.
Our evaluation covered two types of settings, as shown

in Fig. 14. The first involved standard RFID-tagged items in
the environment (e.g., clothes). The second involved placing
multiple RFID tags at various angles on a wooden shelf filled
with everyday objects. This setup allowed us to perform
benchmark testing at different angles and distances, to study
the impact of orientation. We used standard off-the-shelf
RFID tags such as the Alien Squiggle RFIDs[1].
Ground-Truth. Ground truth was obtained from a motion
capture system (OptiTrack [45]), with ceiling-mounted in-
frared cameras and infrared markers placed on target items.

7 MICROBENCHMARKS
We performed microbenchmark experiments to evaluate the
impact of various factors on POLAR’s performance.

7.1 Read Range in CCP vs LP
In our first microbenchmark, we evaluated how POLAR’s
CCP design improves its ability to read tags at longer dis-
tances.
Baseline: We compared to two partial implementations.
The first implementation, Linear IB, did not generate circu-
larly polarized signals for in-band. Instead, it used a single
pair of horizontally polarized antennas (transmit and re-
ceive). Since the baseline cannot leverage cross-polarization
to limit self-interference, we implemented over-the-wire
nulling(described in §4.2), allowing this implementation to
transmit the same power as POLAR. The second implemen-
tation, COTS CP, used a commercial CP antenna[42] to gen-
erate circularly polarized signals. We calibrated the transmit
power of this implementation such that it had the same
equivalent isotropic radiated power (EIRP) as POLAR.
Experiment: We placed over 30 tags at various angles in a
plane, with a roughly even distribution of angles. To quantify
the impact of distance on read rate, we moved the antennas
in a plane parallel to the one with the tags. We repeated the
same movement pattern for the baselines. Across trials, we

frequencies to be closer together.

varied the distance from the plane to the tag. In each trial,
we measured the read rate as the percentage of tags read.
Result: Fig. 15 plots the average read rate as a function of
distance for POLAR (blue), Linear IB (purple), and COTS CP
(red - dashed). The error bars show standard deviation. We
make the following remarks:
• At the closest distance of 0.5 m, POLAR reads 100% of tags
while Linear IB reads 90% of tags. This relatively high per-
centage for Linear IB is due to the fact that at close distances,
even tags with large polarization mismatches are able to
harvest enough energy to power. Only tags very close to
perpendicular are unable to be read. However, POLAR is still
able to read 10% more tags than the baseline. Also, in practi-
cal environments it is infeasible to be within 0.5 m of all tags,
as this would require a very large scan of the environment,
defeating the benefits of a handheld RFID reader.
• As the distance increases, POLAR’s performance remains
consistent while Linear IB’s performance drops drastically.
For example, at 3 m, POLAR is still able to read 95% of tags.
In contrast, Linear IB is only able to read 16% of tags. This
demonstrates the importance of POLAR’s CCP design for
generating CP signals to read all tags in the environment,
even at long ranges.
• Across all distances, the performance of POLAR and COTS
CP match very closely (e.g., both 99% at 2 m and 95% vs
94% at 3 m). This shows that POLAR’s CCP design is able
to successfully create CP signals to power tags across all
angles, matching the performance of a commercial antenna.

7.2 Impact of Cross-Polarization on Range
Recall from §4 that RFID readers perform self-interference
cancellation for full-duplex operation. POLAR adopts a cross-
polarization approach for the in-band CP transmission. In
our next microbenchmark, we evaluated the improvement
that this provides in the read range of the device.
Baselines:We compared to a partial implementation of our
system without cross-polarization (i.e., it transmits RHCP
and receives LHCP signals). Due to the higher level of self-
interference in this implementation, we had to decrease the
transmit and receive gains to prevent clipping.
Experiment: We placed over 30 tags in a plane in the en-
vironment at various angles ranging from 0° to 360°. We
moved our reader in a plane parallel to the tags and used
it to read the tags. We repeated this at different distances,
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Figure 18: Localization Accuracy. CDF of
POLAR’s error in X(blue), Y(purple), and Z(red).
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norm error for POLAR(blue), Linear ToF(purple),
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Figure 20: Read Rate. CDF of the read rate for
POLAR (blue), Linear IB (purple).

each time measuring the read rate (percentage of tags in the
environment that were read) for a given distance.
Result: Fig. 16 plots the average read rate as a function of
distance for POLAR (blue), and the system without cross-
polarization (purple). The error bars denote the standard
deviations. We observe that POLAR consistently reads tags
at distances up to 3 m, with the read rate only dropping
from 100% to 95% over this range. In contrast, without cross-
polarization, the read rate drops significantly with distance.
For example, it is only able to read 29% of tags at 1.5m,
and cannot read any tags at 2.5m and beyond. This shows
the value of our cross-polarization for reading tags at long
ranges.

7.3 Impact of Nulling on Range
Next, we evaluated the benefit of POLAR’s nulling, which
is used to cancel LP self-interference (per §4.2).
Baseline:We compared to a partial implementation without
nulling. Due to the higher level of self-interference, we had
to decrease the transmit and receive gain to avoid clipping.
Experiment: We used a similar setup to the one described
above, this time placing six tags at various angles in a plane.
To quantify the impact of distance on localization accuracy,
we moved POLAR’s antennas in a plane parallel to, and at
a fixed distance from, the one containing the tags; across
experimental trials, we changed the plane’s distance to the
tags. Since POLAR’s movement was constrained to a 2D
plane, we only focused on 2D localization here. We com-
puted the error as the L2-norm between the ground truth
tag location and the estimated tag location.
Result: Fig. 17 plots the average 2D error as a function of
distance for POLAR (blue) and the partial implementation
(purple). The error bars denote the standard deviation.

We observe that POLAR accurately locates tags up to
2.5m with only 9cm error. Beyond 3m, the error increases
with distance as we cannot transmit higher power due to
FCC regulations[41]. In contrast, without nulling, the system
cannot accurately localize past 1.5m, with an error of 1.1m
at 2m. This shows the value of nulling in POLAR’s design.

8 PERFORMANCE RESULTS
8.1 Localization Accuracy
To evaluate POLAR’s overall localization accuracy, we con-
ducted an experiment where different RFID tags were placed
in random locations and orientations (ranging from 0° to

360°) in the fully-furnished experimental environment de-
scribed in §6. Unlike the previous microbenchmarks, these
tags were not contained to a single plane. Each trial included
at least 25 RFIDs. A user moved a POLAR device around the
environment. During each trial, the system self-localizes
using computer vision, estimates the time-of-flight to dif-
ferent tags, and then combines the estimates over space
to estimate each tag’s 3D location. We captured over 75
location measurements in total. Each RFIDs location was
accurately measured to obtain the ground truth, and the
error is computed as the difference between the estimated
location and the ground truth location along each of the
X/Y/Z dimensions.

Fig. 18 plots the localization error CDF in the X (blue), Y
(purple), and Z (red) dimensions. We note the following:
• POLAR localized RFIDs with a median accuracy of 4 cm,
5 cm, and 5 cm in the X, Y, and Z dimensions respectively.
This shows POLAR can achieve very high (sub-10 cm) me-
dian accuracy in challenging indoor environments.
• POLAR’s 90th percentile is 9 cm, 12 cm, and 8 cm in the X,
Y, and Z dimensions, respectively. This shows that POLAR’s
localization is robust to location and orientation.
Baseline Comparisons: Next, we compared to two base-
lines, wherewemodified state-of-the-art RFID localization[41]
to operate in a portable form with a fixed polarization. For
the first baseline, Linear ToF, we transmitted fixed linear
polarizations (either horizontal or vertical) to localize the
tags. To isolate the impact of powering up on localization,
Linear ToF incorporated POLAR’s approach for CCP-based
powering (by generating circularly polarized signals) but
not its approach for localization. Furthermore, to ensure
fair comparisons, we used the same measurements obtained
from the above experiment, the main difference being that
in Linear ToF, we only provided the measurements from
one pair of antennas (either horizontal or vertical) to the
localization algorithm. For our second baseline, Circular
ToF, we transmitted circularly polarized signals to localize
the tags. We used COTS CP antennas[42] to generate both
the CP powering and localization signals, and we leveraged
the cross-polarization technique from §4.1 to limit the self-
interference of both the powering and localization signals.
We calibrated this baseline to transmit the same equivalent
isotropic radiated power (EIRP) as POLAR. Furthermore, for
this baseline, we provided ground-truth antenna locations
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(from the Optitrack motion capture system[45]) instead of
those derived fromVIO self-tracking. Aside fromCCP-based
polarization projection, both our baselines apply the same
algorithms for 3D localization. The localization error is com-
puted as the L2-norm between the ground truth location
and the estimated location.

Fig. 19 plots the CDF of the localization error for POLAR
(blue), Linear ToF (purple), and Circular ToF (red). We note:

• POLAR’s median and 90th percentile accuracy are 9 cm
and 17 cm respectively. Note that the L2 norm here matches
what one would expect from the earlier reported numbers
in the X/Y/Z dimensions, and demonstrates POLAR’s high
3D localization accuracy
• Linear ToF has a median accuracy of 12 cm. High median
accuracy is expected since Linear ToF obtains good SNR
across more than half the orientations as per our investiga-
tion of Fig. 6. 20
• However, Linear ToF has much poorer 90th and 95th per-
centile accuracy than POLAR’s full implementation. Specif-
ically, it achieves a 90th percentile of 88 cm, and its 95th
percentile is 1.22 m (POLAR’s is 27 cm). These errors (>3
times that of POLAR) are due to the polarization mismatch
between the antennas and some of the tags, causing low
SNRs. This shows the importance of POLAR’s design to
accurately and robustly localize tags across all angles.
• Finally,Circular ToF achieves amuchworsemedian (1.28m)
and 90th percentile (1.78 m) accuracy. This is expected, since
the circular polarization leads to unknown phase offsets due
to tag orientations, causing large localization errors.

Impact of UWB: Recall from §3 that POLAR leverages
its JTDL design in order to measure UWB RFID channel
measurements in real-time. To demonstrate the benefit of
UWB measurements for localization, we compared the per-
formance of POLAR to a partial implementation (POLAR-
Narrowband) that does not rely on UWB measurements.
The partial implementation relies on 43MHz of bandwidth,
instead of POLAR’s 245MHz of bandwidth. To ensure a fair
comparison, both systems rely on the same measurements,
except the partial implementation only leverages a limited
bandwidth for each measurement.
Fig. 19 plots the CDF of the localization accuracy for

POLAR (blue) and POLAR-Narrowband (green). We observe
that POLAR significantly outperforms POLAR-Narrowband,
achieving more than a 6 times improvement in both the
median (9cm vs. 57cm, respectively) and the 90th percentile
(17 cm vs. 121 cm, respectively). This level of improvement
is expected, since narrowband measurements are unable
20We do note that compared to Linear ToF ’s performance, higher RFID
localization accuracy has been reported in literature. However, past work
that achieved higher accuracy either used large antenna arrays[6, 33, 68]
or robots[9, 11, 51, 59] moving on predefined trajectories, neither of which
are suitable for handheld human moblility.

to accurately localize RFID tags in the presence of multi-
path (as demonstrated in [41]). This result demonstrates the
importance of POLAR’s JTDL design to enable these UWB
measurements in real-time.
8.2 Read Rate
Finally, we evaluated POLAR’s ability to successfully read
all tags in the environment. Recall from §2.2.1 that POLAR
generates a circularly polarized signal to read tags regardless
of orientation. We compare its performance to a baseline:
Linear IB. In this implementation, we use a horizontally po-
larized antenna (as opposed to POLAR’s circularly polarized
signal) to power and read the tags. The baseline uses nulling
for self-interference cancellation (similar to §4.2), allowing
it to transmit the same power as POLAR.
We ran 76 experimental trials, each with more than 30

tags in the environment at various angles (from 0° to 360°).
The user moved a POLAR device around the environment,
and the device continuously queried the tags. We moved the
device along the same trajectories for both systems.

Fig. 20 plots a CDF of the read rate (the percentage of tags
read) for POLAR (blue) and Linear IB (purple). We note:
• POLAR reads over 90% of the tags in all experiments, and
can read 100% of the tags in over 70% of the experiments.
• In contrast, Linear IB has a median read rate of 52%. This is
due to polarization mismatch between the antenna and some
tags, preventing those tags from powering (as in Fig. 6).
• Interestingly, in some trials, the baseline can read up to
94% of tags. This is because at very close distances (<0.5m),
even tags with a large polarization mismatch are able to har-
vest enough energy to power. However, at longer distances,
polarization mismatch leads to poor performance.

This shows the importance of our CCP design for sending
CP signals to power tags across all orientations.
9 RELATEDWORK
Fine-Grained RFID Localization. Early research on RFID
localization used received signal strength (RSS) [14, 43]
(which suffers in typical indoor environments due to mul-
tipath). Later advances employed more sophisticated tech-
niques (antenna arrays [6, 33, 68] and time-of-flight [10, 39–
41]) to achieve high-localization accuracy. However, state-
of-the-art techniques typically require bulky setups with
antennas separated by meter-length distances, making it in-
feasible for handheld devices. To avoid bulky infrastructures,
researchers have considered mounting antennas on mobile
robots to emulate antenna arrays (i.e., SAR) [9, 11, 51, 59];
however, these methods require moving the robot and/or
tag on well-defined trajectories (e.g., on a track at constant
velocity), making them ill-suited for natural human mobility.
POLAR builds on this literature, introducing new mecha-
nisms to bring fine-grained localization to handheld readers.
Handheld Readers. The vast majority of existing handheld
RFID readers (e.g., Zebra[2], Bluebird[8], and AsReader[5])



POLAR ACM MobiCom ’23, October 2–6, 2023, Madrid, Spain

can read tags but not localize them. These devices employ a
single circularly polarized antenna, limiting their ability to
perform phase-based localization (see §2.1). Instead, prior
work proposed deploying a dense surveyed grid of refer-
ence tags and using fingerprinting-based localization[19];
however, this has high overhead and limited scalability.
To localize tags, existing handheld readers implement a

“geiger" counter mode which repeatedly queries a target
tag to measure its RSS. As a user moves, the device beeps
louder when the RSS increases to help the user locate the
tag [56]. This approach is time-consuming and inefficient as
it searches for a single tag at a time. Recent research extended
this idea by also leveraging phase [13, 54]; these proposals
require a user to move in specific patterns (e.g., make a large
circle in the air) then apply antenna-array equations on the
trajectory. Thus, similar to the geiger approach, they are
time-consuming and not scalable for typical environments
with hundreds or thousands of tags. POLAR shares the vision
of these proposals and introduces new advances (CCP and
JTDL) to enable accurate localization from each tag response,
making its design scalable, portable, and efficient.
Orientation in RFID Localization. Tag orientation is a
known problem in RFID localization systems. There have
been two main approaches to deal with it, but neither is suit-
able for handhelds. The first relies on bulky antenna arrays
(or SAR on predefined trajectories), whose formulation is
independent of orientation (since it uses phase differences
between antennas) [9, 38, 51, 59]. Variants of these designs
use a smaller number of antennas to factor out the phase, but
are limited to line-of-sight conditions and cannot operate
in practical multipath-rich environments [28, 29, 50]. The
second category of systems places multiple RFID tags on
a target object to detect its orientation [24, 53, 58, 62], but
adding multiple tags increases cost per-item. Other work
requires specialized tags with IMUs [4] to detect orienta-
tion. Thus, we still lack a handheld solution that deals with
orientation in the prevalent scenario of single tag per item.

POLAR is also related to prior work that measures RSS on
two different antennas (vertically and horizontally polarized)
to detect tag angle [31, 32, 52]. While one could in principle
implement these in a handheld, their reliance on RSS for
localization limits them to line-of-sight conditions andmakes
them vulnerable in typical multipath-rich environments.
We are inspired by this and extends it to enable accurate
localization in standard indoor environments.

Finally, we build on prior work on self-interference cancel-
lation [7, 35, 66] and dual-frequency excitation [10, 11, 39–
41]. These techniques have been used in many prior systems
and we customize them in our overall design.
Antenna Design for RFID readers. POLAR is related to
past work that aims to increase read range of RFID readers
by specialized antenna designs including dual-polarized [37],
slant-polarized [64], compact [12], circularly polarized [61],

etc. It is also related to past work on antenna design in
general that switches between polarizations using methods
such as phase shifters[16], PIN diodes[48, 55], and varac-
tor diodes[23]. POLAR builds on this prior literature and
extends it in two key ways. First, rather than being limited
to fixed polarization or switching between different polar-
izations [18, 34], POLAR can construct arbitrary linear and
circular polarizations via CCP; second, our system goes be-
yond antenna control to building an end-to-end portable
system for RFID discovery, identification, and localization.

10 DISCUSSION
Power Consumption.While our prototype of POLAR re-
lies on software-defined radios and COTS components, a
production system would rely on a custom designed, fully-
integrated PCB with RFID reader hardware, out-of-band
transmitters/receivers, and VIO tracking that would be de-
signed for optimal power consumption. Since out-of-band
transmit power is limited by FCC regulations (as described
in §6), we expect an optimized system to achieve similar
battery life to existing handheld RFID readers[2, 8].
Range. Recall from §7.3 that at 3 m, POLAR is not able to
successfully locate RFID tags due to low SNR. While this
range is more limited than some infrastructure-based RFID
systems[25], it is on par with existing handheld RFID readers,
which typically operate at 3-5 m (to conserve battery power
by not transmitting higher power). Therefore, POLAR can
be used in similar scenarios as existing handhelds, while
providing fine-grained localization in addition to simply
reading the tags in the environment. In future work, it would
be interesting to extend POLAR’s range even further.

11 CONCLUSION
We presented a handheld system for fine-grained RFID local-
ization and demonstrated it in practical indoor environments.
Core to our design is a new approach for software-based
polarization (CCP) which enables generating arbitrary linear
and circular polarizations to optimally read and localize tags
across orientations. While this approach was demonstrated
in the context of handheld readers, its benefits extend to
stationary readers, where it can increase read rate and tag
SNR over prior designs. The paper’s contributions go beyond
developing CCP to building an end-to-end handheld local-
ization prototype. By bringing fine-grained localization to
handheld form factors, this work charts a more cost-effective
and scalable way to its adoption.
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Figure 21: Phase & SNR across roll rotations. (a) CDF of the change in
phase for POLAR (blue) and a CP antenna (purple). (b) CDF of tag SNR for
POLAR (blue), a vertical (red), and a horizontal (purple) antenna.

APPENDIX
A PHASE VS ORIENTATION
This microbenchmark evaluates POLAR’s ability to measure
an orientation-independent phase of an RFID tag.
Baseline:We compared our design to the performance of an
approach that uses typical circularly polarized antennas. We
used an MTI MT-242025 CP patch antenna [42] and placed
it at the same distance from the tags as our system.
Experiment:We placed the reader and our tag 0.5 m apart,
and rotated the tag’s roll in intervals of 10°. At each angle,
we measured the change in phase of the tag (relative to an
initial orientation), and repeated this process for multiple
frequencies (since POLAR collects wideband channel esti-
mates). We used a separate circularly polarized antenna for
powering to ensure the tags were always powered.
Result: Fig. 21a plots the CDF of the change in phase across
all measurements for POLAR (blue) and the baseline (purple).
The result shows that POLAR reads a consistent tag phase
independent of orientation, with a median change in phase
of 0.1 radians and a 90th percentile of 0.2 radians21. In con-
trast, a circularly polarized antenna has a change in phase
ranging from 0.03 to 3.09 radians. This is expected since
the tag was rotated at most 90°, which would result in an
expected change in phase of 𝜋 radians.22 This demonstrates
the need for POLAR’s approach to estimate an orientation-
independent tag phase for use in localization.

B SNR VS ORIENTATION
Recall that POLAR leverages a CCP design to generate circu-
larly polarized signals that can read tags across orientations,
so we evaluated its ability to read tags across angles.
Baselines: We compared to two baselines: Vertical Linear
where a vertical linearly polarized signal was used to read
and Horizontal Linear where a horizontal signal was used.
Experiment: We placed the reader and tag 0.5m apart. We
rotated the tag’s roll from -180° to 180° in intervals of 10°.
At each angle, we measured the SNR of the response. If the
21We also measured the phase stability over 10 minutes in a controlled envi-
ronment. Our results showed that the phase did not drift during this period
and that the standard deviation was 0.02 radians across all measurements.
22The expected change is twice the tag’s rotation because the transmitter
and receiver are both RHCP, so the phase offset is experienced twice.
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Figure 22: Impact of LOS. Median 2D localization error vs. distance in
LOS(blue) and NLOS(purple).

tag’s CRC checksum was incorrect, then the tag could not
be read and the measurement was assigned an SNR of -30dB.
Result: Fig. 21b plots a CDF of the SNRs across all measure-
ments for POLAR (blue), Vertical Linear (red), andHorizontal
Linear (purple).We observe that POLAR achieves a 10th, 50th,
and 90th percentile SNR of 35dB, 37dB, and 41dB, respec-
tively, showing that POLAR’s approach performs consis-
tently across all tag orientations. In contrast, Vertical Linear
and Horizontal Linear both had a 30th percentile of -30dB,
i.e., they cannot read tags at more than 30% of the angles
due to polarization mismatch. This matches our earlier in-
vestigation in §2.1 where linearly polarized antennas were
unable to read tags across 30% of angles.

C IMPACT OF LOS ON RANGE
We compared the localization accuracy of POLAR in LOS
and NLOS conditions.
Experiment:We used the same setup as described in §7.3.
In the LOS experiment, all tags were in the line of sight of
the antennas. In the NLOS experiment, all tags were placed
behind cardboard boxes, blocking the line of sight from the
antenna to the tags. Since all measurements are constrained
to a single plane in this micro-benchmark, we focused on 2D
localization accuracy and computed the error as the L2-norm
between the ground truth and the estimated tag location.
Result: Fig. 22 plots the median 2D error as a function of
distance for POLAR in LOS (blue) and NLOS (purple) con-
ditions. The error bars denote the 10th and 90th percentiles.
We make the following remarks:
• For ranges up to 2 m, there is no significant difference
between LOS and NLOS. For example, at 2 m, the median
error is 7.6 cm for LOS and 10.8 cm for NLOS. This is expected
since the SNR is high even for NLOS conditions.
• As the range increases to 2.5 m, the accuracy in NLOS
conditions begins to degrade slightly, with a median error of
34 cm, compared to a median of 9 cm in LOS. This shows that
POLAR performs similarly, but achieves a slightly shorter
range in NLOS conditions compared to LOS conditions.
• Surprisingly, at 3m, the accuracy in NLOS (0.89 m median)
is better than in LOS (2.62 m median). This is due to the fact
that low SNR at this range causes localization to fail in both
LOS and NLOS, and the error in this case is highly variable
(as shown by the large error bars at 3m).
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D IMPACT OF VIO TRACKING.
Recall from §6 that POLAR relies on VIO to track the lo-
cation of the handheld reader over time. To evaluate the
impact of potential VIO errors on the overall localization ac-
curacy, we compared POLAR to an oracle system that uses
the ground truth antenna locations when computing tag
locations. We obtain ground truth antenna locations using

the Optitrack[45] motion capture system. To ensure a fair
comparison, we use the same measurements for the two
systems, and only replace the VIO-derived locations with
Optitrack-measured locations in Alg. 1.

Fig. 23 plots the CDF of the localization error for POLAR
(blue) and the oracle (purple). We note that the oracle sys-
tem achieves a 2 cm improvement in the median (5 cm vs
9 cm) and 9 cm improvement in the 90th percentile (8 cm vs
17 cm). This is expected, since errors in the VIO self-tracking
can contribute to POLAR’s (already small) RFID localization
error.
It would be an interesting future direction to investigate

other possible methods for device localization beyond VIO
tracking. For example, perhaps fusing both VIO and self-
localization with reference RFID tags (tags placed at known
locations in the environment) could correct for VIO drift
and enable even higher RFID localization accuracy.
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