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Abstract—Recent years have witnessed the advance of RFID-
based localization techniques that demonstrate high precision.
Many efforts have been made locating RFID tags with a manda-
tory assumption that the RFID reader’s position is known in
advance. Unfortunately, calibrating reader’s location manually is
always time-consuming and laborious in practice. In this paper,
we present Tagspin, an approach using COTS tags to pinpoint the
reader (antenna) quickly and easily with high accuracy. Tagspin
enables each tag to emulate a circular antenna array by uniformly
spinning on the edge of a rotating disk. We design an SAR-
based method for estimating the angle spectrum of the target
reader. Compared to previous AoA-based techniques, we employ
an enhanced power profile modeling the signal power received
from the reader along different spatial directions, which is more
accurate and immune to ambient noise as well as measurement
errors caused by hardware characteristics. Besides, we find that
tag’s phase measurements in practice are related to its orientation.
To the best of our knowledge, we are the first to point out this
fact and quantify the relationship between them. By calibrating
the phase shifts caused by orientation, the positioning accuracy
can be improved by 3.7x. We have implemented Tagspin with
COTS RFID devices and evaluated it extensively. Experimental
results show that Tagspin achieves mean accuracy of 7.3cm with
standard deviation of 1.8cm in 3D space.
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[. INTRODUCTION

Radio Frequency IDentification (RFID) is a rapidly de-
veloping technology which uses RF signals for automatic
identification of objects. Many new RFID localization systems
have shown high precision, such as [1]-[4]. Much of the
attention has been paid on how to accurately locate the RFID
tags instead of readers. Many applications would benefit from
accurate tag localization or tracking. For example, it can aid
in supply chain management, automatic customer checkout
in a supermarket, enable human-machine interaction with the
tag attached on the finger, efc. However, considering previous
work locating tags, all of them have a mandatory precondition
that the reader’s location is known or calibrated in advance.
This calibration procedure is often conducted manually, which
can be time-consuming, laborious and inaccurate, especially
when many antennas are required. To illustrate this, we repeat
the experimentation in [4], trying to give a practical example.
In summary, the inconvenience of calibration are mainly three
folds: a) time cost: It takes us 20 ~ 30 minutes to calibrate
all four antennas and the more antennas needed, the more
time spent. b) energy cost: To get the antennas’ accurate

1063-6927/16 $31.00 © 2016 IEEE
DOI 10.1109/ICDCS.2016.32

519

locations, we need to measure their coordinates carefully along
the three spatial axes, which is quite exhausting and boring. ¢)
accuracy cost: To achieve high accuracy, more antennas are
needed with each of them further apart. This however, would
add more errors to the calibration results, which in turn will
decrease the final tag localization precision. So our point is,
to accomplish the goal of fine-grained tag localization, the
calibration for RFID reader antennas is very necessary and
existing manual method is not satisfactory enough. To tackle
this, a simple, convenient and accurate way of calibration is
in pressing demand.

At first glance, why not use the existing methods locating
tags to pinpoint readers? One dominate approach locating tags
is to deploy plenty of tags as references [1], [5]. The difference
of RSSI [5] or multi-path profile [1] between the target and
reference tag is used as a metric for their spatial distance.
The nearest neighbours of the target tag are identified and
the target tag’s location is considered as the average of the
neighbors’. Apparently, the reader’s location is independent of
reference tags for this approach, and thereby cannot be inferred
by tags, even knowing all tags’ locations. Another method
is Synthetic Aperture Radar (SAR), which has been widely
used for mapping the topography of the Earth’s surface, and
is also introduced for RFID localization recently. Specially, a
moving reader takes snapshots of the tag’s signals at different
spatial directions. The snapshots mimic a large-scale antenna
array. Then, the standard antenna array equations on the
signals are used to compute the relative powers received
from transmitting source along different spatial directions. It,
however, is infeasible for us to move the reader when our goal
is to calibrate it.

In this paper, we present an light-weighted, inexpensive yet
highly precise reader localization system with centimeter-level
positioning accuracy using a few infrastructural reference tags.
Rather than relying on the dynamic movement of reader to
produce a virtual antenna array, Tagspin reverses the approach
by relying on the spinning motion of infrastructure tags to
produce predicable, distinguishable and periodic signal snap-
shots. These snapshots caught from each spinning tag mimic
a circular antenna array. The reason why we prefer circular
array to linear array is that to simulate the same number of
virtual tags, linear array requires more space than circular
array and is sometimes unpractical especially in space-limited

IEEE
computer
® psouety



\ 7/
/
~ \ /
~
Reader
/AT~
N
/ \ ~
/ N
/ \ ~ 4
/ \ ~o !
/ \ £
4\ 6 \ N EN &
< \ 0, I~
- r : 2 SN
// A 5
I TN
\
Tz\

120

(b) Th (©) T d) T3

Fig. 1: Illustration of Tagspin. (a) The signal snapshots of
three spinning tags anchored in the infrastructure are used
to mimic three circular antenna arrays. (b)-(d) Power profile.
There is a sharp peak at the direction of the reader relative to
the tag.

environment. Besides, moving the tag along a line is also
more troublesome than making it travel on a circle. In our
experiment, to simulate circular antenna array, we simply make
the tag spinning by attaching it onto the edge of a disk which
slowly rotates with a stable speed. An SAR-based method is
designed to estimate the relative power profile over all possible
spatial angles. The profile has a sharp peak at the real direction
from tag to reader. Specially, the direction starting from the
spinning tag with known location determines a straight line
that passes through or nearby the target reader. More than
two (or more) lines are generated by using two (or more)
spinning tags in 2D and even 3D space. Finally, the target can
be pinpointed from the intersection of these lines. To illustrate
Tagspin’s approach, Fig. 1(a) shows a toy example with three
spinning tags. Each tag moves along a pre-defined circular
track with a uniform speed. Fig. 1(b)-1(d) show estimated
power profiles for the three spinning tags respectively, using
standard circular antenna array equations [6]. It is clear from
this figure that the sharp peak in the power profile indicates the
reader’s position relative to tag. Finally, the reader’s position
is revealed by the three straight lines.

While some people may think the reader localization is a
dual problem of tag localization because we have to know
the locations of the reference tags in advance to give absolute
location of the reader, our key point is that we just need a
few pre-deployed infrastructural tags to easily, precisely and
simultaneously locate even multiple target antennas and further
locate many more surrounding tags that are of interest.

Contributions: In summary, this paper makes the following
contributions:

e First, Tagspin gives an innovative improvement to the
previous AoA-based localization, namely an enhanced version
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of spinning tag’s power profile is proposed. By doing so, the
phase measurement error is well handled meanwhile both the
positioning accuracy and robustness are reinforced.

e Second, in the scope of our knowledge, Tagspin is the first
to put forward the finding that there exists a regular pattern
between tag’s phase measurements and its orientations. We
quantify this interplay and calibrate corresponding phase shifts
to make localization more accurate.

e Third, we implement the system with COTS RFID
products and evaluate it comprehensively. Tagspin is light-
weighted, time-saving and can provide mean accuracy of
7.3cm even in 3D space, which is fairly good compared to
the reader antenna’s size (usually decimeter level).

The rest of the paper is organized as follows. The main
design of Tagspin is overviewed in §II. We present the inter-
relation of tag’s phase and orientation in §III. The details of
our proposed power profile is described in §IV. We elaborate
Tagspin’s techniques under 3D space in §V. The implementa-
tion of Tagspin is described in §VI and evaluated in §VII. We
review related work in §VIII and conclude this paper in §IX.

II. TAGSPIN OVERVIEW

Tagspin is a fined-grained UHF RFID localization system
targeting to pinpoint readers, providing a resolution on the
order of a few centimeters, much smaller than the read range
of UHF RFIDs. Ultra-low cost UHF tags (5-10 cents each)
become the preferred choice of many industrial applications.
Following the common practices, we concentrate on the de-
ployed UHF tags.

Tagspin deploys a set of spinning tags in the environment.
Its infrastructure also includes a central localization server
which stores the spinning tags’ locations, moving speeds and
other system settings. Tagspin goes through the following steps
at a high level to locate the RFID reader:

The reader interrogates the nearby spinning tags for a
while and sends the signal snapshots to the server.
Tagspin acquires and calibrates the phase shifts from the
signal snapshots of spinning tags, using the technique in
SIII.

Tagspin generates an angle spectrum for each spinning
tag as described in §IV.

Tagspin pinpoints the target reader using multiple angle
spectrums (see §V).

The technical details on the above steps are elaborated in
the next few sections.

III. ACQUIRING PHASE SHIFTS

In this section, we firstly model the phase shifts of spinning
tag, and then introduce how to eliminate the influence from
the orientations.

A. Modeling Phase Shifts

The SAR-based localization works by comparing the phases
of the received signals at multiple antennas. Suppose d(t) is
the distance between the reader and tag at time ¢, the signal
traverses a total distance of 2d(¢) back and forth in RFID
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Fig. 2: Geometric relationship between spinning tag 7" and reader R.

systems. The total phase rotation outputs by the reader equals
[7]:
0(t)

ey

(2771- X Zd(t) + 9div) mod 27
where A is the wavelength. The term 8y, is called diversity ter-
m, which is related to the hardware characteristics. The phase
is a periodic function with period 27 radians which repeats
every A\/2 in the distance of backscatter communication.

Now let us consider the geometric relationship between the
spinning tag and the reader, as shown in Fig. 2(a). Specifically,
suppose the spinning tag T rotates at the origin O with a
uniform angular velocity w. The radius of the track equals r.
¢ and wt denote the angles of reader and tag at time ¢. Then
the angle ZT'OR equals wt—¢. When R is relatively far from
the tag, as the figure shows, d(t) can be approximated as |AR)|
where TA L OR . Thus, in this case we can get the distance
d(t) as

d(t) = D — rcos(wt — ¢) (2)

where D = |OR)|, the distance between the origin and reader.
Fig. 2(b) shows the second case when |TR| > |OR|. The
/TOA turns to wt — ¢ — 7. Then

d(t)

D + rcos(wt — ¢ — )
D — rcos(wt — ¢)

which has the same mathematical expression as that in the
first case. Apparently, d(t) can be any value in [D —r, D+7].
Finally, substituting Eqn. 2 into Eqn. 1, the received signal
phases have the following expression.

4 «
A
B. Calibrating Phase Shifts

We attach a tag on edge of a circular disk with a radius
of 10cm (for detailed settings please refer to §VII). The tag
rotates with an angle speed of 0.4425 radians per second.
The centers of disk and reader locate at O(20cm,0) and
R(0,137.7cm) respectively. Both the tag and reader are on
the same plane parallel to the disk surface. We keep the
reader’s position unchanged and collect the phase shifts for
400 times. The collected phase values are shown in Fig. 3. As

0(t) (D — rcos(wt — ¢)) + 9d1V> mod 2 (3)
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Fig. 3: The original phase measure-
ments.

expected, the phase shifts repeat every time the disk completes
a rotation. The curve is not continuous due to the mod
operation. For being convenient to study the characteristics
of spinning tag’s phase shifts, we smooth the curve using the
following simple approach. Suppose the sequence of phase

shifts is [0(1),0(2),--- ,6(t)], then
0t)—2m ifOF)—0t—1)>n
0t)=<0(t)+2r if0(t)—0(t—1)< -7
0(t) otherwise

where ¢ > 1. Fig. 4(a) shows the smoothed phase shifts and
ground truth. The ground truth is calculated using Eqn. 3.
Through comparisons, we have an important observation that
the theoretical values of the phase sequence are not consistent
with those obtained in the experiments. There is about 2.7
radians misalignment between them. As mentioned in Eqn. 1,
the misalignment results from the diversity factor Og, [4].
Since the misalignment relatively remains unchanged under
the same macro environment (e.g. same temperature, humid,
etc.), it is reasonable to assume 6g;, iS a constant term in the
obtained phase sequence. Then we can use the first phase value
as a reference to eliminate the influence on localization from
the misalignment. The details are addressed in §IV.

Here, we simply align the two sequences by subtracting 2.7
radians from the ground truth, as shown in Fig. 4(b). Overall,
both sequence are matched very well except the values around
peaks. There still exists about 0.7 radians gap between the two
sequences, which may introduce 0.7/(27) x 34/2 ~ 1.9cm
distance error' for certain sampling points. Specifically, we
also observe that the sampling density (defined as the number
of phase values collected per second) varies a lot. Roughly,
the sampling density should be similar because the reader
randomly interrogates the tags over time. Actually, it has
higher density around the peaks and valleys (see segment A
and C in Fig. 4(b)) but becomes lower in the middle segment
(B). Both of these observations reveal that there must exist
another factor affecting the phase values.

To explore the reason, we conduct the second experiment
in which we attach the tag at the center of the circular

I\ = 34 with double distance.
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Fig. 4: Calibrating the phase shifts. (a) The smoothed phase shifts. (b) The phase shifts

(c) The phase shifts after calibrating the tag orientation.

disk (i.e. position O) and rotate the disk using the same
speed, as illustrated in Fig. 5(a). In theory, since the tag
stays at the origin and its distance to the reader remains
unchanged, the collected phase values should always be equal.
However, the phase exhibits a small fluctuation (~ 0.7 radians)
as rotating, as shown in Fig. 5(b), resulting from the tag
orientation. The orientation is defined as the angle between
the tag plane where its antenna deploys and the line of OR,
denoted as p(t) in the figure. The tag’s antenna is supposed
to be symmetrical as a whole. Unfortunately, the practical
design always contains an offset. It causes the very small
distance difference over orientation, which is badly magnified
by the forth-and-back traversals. On the other hand, when
p(t) =% +km,(k=0,1,---), the tag plane is perpendicular
to the electric field radiated by the reader, leading to much
more radiation and energy received by the tag. Thus, it has
higher sampling rate near the peak or valley. Lower sampling
density in the middle segment (B) also brings additional error
to corresponding phase measurement.

To inspect whether tag diversity and spatial location will
have an impact on the relationship between tag orientation and
phase value, we further conduct experiments over 20 tags with
location coordinates varying among the whole surveillance
region. For more details, please refer to §VII-C. It turns out
that with individual tag and its spatial position varying, various
amplitude in the fluctuation curve is observed, but the holistic
changing pattern is almost the same, which can be fitted by
a Fourier transform function. Formally, we summarize our
findings into the following observation.

Observation 3.1: Tag’s phase value has an inherent correla-
tion with its orientation relative to the reader antenna, namely
the angle between the tag plane and the line from tag to reader.
And this specific correlation can be quantified as a function
through data fitting using Fourier series.

As a result, to rectify the impact tag’s orientation imposes
on its phase value, we suggest that there should be a cali-
bration procedure before formal process of collecting phase
measurements. The entire workflow is generalized as below.

o Step 1: Acquiring phase-orientation function: As a pre-
lude stage, phase measurements versus orientation change
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are sampled by attaching the tag at the center of the ro-
tating disk. Then the correlation is fitted through Fourier
series, thus a phase-orientation function is formed.

Step 2: Calibrating phase values: Attach the tag onto the
edge of the disk and collect raw phase data. Calculate the
phase offset of every sampled orientation using the results
in the above step. The phase value when orientation p =
/2 is used as a reference. Then erase the offset from
original data.

After calibrating the orientation’s impact, the phase shifts are
more consistent with the ground truth, as shown in Fig. 4(c).
This makes the measured data more errorless and plays an
active role in improving positioning accuracy.

IV. GENERATING ANGLE SPECTRUM

Our theoretical basis is that the tag’s phase rotation exhibits
different value patterns if the reader signal’s angle of arrival
changes. Imagine there exists a surveillance plane where the
spinning tag and reader lie on whose size is W x L. For
simplicity, we first focus on the case the reader and tag are
on the same plane. The extended 3D scenario is discussed in
§V-B.

Suppose the target reader takes n signal snapshots of every
spinning tag with each snapshot taken at time ¢;. Let 9J;(¢)
be the theoretical phase value of the i*" snapshot when signal
direction is ¢. Then

9:(6) = )

= A X
From basic channel models, we can express the wireless
channel parameter h; measured at the ‘" snapshot as the
complex number [8]:

1 767‘]47”(D77'><cos(wti7¢>3))
D D
where 6; is the measured phase at the i"* snapshot and
¢r is denoted as the reader’s real direction. In a traditional
AoA approach, the relative power P(¢) along direction ¢ is
calculated as

(D —r x cos(wt; — ¢)) mod 2w

hi= Lo 5)

th

J4

I x
P(g) =| =D hie™ reetine) ©)
i=1
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Fig. 5: Influence of tag orientation. Fixing tag at the origin
and then collecting the phase sequence. There exists about 0.7
radians shifts when changing tag’s orientation.

When we traverse through all the possible angles ¢ along the
surveillance plane, theoretically P(¢) will get its maximum
value if and only if » = ¢g. That’s how the previous method
works. Unfortunately, in a real experimental environment, tag’s
phase measurements have more or less deviation from the
theoretical ones, adding error to the estimated angle ¢. We
know that small error of angle will cause big coordinate
bias, especially when the reader is quite far from the tag,
leading to low precision in real scenario. We wonder whether
the positioning accuracy can be improved. As we know,
tag’s phase rotation outputs by the reader is associated with
hardware diversity 04,. Namely,

0; = Yi(or) + Oaiv

Above all we need to eliminate the misalignment of measured
phase resulting from term 6g;,. We can use the first phase value
as a reference as mentioned in §III. Divide Eqn. 6 with h? we
get:

2

n
l Z Ee_MT’NTXCOS(wti_d))
nigh

1 n

- § e—J(Gi—Gl)e—
n“
i=1

)

2
Jam

=1 cos(wt; —¢)

Thus, both the diversity term g, and distance variable D are
removed.

Although the misalignment problem is solved, just replacing
absolute phase value with relative one will not improve accura-
cy. We observe that, in practice, the angles around the ground
truth may also cause comparatively large amplitudes in Q(¢)
(we will give simulation results later, as depicted in Fig. 6(a)),
especially under the influence of noise. In order to further
reduce error, we propose a new power profile which is an
enhanced version of the original one. Inspired from previous
work [4], we know that tag’s real phase measurements contain
random errors, following a typical Gaussian distribution with
a standard deviation of 0.1 radians. By assigning a virtual
amplitude w; to Q(¢), we get the final power profile R(¢),
which is defined as follows.

Definition 4.1: The proposed power profile revealing the
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(a) Original power profile

(b) Proposed power profile

Fig. 6: Generated power profiles with one spinning tag.
(a) Q(¢). (b) R(¢). The tag and target reader are centered at
(20c¢m,0) and (—80cm, 0) respectively.

power distribution at each direction ¢ € [0,27) is given by:

2
Jam

1 - —J(0;—01) ,— 5= r cos(wt;—¢)
= |— i i 1 wt; 8
R(d)) n ;w e e X ( )
where
w; = f(0; — 01;¢5,0.1 x /2)
1 _@=w?
f(I,H,O') = ——=¢ 202
oV 2
ci = Vi(¢) — () = %(cos(wtl — &) — cos(wt; — @)

f(x; u, o) is the Probability Density Function (PDF) of Gaus-
sian distribution N (11, o) and c; is the theoretical phase of the
it" snapshot relative to the first one.

Notice that (91 —91) - (19L(¢) -9 ((b)) = (91 - (¢)) — (91 —
01(¢)). Suppose the reader is at angle ¢, then, (0; —9;(¢)) ~
N(0701) and (91 — 191((}5)) ~ N(0701), then (61 — 91) —
(191((;5) *191(¢)) ~ N(O, 0.1 x \/5) So 91 — 61 ~ ./\/(cl-,O.l X
v/2). By calculating the proposed power formula R(¢) for all
possible values of ¢ on the whole surveillance plane, a power
profile for all angles is formed. Further, by searching ¢ for the
maximum amplitude of R(¢), we can get the target reader’s
angle spectrum.

To demonstrate the effectiveness of our approach, a typical
indoor scenario is simulated: the center of the tag’s circular
antenna array is at (20cm,0) with 10cm radius, while the
target reader locates at (—80cm, (). Namely, the reader’s
direction ¢r is 180°. Fig. 6(a) and Fig. 6(b) present the
results with Q(¢) and R(¢) as power formulas respectively.
It can be clearly seen that in either of the situations, the
generated power profile has a peak at the angle direction
(180°) from tag to reader. But the peak in Fig. 6(b) is far
sharper than that in Fig. 6(a). There exists a large continuous
region around the ground truth with relatively high power
values in Fig. 6(a), which means when using Q(¢) as power
formula, the result is not so distinctive and may be susceptible
to thermal noise. On the contrary, when R(¢) is adopted,
the real angle of target reader becomes highlighted. This
is because by assigning the probability weight w; to power
formula, the power profile is enhanced for angles with higher
probability to be the ground truth and weakened for others.
Thus many false candidates fade away, protruding the real



one. It validates that our proposed method is more effective
and accurate than the traditional AoA approach, especially in
strong noise environment.

V. LOCATING THE TARGET READER
A. 2D Plane

Specifically in 2D plane, by combining the results of two
spinning tags’ relative power profiles, the target reader’s loca-
tion can be uniquely inferred. As can be illustrated by Fig. 7,
2D is the special case of 3D and R is overlapped with R’. The
two spinning tags’ centers are marked as O; and Os, locating
at (x1,y1) and (z2,y2). Their angle spectrums generated in
the previous section emit at directions ¢; and ¢- respectively.
We establish the reference Cartesian coordinate system with
the line determined by O; and O, as the z-axis. Then the
target reader R’s coordinates (zg,yr) can be calculated as
follows.

Y2 — Y1tz tan ¢ — xa tan ¢y

a tan ¢ — tan ¢

(z1 — x2) tan ¢y tan P2 + yo tan ¢ — y1 tan ¢o
tan ¢1 — tan d)g

TR

Yr =
®
B. 3D Scenario

In this section, we relax the assumption that the reader
antenna and tag lie on the same plane, gaining insight into
Tagspin’s technical details under 3D scenario.

First, we extend the surveillance region to 3D space with the
height of H. Further, we decompose the entire region into H
planes along z-axis, each of which has a size of W x L points.
Theoretically, even in 3D space, the target reader’s location can
be well determined with only two spinning tags. Here for the
sake of experiment simplicity, we make the two spinning tags
lie on the same plane with height = O while the reader may
situate at different planes, as illustrated in Fig. 7. In addition
to the azimuthal angle ¢ in the horizontal plane, we also need
another parameter, i.e. the polar angle v (represents the angle
between R and its projection on the horizontal plane R’) along
the vertical direction to fully describe the reader antenna’s
incident signal. Apparently, v has a value falling inside the
range of [—7/2,m/2]. Then the phase formula in Eqn. 4 can
be rewritten as

'[972 (¢a ’Y) kel

The original power profile Q(¢,~) is calculated by

A
1 n
- Z e~ J(0:=01) —
n i=1

And the improved power profile R(¢,y) when extended to 3D
case, is redefined as below.

Definition 5.1: The proposed power profile revealing the
power distribution along each azimuthal direction ¢ € [0, 27)
and polar direction 7y € | | is given by:

(D —r x cos(wt; — @) x cos~y) mod 27 (10)

2

‘MT”T cos(wt;—¢) cosy

Q(d,y) = 1)

_rT
272

n 2

1 —3(0.—0,) —dax
— E wie~ IO =01 =5
n-

i=1

R(¢77) = ’ r cos(wt;—d) cos y (12)
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where
w; = f(0; — 015¢;,0.1 x V/2)
) 1 _(z=m)?
f(@i o) = ——e 5k

oV2rm
C; = 191((257 ry) - 191(¢7 FY)

= 4—7)1:7ﬂ(cos(o.nfl — ¢) — cos(wt; — P)) X cosy

By traversing through all possible values of ¢ and ~ on
the whole surveillance region, a power profile for all spatial
angles is formed. Further, by getting ¢ and ~y for the maximum
amplitude of R(¢, ), the target reader’s spatial angle spectrum
is generated. Combining the angle spectrums of two spinning
tags in 3D space, we can infer the reader’s spatial position
(R, YR, zr) in the end. Denote O and O2’s coordinates as
(r1,y1,21) and (z2,y2, 22). In our case, 21 = z2 = 0. Then

TR,yr can be similarly given by Eqn. 9. And
V(@1 —zr)2 + (y1 —yr)?2 X tany;  (13a)

" { V(xa —2r)2+ (y2 — yr)2 X tanvy, (13b)

Actually, the final estimate of zpr is often obtained by com-
paring and balancing the results of Eqn. 13a and Eqn. 13b.
We also run simulation study to examine Tagspin’s perfor-
mance under 3D environment. The similar scenario as that
in 2D is simulated: the center of the tag’s circular antenna
array is at (20cm,0,0) with 10cm radius, while the target
reader locates at (—66.6¢m,0,50cm). Namely, the reader’s
azimuthal angle ¢r is 180° and polar angle yr is 30°.
Fig. 8 depicts the original and improved power profiles in
both 3D mesh and 2D image. It’s obvious that R(¢,) still
performs far better than Q(¢,). Besides, the ground truth
corresponds to just one of the two sharp peaks, which indicates
that even in 3D case, Tagspin works as well as that in 2D
condition, except that it will output two candidate location
estimates with symmetric z-coordinates. It’s apparent that two
spatial points whose z-coordinates are opposite will generate
the same distance from any point located on the horizontal
plane. So it’s easy to understand why Tagspin will give
two symmetric location candidates. In practical applications,
there always exists dead space, causing some spatial locations
impossible or meaningless. So it’s reasonable that we can
eliminate ambiguity in real practice. If we want to further
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Fig. 9: Experiment setup. We evaluate Tagspin in both 2D
and 3D scenarios.

enhance accuracy, the third spinning tag, which rotates along
the vertical direction to provide more aperture diversity in z-
axis, can be introduced. This forms a part of our future work.

VI. IMPLEMENTATION

We build a prototype of Tagspin using the COTS RFID
reader and tags as shown in Fig. 9.

Hardware: Reader: We adopt an Impinj Speedway Revo-
Iution R420 reader [9] which is compatible with EPC Gen2
standard and supports four directional antennas at most.
The whole RFID system operates during the frequency of
920.5MHz ~ 924.5MHz band by default, which is the
legal UHF band in China. Correspondingly, the wavelength
ranges from 32.43cm to 32.57cm. The size of reader antenna
is 22.5cm x 22.5¢m x 4em. Total four different antennas with
circular polarization manufactured by Yeon technology [10]
are used. The reader is connected to our host end through
Ethernet. Tag: Altogether five types of tags from Alien Corp
[11], namely Alien “Squig” (AZ-9610), “Square” (AZ-9629),
“Squiglette” (AZ-9630), “2 x 2” (AZ-9634) and “Short” (AZ-
9662) are employed (listed in Table I). Many of the tags are
widely used in today’s industrial area, such as supply chain
applications. All of them are low-cost (only about 5 cents per
tag on average).

Software: We use a Samsung PC to run our algorithms,
as well as connecting to the reader through Ethernet under
LLRP (Low Level Reader Protocol) [12]. The machine equips
Intel Core i7 CPU at 2.4GHz and 4G memory. Impinj reader
extends the LLRP protocol to support the phase report. We
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adjust the configuration of reader to immediately report its
readings whenever tag is detected. The client code is imple-
mented using Java language. Besides, both the reader and host
have their own local clock and attach a timestamp for each
tag read. In order to erase the influence of network latency,
we adopt the timestamp provided by reader rather than host
machine for phase value acquisition.

VII. EVALUATION

In this section, we give the evaluation results of Tagspin.
Our experiments are performed in an office room whose size
is 400 x 900cm?.

A. Evaluation Methodology

Baseline: We compare Tagspin with other four localiza-
tion methods, including LandMarc [5], AntLoc [13], Pinlt
[1] and BackPos [14]. LandMarc is an RSS-based schema
which achieves combined error distance of 100cm on average.
AntLoc is one of the few systems that focus on the problem
of antenna localization. Its mean error is around 15¢m with
mobile and rotatable antenna as a prerequisite. The mean
error distance of Pinlt is 12cm with 6¢cm standard deviation
requiring reference tags pre-deployed. BackPos is a phase-
based method with mean error of 17¢m and standard deviation
of bem.

Metric: We adopt the error distance, defined as the Eu-
clidean distance between the result and ground truth, as
our basis metric. All ground truth is measured by a laser
rangefinder with an error of £0.1mm. For each same setting,
we repeat the experiments over 50 times.

It only take Tagspin several minutes to finish the whole
localization procedure, including data sampling and algorithm
running. The time cost is much lower than manual calibration
of antennas.

# | Model | Company | Chip | Size (mm?) | QTY
1 | AZ-9610 Alien H3 | 44.5 x 104 4
2 | AZ-9629 Alien H3 | 22.5 x 225 4
3 | AZ-9630 Alien H3 70 x 9.5 4
4 | AZ-9634 Alien H3 44 x 46 4
5 | AZ-9662 Alien H3 70 x 17 4

TABLE I: The tag models
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B. Localization Accuracy

To fully inspect Tagspin’s performance, we carry out exten-
sive experiments in both 2D plane and 3D space.

1) 2D: As illustrated in Fig. 9, the rotating disk with a tag
adhere to is placed on a flat desk, while the reader antenna is
several meters away from the disk. We establish the Cartesian
coordinate system with regard to the desktop, which means
we treat the desktop plane as the horizontal plane. We make
the reader stay on the same plane with the rotating tag under
the support of a laser level. The locations of the two spinning
tags’ centers are chosen to be (—20cm, 0) and (20cm, 0).

Furthermore, we change the reader’s location randomly
across the surveillance plane and perform the localization pro-
cedure for 100 times. Fig. 10(a) plots the CDF of positioning
error. The mean error distance of Tagspin under 2D scenario
is 3.1cm in z-axis, 4.1cm in y-axis and 5.3¢m in combined
dimension with standard deviation of 1.6¢m, outperforming
LandMarc, AntLoc, Pinlt and BackPos by 18.9x, 2.8 %, 2.3
and 3.2x respectively. Besides, 90% of the errors are less
than 7.5¢m with minimal error of 1.7¢m and maximum error
of 9.5cm.

2) 3D: After validating Tagspin’s performance in 2D plane,
we wonder whether it can still work well when applied to 3D
space. As is similar to the case in 2D scenario, we still regard
the desktop plane as the horizontal plane, while the reader may
lie on different planes from the tags. The center locations of
the two spinning tags are chosen to be (—20c¢m, 0,9.5¢m) and
(20cm, 0,9.5¢m).

The CDF of positioning error is plotted in Fig. 10(b). The
mean error distance of Tagspin in 3D space is 3.4cm in a-
axis, 4.0cm in y-axis, 4.7cm in z-axis and 7.3cm in combined
dimension with standard deviation of 1.8cm. It’s worth noting
that none of the baseline systems are validated under 3D
scenario. Even so, Tagspin outperforms the two-dimensional
LandMarc, AntLoc, Pinlt and BackPos by 13.7x, 2.1x, 1.6x
and 2.3x respectively. Moreover, 90% of the errors are less
than 9.4cm with minimal error of 2.9c¢m and maximum error
of 11.2¢m. It’s worth noting that among the three dimensions,
the error on the z-axis is larger than the other two. This is
because we make both spinning tags rotate along the z-y plane,
which means more aperture diversity is introduced on x and
y axes instead of z axis.
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C. Impact of Tag Orientation

As we mentioned in §III, even if location remains un-
changed, tag’s orientation does have an effect on its phase
value in practice. We conduct numerous experiments to give
a comprehensive analysis over different tags and locations.
Totally, we test 20 tags of 5 types with each of them at
10 various locations uniformly chosen over the surveillance
plane. Table I lists detailed information of the tags we adopt.
Each time we make the tag’s geometric center stays at the
same location, while change its orientation towards reader
antenna from 0° to 360°. Fig. 11(a) shows how tag’s phase
measurements change along with its orientations. As to the
same location, when the orientation is 90°, namely the tag
plane is perpendicular to the reader’s incident signal, we make
the phase measurement collected then as the reference phase
value of that location. All records in Fig. 11(a) are relative
values compared to the reference one. The result is computed
as an average over all the different tags and locations. It’s
obvious to see that tag orientation does play a non-ignorable
role in tag’s phase measurements and there exhibits stable
regularity between orientation angle and corresponding phase
value.

Significance of accounting for tag orientation’s impact: As
stated before, a calibration step is undergone to eliminate tag
orientation’s influence mathematically. We want to validate
the effectiveness of our calibration method through experi-
mentation. After collecting original phase measurements, we
first deal with them normally with the calibration step and
then omit the procedure to make a controlled study. The
comparison results of the controlled experiments are plotted
in Fig. 11(b) by CDFs. The mean error distance of Tagspin
with phase calibration procedure is 7.3cm under 3D scenario,
while without calibration the error is increased to 27.1cm. So
it’s apparent that our idea and method of accounting for tag
orientation’s impact is significant and can improve localization
accuracy by 3.7x, which is an appreciable amount in indoor
environment.

D. Impact of Parameters

After evaluating Tagspin’s accuracy from a global perspec-
tive, in this subsection, we’ll discuss different parameter val-
ues, system settings and device diversity’s impact on Tagspin’s
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performance. Note that, all our experiments in this subsection
are carried out under 3D scenario.

1) Center Location of Spinning Tag: As we mentioned be-
fore, the z-y coordinates of the spinning tags’ two centers are
fixed to (—20cm, 0) and (20cm, 0) respectively, which means
the distance between the two centers maintains a constant
value as 40cm. It’s worth investigating whether their distance
will exert an effect on the final localization accuracy. So we
change the rotating disks’ locations and conduct sufficient
experiments right along. Fig. 12(a) depicts the localization
error of different distance between center locations. We make
the distance as a variable whose value falls within the range
from 20cm to 80cm at every Hem interval. It can be seen
from the figure that the localization error is almost stable with
small vibration when the two centers’ distance > 30cm. For
the sake of convenience, we select the distance’s default value
as 40cm in the rest of our experiments in order to achieve
relatively high accuracy as well as improve space efficiency.
However, when the distance is less than 30cm, especially when
its smallest value (20cm) is achieved, the localization accuracy
is impaired to a certain degree, which is explicable because
if two centers’ distance is too short, some sampling points of
different disks will get very close, bringing more uncertainty
to the phase measurements, thus localization error is increased.
Note that, here the radius of disk is 10cm, so the smallest value
of two centers’ distance is 20cm as shown in Fig. 12(a).

2) Radius of Spinning Tag: In addition to the centers’
distance, the radius of spinning tag is another parameter that
may have an influence on Tagspin’s accuracy. In our previous
experiments, the radius is set to 10cm. Here, we ranging
the radius from 2cm to 24cm with a step length of 2¢m in
order to study whether it will make a difference in positioning
accuracy. The result is revealed in Fig. 12(b). We can see from
the figure that when the radius value falls within the interval
of [8¢m, 16¢m], the positioning accuracy remains high and
stable. But when the radius < 8cm or > 16¢cm, the positioning
error increases by quite an amount. The reason why local-
ization accuracy drops is that the phase measurements along
circular track become hard to be distinguished when the radius
is too small and the assumption D > r we make in §III is
untenable when r is too large. So it’s suggested that the value
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of radius should be chosen from the interval of [8c¢m, 16¢m]
and we make 10cm as default in our experiments.

3) Tag Diversity: One big advantage of our system is its
simplicity, which means it only takes very simple manipulation
to reach localization purpose without sacrificing precision.
One of the things is that we employ only two tags from
beginning to end. So tag diversity is another factor that may
bring fluctuation in positioning error. Totally, we experiment
on five models of tags, as illustrated in Table I, all of which
have different antenna sizes and shapes. As our proposed
method has already taken device diversity into consideration,
it’s expected that different tags will have little impact on
accuracy. We repeat localization experiments over 20 different
tags coming from the aforementioned 5 types with 4 tags each
model. Fig. 12(c) plots the relationship between positioning
accuracy and tag diversity. For each tag model, the localization
error is calculated as an average over all the tags of that model.
Our findings are as follows: a) although tag type varies, the
positioning accuracy almost remains constant with maximum
value only differs 0.5¢m from minimum one; b) for tags of
the same model, different individual basically demonstrates the
same accuracy. The results are consistent with our expectation.
And the tag type we adopt in most of our experiments is
“2 x 27 (AZ-9634) because of its proper form factor, high
signal strength and stability.

4) Antenna Diversity: Apart from the diversity caused
by tags, different reader antenna is another form of device
diversity that may cause uncertainty in localization accuracy.
Since the reader we adopt supports four directional antennas
at most, it’s convenient for us to conduct experiments for
different antennas. We totally experiment on four antennas
from Yeon technology. The CDFs of errors are plotted in
Fig. 12(d). We observe that there is only slight difference
among the positioning errors, which is in accordance with
our expectation because antenna diversity is just one type of
device diversity we’ve already allowed for in our method.
The mean error distances of the four antennas are 7.3cm,
7.4cm, 7.5e¢m and 7.3cm respectively. And the corresponding
standard deviations are 1.8c¢m, 1.8c¢m, 2.0cm and 1.6¢cm.
Specifically, in most of our experiments, we use Antenna 1
as default.



VIII. RELATED WORK

In this section, we review the state-of-the-arts that are
directly related to our work.

RF-based localization: Recent years have witnessed the
flourishing of myriad localization technologies, especially in
RF domain. Mainstreaming works in this domain adopt Re-
ceived Signal Strength Indicator (RSSI) as the fingerprint or
distance ranging metric for localization [5], [14]-[19]. Typical-
ly, RSSIs of reference tags at known positions are measured
and used to locate the desired tag. Besides, AoA (Angle of
Arrival) is another important location indicator drawing many
researchers’ attention, which works by measuring the phase
difference between the received signals at different antennas
[20]-[22]. Systems like ArrayTrack [23] and PinPoint [24]
propose novel algorithms to calculate the AoA information,
enabling localization or tracking of wireless clients at a fine
granularity. While much attention has been paid on locating
RFID tags, little concern has been shown for the issue of
reader localization. Luo et al. [13] are the few pioneers that
concentrate on the problem of reader localization. They utilize
the relative angle between RFID reader and tag to locate
position of reader, and use variable RF-attenuation to reduce
error.

SAR: SAR is firstly used in military Radar system for
both geographic imaging and object localization with the
help of antenna array. Recently there is a growing interest in
borrowing this idea to pervasive wireless localization domain
[11, [4], [22], [25]-[27]. Pinlt [1] leverages SAR technique to
extract the multi-path profiles of RFID tags and then adapts
dynamic time warping to pinpoint a tag’s location, which is
robust to non-line-of-sight scenario. Miesen et al. [26] present
a holographic method to show tag’s real position with phase
values sampled from a synthetic aperture by a RFID reader.
Parr et al. [27] extend the work in [26] to realize trajectory
reconstruction of RFID tags through inverse synthetic aperture.
The authors in [22] utilize phase difference of arrival (PDoA)
information between pairs of antenna elements in each antenna
array to estimate the AoA information for tag localization.
Ubicarse [25] performs a new formulation of SAR on handheld
devices twisted by their users to enable fine-grained indoor
localization. Tagoram [4] proposes Differential Augmented
Hologram (DAH) to track the tag accurately and successfully
handles the thermal noise and device diversity.

IX. CONCLUSION

In this work we present a phase-based RFID reader local-
ization system Tagspin, which can locate the reader antenna
in 3D space with only a few spinning tags. Tagspin fills in
the gap of RFID reader localization area and achieves fairly
good accuracy with very low time cost. Our key innovations
are studies on phase patterns observed by spinning tag and
as far as we know, our method is the first to quantify tag
orientation’s effect on the phase measurements. We implement
Tagspin using COTS RFID products and experimental results
show that it achieves mean accuracy of 7.3cm with standard
deviation of 1.8cm in 3D space.
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