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Abstract—Radio Frequency ldentification (RFID) technology is
widely used to achieve indoor object tracking and positioning.
Currently, many methods need to deploy a large number of
reference tags beforehand and some are limited by antennas’
spacing. Further, the signal propagation along Non-Line of Sight
introduces multipath effects which will challenge the accuracy of
RFID localization system. In this work, we propose a method
based on measured phase to track mobile RFID tags with
millimeter level (mm-level) accuracy. We first partition the
surveillance region into square grids at mm-level and suppose that
there is a virtual tag as the same as the tracked one in each grid.
On this basis, for the case where the tags move along a known
track with constant speed, we only need to locate the tag’s initial
position. We leverage phase periodicity to obtain some candidates
and then eliminate position ambiguity by double difference true
phase. And for the case where the tag’s moving track is unknown
to the system, we adopt a first-order Taylor series expansion to
calculate the relative displacements of the tracked tag and then
locate the initial position as the same process as tracking the
known trajectory. In our experiment, our solution can achieve a
mean error distance of 0.26cm and 0.55cm for known and
unknown movement tracks respectively.

Index Terms—Phase detection, Radio frequency identification,
RFID tags, RF signals.
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I. INTRODUCTION

ADIO Frequency ldentification (RFID) technology is

increasingly used in various applications such as assisted
tracking of robots [1], product identification[2], asset
assessment, indoor positioning and so on. Currently, the
common method to locate passive tags in practice is described
as follows. People often deploy many RFID readers in different
monitoring areas to continuously read RFID tags. The tags are
assigned with the unique Electronic Product Code (EPC) and
given position information beforehand in the database. Once a
reader captures a new tag’s EPC, people consider that the tag
has been moved to the reader’s surveillance area. However,
there are many disadvantages in this coarse method: (i) Low
positioning resolution. The reading range of an RFID reader
antenna is generally about 3~10 meters, and RFID readers can
only provide “absence and presence” results, so the system is
far from meeting the high accuracy requirements. (ii) False
negative reads [3], [4] and false positive reads [5], [6]. The
former means that a reader fails to read a tag in the reading
zone and the latter means that a tag in some other areas outside
the intended read zone is read. These two problems can also
affect the positioning accuracy.

Many applications will benefit from millimeter level
(mm-level) localization accuracy. For example, false positive
reads will be avoided by setting the intended reading zone
beforehand. If the RFID tag is within the area, the RFID reader
will record and report events related to this tracked tag. If not,
the reader will ignore it. As another example, in a large-scale
clothes shop a retailer could use the RFID location system to
visually track clothes with RFID tags, making sure that sales
representatives could easily find matching clothes which may
have gone astray and customers could easily know the locations
of wanted clothes.

At present, the two key approaches for RFID localization are
based on received signal strength indication (RSSI) and radio
frequency (RF) phase.

(i) RSSI. The RSSI methods [7]-[11] need to deploy many
reference tags since the absolute calibration for RSSI
measurements is rather difficult, and positioning accuracy is
greatly affected by antenna design, impedance matching, and
the changes in reflection coefficient [12]. The distance error is
about 60cm. At present, many commercial-off-the-shelf (COTS)
RFID readers can report RF phase once an RFID tag is



successfully read. Phase resolution can reach 1.5x107°
radians, offering (1.5x107*x32.587)/ 4z =3.89x103cm
ranging resolution for an RF carrier wave at the frequency of
920.625MHz. In addition, the RSSI-based methods are not a
good choice because the propagation environment will more
easily affect the RSSI measurements than phase [13]. As a
result, the method to track tags” movement trajectories based on
RF phase with higher resolution and better noise-tolerant
ability than RSSI has received many researchers’ attention.

(if) RF Phase. Angle of arrival (AoA) [14]-[16] uses multiple
antennas to receive the tag’s phase and then computes their
angles based on phase difference. But these methods need to
put a strict constraint on the antennas’ spacing. Backpos [17]
deploys more than three antennas to read tags’ phase, where
two adjacent antennas should be within a spacing of half a
wavelength. After that, they use the hyperbolic positioning
method to locate tags. However, if adjacent antennas’ spacing
is greater than half a wavelength, the method will fail to deal
with the phase periodicity, leading to numerous possible
candidates. Pinlt [18] captures and extracts multipath profiles
of the target tag and reference tags at known positions via an
antenna motion, and then adopts dynamic time warping (DTW)
techniques to pinpoint a tag’s location. However, it needs to
deploy dense reference tags in advance and can’t track mobile
tags. DAH (Differential Augmented Hologram) [19] can track
known and unknown trajectories of mobile tags with a mean
error distance of 0.6cm and 12cm respectively using COTS
RFID readers in a lab environment. The main idea is to
construct a virtual antenna array in tag movement and leverage
the statistical method to find the optimal trajectory. DAH is
effective way to track and locate moving tags than previous
work. However, thermal noise and external inference, perhaps
from human moving besides RFID tags in actual circumstance
will both affect the reported RF phase. Also, as the surveillance
area expands, the computations will jeopardize the real-time
performance. In addition, the accuracy of tracking
unpredictable movements should be improved in some extent.

In this paper, we propose a novel positioning and tracking
method based on measured phase using COTS RFID devices,
called TrackT. The phase periodicity is mainly used in our
approach to improve the ability of noise tolerance and real-time
performance in tracking mobile tags. At first glance, the phase
periodicity is a negative factor and many researchers try to
eliminate the unknown parameter in previous work. However,
the differences of the phase periodicity between two continuous
reads are an effective indicator introduced in the paper, with
stronger noise-tolerance than phase-difference method like
DAH. The basic idea of TrackT is described as follows. We
first divide the surveillance region into mm-Ilevel square grids
and assume that there is a visual tag as same as the tracked tag
on the center of every grid. (i) Known Movement. We compare
the sequence of the difference of phase periodicity between
each virtual tag and the physical one to acquire several
candidate points and then separately compute the
corresponding double difference of true phase to find the
minimum value. So the grid with the minimum value is chosen

as the optimal position of the tracked tag. Once the initial
position has been determined, the predefined track will also be
fitted. (ii) Unknown Movement. In this case, both the initial
position and the tag’s displacements should be estimated. We
suppose that all of antennas read the tag at the same time, and
then the tag’s displacement every read round could be
calculated using first-order Taylor series expansion. For the
unknown initial position, we leverage the same method of
tracking known movement trajectory to select
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Fig. 1. Overview of RFID system. It shows a conceptual diagram of the radio
wave propagation between an RFID reader and a passive RFID tag.

the optimal one. For achieving real-time performance, a rule to
reduce the computations is also proposed in the paper.

Summary of Results: We build the system using Impinj
R420 RFID reader, four 8dBi antennas and RFID passive tags.
Our main results are described as follows:

(i) When four RFID antennas are deployed around the
monitoring area, TrackT can achieve mm-Ilevel accuracy with
mean error distances of 0.26cm and 0.55cm for controllable and
uncontrollable movements.

(i) TrackT is a real-time localization system so the
computation time for producing an intermediate result should
be less than the time interval of about 33ms between successive
inventories of the same tag. After optimization, TrackT can
achieve a mean of about 11.21ms computation time, which can
meet the real-time requirement.

Contributions: TrackT can capture the known and unknown
movement trajectories of mobile RFID tags with mm-level
accuracy. As far as we know, TrackT is the first to leverage the
phase periodicity with high noise tolerance to track mobile tags.
Besides, we also exploit the localization theory of carrier phase
measurement in global positioning system (GPS) to track
unknown trajectory of the moving RFID tag. As a result,
TrackT with less positioning error and higher real-time
performance can be easily implemented in real applications
based on COTS RFID devices.

The remainder of the paper is described as follows. The
background and empirical studies are introduced in Section II.
The main design of the TrackT approach is presented in Section
I1l. We discuss additional details in Section IV. The
implementation and evaluation are given in Section V. Finally,
Section VI introduces the limitations and concludes the paper.

Il. PRELIMINARIES

In this section, we mainly introduce RF phase, Doppler
frequency shift, session persistence and phase periodicity.



A. RF Phase
For an RF carrier wave at frequency f (Hz), the relation
between frequency f and wavelength A is given by

A= % (meters) @

where in air, the speed ¢ of the electromagnetic wave is equal to
the speed of light, i.e., 3 x 10® m/s. In China, a typical ultra-high
frequency (UHF) reader has 16 channels working at
920~925MHz industrial scientific medical (ISM) band.

As shown in Fig. 1, the distance between an RFID reader
antenna and a passive RFID tag is R. In addition to the RF
phase over distance, RFID hardware instruments including the
reader’s transmit circuits, the tag’s reflection characteristic, and
the reader’s receiver circuits will all introduce some additional
phase shifts ¢ ' Prag and ¢, respectively [12]. So the true

phase @ can be expressed as
2R
(D:¢+N:27z'x7+¢T+ng+¢Tag )
where ¢, the output parameter from the RFID reader, is the
measured phase within [0,27;]. The unknown parameter N ,
an integral multiple of 2, is called phase periodicity.

B. Doppler Frequency Shift

Doppler frequency shift is the shift in frequency of the
received signal at the reader due to relative motion between the
reader and the tag. Assume that the carrier frequency is f and

the signal frequency caused by the Doppler effect is f, , so the
Doppler frequency shift is defined as follows:

fof-2"dp 3)
c dt
where 92 s the radial velocity with which the tracked tag

dt
moves away from or approaches the antenna. The factor of 2
arises from the tag backscattering the reader’s carrier signal.
So the phase shift N caused by Doppler effect is:

n=27x["T(f—f)dt

4
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where p - and p, are the distances from the tracked tag to

the antenna at the time t + AT and t respectively. AT denotes
the time duration of a packet related to EPC length and reverses
linkrate. If p, .. > p,, the tag moves away from the antenna,

i.e, n>0.1f p . < p , the tag moves close to the antenna,

i.e, n<0. This feature is often used to determine tags in

motion versus stationary tags and tag motion directionality.
Considering Doppler effect, the true phase is denoted by

d=¢p+N+n. In COTS RFID readers, the slower reader

inventory modes (e.g. Dense Reader, M=8) should be
configured to measure Doppler frequency shift because longer
measurement intervals typically provide more accurate Doppler

frequency shift estimates. But in this paper, the reader mode
with higher read rate (e.g. Max Throughput) is used in our
proposed method. In this case, the accuracy of the reported
Doppler frequency shifts will be reduced significantly.
Fortunately, since AT is generally at millisecond level for the
low-speed RFID tags, it is reasonable for us to ignore the
impact of Doppler effect on the true phase in the following.

C. Session Persistence

There are two inventory flags of ‘A’ and ‘B’ for a tag. All
inventory flags default to ‘A’ when a tag powers up and the flag
‘B’ is the state when tag power is lost. Regardless of the state of
‘A’ and ‘B’, tags both allow inventory operations. The
persistence of the state ‘B’ is related to the inventory flag
configured by RFID reader and tag power state. Indeed, there
are four search modes in RFID reader, i.e., Dual Target Session
0 (Persistence time Tgs=0s), Single Target Session 1
(Ts=0.5~5s), Single Target Session 2 or 3 (Ts=2~60s) and
Single Target with Suppression (Ts=0.5~5s). For Dual Target
mode, the state of the Session 0 flag persists indefinitely when
tag power is on, but the state of the flag is lost immediately
when tag power is lost. This session mode enables the reader to
read tags continuously, which is suitable for read small batch of
products in static environment. And Single Target mode has a
fixed and limited persistence even when tag power is on; if the
flag has not been refreshed by an inventory operation in more
than the persistence time. This model is suitable for read large
products in dynamic environment [20]. Due to the influence of
multipath propagation and tag population size, the persistence
of state ‘B’ is uncertain for RFID reader, meaning that the time
between successive inventories of the same tag is random. In
summary, a tag can be interrogated for about 30 times per
second under the read mode of the Session 0 flag [21], so the
search mode of Dual Target Session 0 is employed in our
proposed method.

D. Phase Periodicity

Suppose that two successive time-phase pairs are measured
for the same tag, i.e., (t,,¢,) and (t,,,¢,,)- In this case, the

true phase are ®, =¢ +N, and @, , =¢, , + N, ,, and the
Euclidean distances between the RFID tag and the antenna are
p, and p . respectively. We also assume that d, represents

the tag movement distance between t, and t,, . Since the

system suffers from serious packet loss when the tag moves
with a high speed, resulting that the tag even cannot be
interrogated [22], we consider the case where tags move with a
low speed in our system. In addition, the interval between
successive inventories of the same tag is short enough, so it is
feasible to assume d, < 1/ 4 . Based on the triangle constraint,

we have 0 < |pi+1 'Pi| <d,, i.e.,

4
T(Pm - P )‘ = |(Di+1 _(Di| (5)

=|(¢’i+1'¢’i)+(Ni+1'Ni)|<”
Since N; is an integral multiple of 2, the difference of



phase periodicity between two continuous reads, AN, can be
denoted as
0 o~ l<7
27 TL<@Q,—@ <27 ©)
2 2mL@Q @, <7

Note that the time between successive inventories of the
same tag will depend on reader mode, tag population size, and
environmental conditions (e.g. interference levels). While the
RFID reader mode is set to the highest read rate, the minimum
update interval is about 0.5 seconds for the population of 512
RFID tags in the read area. The tag population size in the read
range should be considered to make sure d, < 4/ 4 in practice.

Many methods [23],[24] are proposed to improve the
time-efficiency for large-scale RFID systems.

I1l. TRACKT OVERVIEW

In this section, we give details on our tracking approach in
two cases. In 2D scenario, a tracked RFID tag is aligned with
the center of antennas. We first introduce how to track a mobile
RFID tag’s trajectory in the case of conveyor with known track
that the trajectory function and the tag’s speed are known for us
before tracking. Then we describe how to track the
unpredictable movement that both trajectory function and
speed are unknown in prior.

A. Movement with known track

Assume that the phase sequence read by an RFID reader in
tag’s movement is ¢ ={p,®,,,,....¢,} - While the tag

moves along different trajectories in the monitoring area, the
sequence ¢ is also different from each other. In this case, the

tag movement trajectory could be captured by distinguishing
the corresponding phase sequence. However, it is very difficult
to collect all of phase sequence generated by different
trajectories for a tag moving in the region. In addition, the
reported phase is suffered from the effect of the hardware noise
and external interference, and the time between the two
continuous inventories is random even on the same movement
trajectory. In summary, there are above limitations to capture
the tag’s movement trajectory by comparing different phase
sequences.

The sequence of the difference of phase periodicity is
AN ={AN,,AN,, AN,,..., AN, ,} corresponding to ¢ based
on (6). In our experiment, the measured phase follows a typical
Gaussian distribution with a standard deviation of 0.1 radians,

then Ap =(p,,—¢) ~ N(0,0.lxﬁ) , but the slight

variation of phase estimates has little impact on AN . For
example, due to Ag, =1.2 radians and Ag, = 2.5 radians,

their corresponding AN are both equal to 0. So we consider
that the difference of phase periodicity is not sensitive to noise
interference. Moreover, unlike the phase values varying within
[0,27], AN, has only three certain values, i.e., 0 and +27 .

Therefore, the sequence of the difference of phase periodicity is
employed to track the tag’s trajectory and locate the initial

position in this paper.
1) Preprocessing

In the 2D scenario of RFID tag’s movement with known
track, the tracked target attached on an RFID tag moves with a
constant speed. RFID antennas are deployed around the
surveillance region to read the tag for tracking and positioning.
At present, the most common uniform tracks are a variety of
conveyor belts, including uniform linear and circular track.
Conveyors are widely used for moving and sorting goods
packaged in cartons, boxes, or shrink-wrapped containers. If we
can know the initial position on the track, the following
trajectory can be determined. Based on this observation, we
first make the following assumptions:

(i) Suppose that the tag with uniform motion in the
surveillance region keeps in the stationary state, so each of
fixed antennas uniformly moves along the opposite direction
relative to the tag.

(ii) The surveillance region is divided into W x L square
grids at mm-level (less than 1cm) and suppose that there is a
virtual tag as the same as the tracked one on the center of each
grid.

2) Comparison rule

In the rectangular coordinate system, let the initial coordinate

of the tag be (x (T.).Y (Tl))- Suppose that there are m reader

antennas deployed around the surveillance region to read the
tracked tag. Once receiving n reads for each antenna, TrackT
will calculate the initial position of the moving tag. The j" read
time and phase value measured by the i"" antenna are t(A,,—)
and ¢(A,j ) respectively. The difference of phase periodicity is
denoted by AN (p“). In addition, as the tracked tag moves,

we assume that reader antennas move along the opposite
direction, so the virtual position of the i" antenna is

A, :A,1+{}X|:t(A,j)_t(A,1):| , Where v represents the
speed function of the mobile tag and A, is the coordinate of
the i" fixed antenna, i.e., A= ( X (A,).Y (A,l))'

Definition 1 ¢(Gw,u A,,—) is the j™ theoretical phase value
of the virtual tag on the grid G, , read by the i antenna.
Ignoring the additional phase ¢, , (;Tag and ¢, , the theoretical

phase is defined as follows:
47
¢(G\NYL’AJ):7|G\N,L'A,]| mod 27 (7)
where |G\N,L . A“_| is the Euclidean distance between the grid

G,, . and the virtual antenna A i Also, the symbol “mod”

means the modulo operation because the reported phase is a
periodic function within [o, 2;;].

Definition 2 AN (GW LA ,-) is the difference value of phase
periodicity between ¢(@\N L AJ) and (P(G\N L Am):



0 |p(GuiAs)-2(GuiA)<7
AN (G‘W,Ll AJ) =127 7< (p(GW,L' A,j+1)_¢(GW,L' A,j)S 2z
2r _2”S¢(G\N,L'A,jﬂ)_(p(GW,L’A,j)S_”

Definition 3 Num(G\N L) is called the position correlation

®)

between the virtual tag on the grid Gy, and the tracked tag,
which is defined as follows:

¥ Reader Antenna
4 l 3
ROx 80 em
N (50.30)
+ Tag 4 +
. >
|7 Surveillance region ¥y X

160 X 160 Grids

Fig. 2. Surveillance region. The surveillance region of 80 cmx80 cm is
divided into the number of 160x160 square grids with the width of 0.5 cm and
then mapped into the coordinate system. The XY-axis units are both
centimeters. The antennas 1-4 are respectively deployed on (0,0), (110,0),
(100,110) and (0,110). The tracked tag moves along a known track from the
initial position of (50,30).

Num(GW'L):iZn;:Z_i: f[AN(A;).AN(Gy . A;)] @)

where m is the number of antennas, n is the read times in a read
round for each antenna and f [AN (A,j)!AN (GN,L’ A,,—)] is

the position correlation function between AN(A,;) and
AN(Gy, . A

() an(eu, A< () ) e @0

The smaller the distance of the tracked tag to the virtual tag
on the grid is, the larger the value of Num,, , is. In this case,

the grid with the maximum Num(G\N ) could be regarded as

L
the optimal position of the tracked tag.

To visually understand this idea, let us consider the simple
example shown in Fig. 2. The range of surveillance region is
80cm < 80cm composed by 160x160 square grids with the
width of 0.5cm. The RFID reader antennas 1-4 are deployed
on both sides of surveillance region, where the coordinates of
antennas 1-4 are respectively (0,0), (110,0), (100,110) and
(0,110) in unit of centimeter. The initial position of tag before
the tag movement is (50,30), moving along the negative
direction of x-axis with the speed of about 20cm/s. We collect
the about 300 phase values by all of antennas in 2.5 seconds, so
the expected maximum of Num,, , will research 296. In Fig.

3, the maximum point on the grid W=100, L=60 is 286,
meaning that the position of the virtual tag on the grid is closest

to the tracked tag. The corresponding coordinate is
(49.75,29.75), deviating from the ground truth about 0.3536¢cm.
However, in our experiment we find that there may be multiple
candidates as the number of collected phase data decreases. In
Fig. 4, if we calculate Num(GW,L) only using the phase from

antennas 1 and 2, we have Num (Gloo,eo) = Num (665’53) —144.

The corresponding coordinates are respectively (49.75,29.75)
and (32.25,26.25), and the distance between the two
coordinates is 17.85cm. So we believe that phase periodicity
results in multiple maximums in the surveillance region.

Fig. 3. The optimal position on the grid. The tracked tag locates potentially on
the grid of W=100, L=60 with the maximum position correlation.

Fig. 4. Position ambiguity. With the decrease of collected phase data, there
are two grids with maximum values, resulting in the position ambiguity of
tracked tag.

3) Differential true phase for position ambiguity
In the following, we introduce how to eliminate the position
ambiguity based on the true phase defined in Section II.

Definition 4 q;(c;w LA ,—) is the j™ true phase of the virtual
tag on the grid G, , read by the i" antenna. Here, we also
ignore ¢, Prag and ¢, , so the true phase with phase

periodicity is denoted as follows:
A
cD(G\/\/,Lv AJ) = 7|G\N|_ : AJ|
Definition 5 CD(A ) is the j™ true phase of the tracked tag

i

(1)

read by the i" antenna:
D(A;)=0(A;)+N(A))
where @(A’j) is the reported phase value and N (A,,—) is the

(12)

phase periodicity of the tracked tag.
Definition 6 ACD(G\N L) is called Single Difference, which

is calculated by



A0(6y,)= 2% (%)
=206 AN (G A [o(A) N (4)]

where N(A,—) is an unknown parameter for us and

(D(GWxL‘Avi)_cD (13)

n

NGy A is the phase periodicity of virtual tag on the grid

Gy - Based on the known distance |QN,L'A.,-|' we have

iys
N(G\N,L'A.j):[7|G\N,L'A.j|\2ﬂ-jX2ﬂ- ,  Where the
symbol ‘\’ represents the quotient operator to obtain quotient of

47”|G’W,L'A.j| and 27 .

Obviously, the closer the virtual tag on the grid is to the
initial position of the tracked tag, the smaller the value of
AD,,  is. Next we will take difference of the single difference

to eliminate the unknown parameter N A
)

Fig. 5. The results of double difference. Compared with the values of double
difference on the grids of W=100, L=60 and W=65, L=53 with same position
correlation in Fig. 4, the optimal position is on the grid of W=100, L=60 with
the minimum value. And the positioning result of TrackT on the grid of
W=100, L=60 has a lower error distance than that of DAH on the grid of
W=100, L=62.

Definition 7 DiffAcD(GW‘L)iS called Double Difference,
which is calculated by:
)-S5 [0 (e n)-o(a)o(E A)-

Hence, the initial coordinate can be calculated by the
function f[x(-rl) Y Tl)]:min[DiffA(p(G\N'L)]. And double

difference can reduce the effect of measurement noise as much
as possible, which can be proved as follows:

For the j" and k" phase values collected by the i antenna, we
have

[o(GuuA)-0(A)[-[@(6u.A)-o(AL)]
~[@(GuiA)-0(Gy A ]-[@(A)-2(AL)]

- %UGW,LAJ\—\GW,L-A,k\]—[w(A,j)—¢(A,k)+N(A,,—)—N(A,k)}\
For the uniform linear track, as the tracked tag moves away
from the initial position, we have:
max|N(A,)=N (A, )| =[N(A,)=N(A,)] (9

Note that for the other motion trajectories, we also assume

DiffA®(G, \(14)

(15)

that k =1, although the value of N (A,—)—N (Al) will not
be the maximum. Then N (A,—)—N (An) can be expressed

as:

N(A;)-N(A,)
:[N (AJ)_ N (A‘H)}I{N ('L\H)_ N (A‘H)}’--*[N (A,)-N (Amﬂ
Y (XY ) A
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17

’f

Mobile Tag
A, 1/

Sy, )F

‘ (XAJ ’ YA4 )
Reader Antenna 4

_____ (XAz ’ Y”Iz )
Reader Antenna 2
Reader Antenna 1 X
O ()

Fig. 6. Curvilinear motion. The RFID tag moves with unpredictable
movement in the monitoring area.

Based on (6), we depend on the collected phase,
N NN ¥ to calculate the every difference value of

N(A;)=N(A.):

Because all of (0(,6“)(1':1,2,_,_) are independent

standard normal random variables with the same distribution,
ie. p(A;) = N(0,0) for the i antenna, we have

[¢’(A,;)‘¢’(A,1)] ~ N(0,v2xc) . As described before,

o = 0.1radians, so the standard deviation of phase difference
is 0.14 radians. However, since |N (A J,)_ N (A1)| = 2k, the

value will be far larger than 0.14 radians. In this case, the
variance of phase values caused by thermal noise and external
interference has little impact on the final result of
Difqu)(GW‘L) for different antennas. In this way, TrackT has

strong noise tolerance to multipath effect in practice.

Then we put all of candidates with the same position
correlation into (14) to calculate the results of double difference,
so the grid with the minimum value is considered as the final
position of the tracked tag. In Fig. 4, there are two candidates
on the grid of W=100,L.=60 and W=65,L=53 and the
corresponding values of double difference are respectively

DiffAD (G0 ) =12.76 aNd DIffAD (G, ;) =70.89 - The

optimal position is obviously on the grid of W=100, L=60 and
the corresponding coordinate is (49_75, 29_75). The distance

error deviates from the ground truth about 0.3536cm. In
addition, there is a minimum value on the grid of W=100, L=62
in the surveillance zone. The corresponding double difference
is DiffA(I)(GlOO’GZ):]_]__ZS , and the distance error is

0.7906cm. The positioning accuracy in TrackT has a lower



error distance than that in DAH [19] based on only double
difference, which will be verified in the Section V.

B. Movement with unknown track

As shown in Fig. 6, an RFID tag moves along the curvilinear
track in 2D scenario. Similarly to the previous method of
tracking the known trajectory, we also assume that each of
antennas moves in the opposite direction of the tag movement.
The time interval between the j" and (j+1)" inventories of the
tracked tag read by the i antenna is At(A j), so during the

time interval, horizontal and vertical displacements of the i
antenna relative to the tag can be respectively represented as

5x(A,'j) and 5Y(A,j) , Wwhich is subject to

2 2 A
max(\/[ﬁx(m)] +[5y(A1j)} jgz.

RFID employs a slotted-aloha media access scheme, which
means that the order in which tags are inventoried will be
random [20],[25], so antennas can’t read the tag at the same
time. Suppose that in every round each antenna reads the tag
one time. The Euclidean distance of the tracked tag to the i"
antenna is P(A,j) at the time t(A,,—) . Based on the

relationship between the true phase cp(Aj) and the distance

of the tag to i"" antenna, we have

p(A)=2=[o(A,)+N(A,)]
:\j[x ()= X (A j)T +[Y (m)-Y (AU.)T

where (x (Tl),y(Tl)) is the unknown initial coordinate of

(17)

the tracked tag in the curvilinear motion and
(x (A;).Y (A J)) is the coordinate of the i" virtual antenna

at the time t(An )

A first-order Taylor series approximation can make
unsolvable problems possible for a restricted domain [26]. So
we compute a first-order Taylor series expansion around the

point (X(A,j)!Y(A,j)) of the function P(A,j):

p(A)= X (0)-X ()] +[Y (1) (a,)]
~ N X(T)-X(A) Y(T)-Y(A)
R o)

where the coordinate point of the i'" virtual antenna at the time
t(A J_ ) can be denoted by

{X (A)=X(AL)+ox(A L)
Y(A;)=Y(AL)+0y(A L)
) and (A‘j),we have

(18)

(A )+ 5y(A )

(19)

For P(A

p(A;)-,(A L)
= oA o(A, )N (A,) ()] @)
=J[X<T>—x(A W] Y @)=Y (AT - p(A )

Thus,
Lo(As)-0(A ) +N(A,)-N(A )] (21)
QW&(A“%WW(A.H)

p(A,j—l p(A,j—l

In our experiment, we deploy 4 directional antennas to
acquire phase data for tracking a mobile tag accurately. Since in
a round the read time among different antennas are very close to
each other, about 33ms, it is reasonable for us to assume that
each antenna reads the measured phase at the same time, which
means the tag displacements measured by 4 antennas between
successive  read rounds are the same, i.e,

ox(A ) =0x(A.,) and sy(A,,)=5y(A,,)- Based on

phase data collected by 4 antennas, the equation (21) can be
denoted in matrix form, i.e.,

Ax =B (22)
where
X (M) -X(Ay) Y(T)-Y (A) |
P(AL) p(AL)
X(T)-X(AL) Y(T)-Y (A L)
A p(Az,j—l) /’(Az,j—l) ’
X(Tl)_X(A3,1—1) Y(Tl)_Y(AS,j—l)
P(Aa) P(A )
X (M) =X (Ana) Y (T)-Y(Aa)
p(AAJ‘—l) p(AM—l) ]
(A“) (p(A-lJl)JrN(ALj)_N(ALj—l)
o 2 |2(As)=o(An) =N (A )-N(A L)),
ar (ASJ) ¢(A311)+N(A3,j)_N(Aa,j—1)
( ) ( ) N(A4,j)_N(A4,j—1)_
X:[5X( j_1)§y( AL (522)

The coordinate (0, 0) is firstly chosen as the initial point of
the tracked tag. We can estimate the displacement X of virtual
antennas using least squares [27], [28]. After enough
displacements are generated, the unknown initial coordinate
(x (T).Y (Tl)) can be calculated by acquiring the maximum

values of the position correlation Num(G\N . ) and eliminating

the position ambiguity as the same process as tracking the
known trajectory of a mobile tag. In addition, since the virtual
antennas move in the opposite direction to the tracked tag, the
horizontal and vertical displacements of the tag in practice are



Sx(T,)=—-ox(A,,) and sy(T,)=-5y(A_,) S0 a

completed trajectory of unknown movement is fitted from the
above steps.

IVV. DiscussIioN
In this section, we attempt to answer some practical issues.
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=
// ~:.‘:\\_\ plTag A,)

Fig.7. The rule of reducing computations. If the tracked tag maybe on the grid,
the distance difference between P(Gw LA ) and p(Tag, A ) should

be less than ﬁ a-
2

A. How to reduce the computations in TrackT?

We know that the read range of a reader’s antenna is
generally about 10m, so the surveillance region composed of
multiple antennas is so large enough that the number of grids at
mm-level in the region is also huge, which will jeopardize the
real-time tracking capability.

From Fig. 3 and 4, the value of the deeper blue grids is
smaller than others. That is to say, the ground truth of tracked
tag doesn’t exist on these grids so the related computation is
unnecessary for us. As shown in Fig. 7, assume that the grid
width is a, the distance from the center of grid to four angles is

ﬁ a and the distances from the grid centroid and the position
2

of tracked tag to the i™ antenna are respectively P(QN,U A)
and p(Tagv A) )

|P(GW . A)—p(Tag, A)| gﬁa. The measured phase of
’ 2

If the tracked tag is on the grid, then

the tracked tag by the i"" antenna A is o(A)- Ignoring the

phase periodicity, the phase of the virtual tag is

G, ., A) :w mod 2. If the tracked tag is on
' A

the grid G,, . then %[w(G\NYL'A)_¢,(A)] Sga. So we

only need to compute the position correlation Num(G\N L) of

the grid meeting the above limitation. Our evaluation shows
that 65% of computation will be reduced using this method.

In addition, the limitation will not affect the positioning
accuracy. For example, in Fig. 3 we calculate Num(G\N,L)

between virtual tags on the every grid and the tracked tag. Here,
we use above limitation to reduce computations and the result is
shown in Fig. 8. A majority of non-candidate grids can be

ignored because the values of Num(G\N L) for many grids are

equal to zero. And the maximum value of Num(G\N L) is

equal to 202 on the grid of W=101,L=60. The corresponding
coordinate is (50.25, 29.75) and the distance error deviates
from the ground truth about 0.3536cm. As a result, the
optimization method to reduce the computations will be
employed in the following experiment.

Fig. 8. The optimized result Compared with Fig. 3, the positioning results
before and after optimization have the same distance error deviated from the
ground truth.

Tag

*MHEE

[ ]
Fig. 9. 3D space. The tag and the center of antenna aren’t on the same plane.
In this case, the surveillance plane is composed of cubes with mm-level width,
which will be inevitable to increase computations.

B. How to work with Multipath effect and Non-Line of Sight?

Multipath effect is a common issue for wireless localization
systems. Undesired signals in the actual environment can
combine with the primary backscatter, thereby increasing or
decreasing the received signal power at the antenna receiver.
The signal propagation along Non-Line of Sight (NLOS)
introduces multipath effects to challenge the accuracy in phase
measurements.

TrackT works with multipath effect from three aspects. At
first, the difference values of phase periodicity with strong
noise tolerance are mainly leveraged in TrackT to locate RFID
tags. TrackT finds the optimal trajectory of the mobile tag by
multiple reads. Second, the tag’s mobility can help antennas
read phase data from different directions. Lots of measurements
from various directions can reduce the influence of multipath
effect. Third, there are generally 16 frequency channels for an
RFID reader. We can select the most sensitive frequency to the
tag in order to reduce the impact of multipath propagation.
Currently, there have been many excellent solutions [29], [30]
in recent years. Their basic ideas are to find out the direct path
among all paths.

C. How to handle with 3D scenario?
In practice, it is impossible that all of tags are aligned with the



center of antennas. In Fig. 9, the distance 4 from the tag to the

center of antenna is larger than « . If we suppose that they are
on the same plane, it will be inevitable to increase positioning
error. In order to obtain the accurate trajectory, we can extend
our method to 3D scenario. In this case, the surveillance plane
is composed of cubes with mm-level width. However, the
computation of tracking tags in 3D space is greatly huger than
that in 2D scenario, which will reduce real-time performance.
So we will take further study in our future work.

Laser
Rangefinder

Fig. 10 (a). Linear Track

W RFID Asteona

' -
Fig. 10(b). Circular Track

V. IMPLEMENTATION AND EVALUATION

In this section, we present the implementation and conduct
performance evaluation on the prototype.

A. Implementation
1) Hardware

We implement our method using an Impinj R420 RFID
reader, four 8dBi directional antennas and Impinj H47 RFID
tags. The RFID reader is configured as the fastest RF mode
(Max Throughput, Dual target and Session 0) to improve read
rate. The antennas with the size of 280mmx280mmx40mm are
connected to the Impinj R420 reader. In China, UHF RFID
operating frequency band is 920.625MHz~924.375MHz with
500 kHz channel spacing. Here, the fixed frequency, 920.625
MHz, is selected in our experiments. A plastic toy train
attached with Impinj H47 tags moves with the constant speed of
20cm/s on the track.

Two kinds of motion trajectories are deployed in our
experiment- Linear Track and Circular Track.

Linear Track: Antennas 1, 2 and 3, 4 are respectively

deployed on both sides of the track. In the rectangular
coordinate system, the coordinates of the antennas are (0,-60),
(100,-60), (100,50) and (0,50) respectively, as shown in Fig. 10
(@). The center of antennas perpendicular to the track is
assigned with tags attached on the toy train. The Euclidean
distances from antennas 1, 2 and 3, 4 to the track are
respectively 60cm and 50cm. The length of linear track is 80cm.
Then we start the toy train with the speed of 20cm/s. Ignoring
the non-uniform motion state at the beginning, the initial
position of the first tag is (40,0).

Circular Track: Antennas 1, 2 and 3, 4 are respectively
deployed around the surveillance region and the coordinates of
the antennas are (-150,0), (0,-150), (150,0) and (0,150)
respectively , as shown in Fig. 10 (b). The center of antennas is
also assigned with tags. The radius of the circular track is 50cm.
The initial position of the tag is (50,0).

In the following experiment, the grid width of the
surveillance region is set to 0.25cm. All of experiments are
implemented in a relatively open indoor environment to reduce
the influence of multipath propagation and environmental
interference as much as possible.

2) Software

We depend on LLRP Toolkit programmers guide [19] to
write RFID applications communicating with the R420 RFID
reader in C#. The software is shown in Fig. 11. The collected
RF phase estimates are handled in Matlab R2010a to evaluate
the TrackT performance. We run the software at a Lenovo
Thinkpad X220i computer equipped with dual processor CPU
of Core i3 2370M processors at 2.4 GHz.
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Fig. 11. Software Interface.

B. Evaluation for known track

1) Error distance between TrackT and DAH

We use the scenario of linear track to evaluate the error
distance between TrackT and DAH. The error distance is
defined as the Euclidean distance between the ground truth and
measured position. In the experiment, the mean of time
between the two successive inventories of the same tag for an
RFID antenna is about 0.033s. Since the tag moves along the
track at the speed of 20 cm/s, the mean displacement is about
0.66cm, far less than A /4. We collect the reported phase from
four antennas within 2.5seconds. The experiment repeats for 50
times respectively. The cumulative distribution function (CDF)
of position error based on TrackT and DAH are described in Fig.
12 and 13. TrackT has a mean error distance of 0.18cm, 0.16cm
and 0.26cm in x-axis, y-axis and combined dimension,



outperforming the DAH method. Most of combined error
distances of TrackT are less than 0.5cm. So TrackT can
significantly improve the accuracy of RFID positioning.
2) Impact of tag number

In the experiment, we attach 3-10 tags respectively on the toy
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Fig. 12. Tracking in linear motion of RFID tags using TrackT.
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Fig. 13. Tracking in linear motion of RFID tags using DAH.

train to evaluate the impact of tag number. The time to collect
phase data is 2.5s. As the number of RFID tags increases, the
mean of time between two successive inventories of the same
tag for an RFID antenna will increase accordingly. In this case,
the total number of captured phase data for each tag will
decrease within the interval of 2.5s. From Fig. 14, when there
are 3 tags attached on the toy train, the mean of combined error
distance is 0.38cm with the standard deviation of 0.15cm.
However, when there are 10 tags on the toy train, TrackT
obtains a mean combined error distance of 0.72cm with the
standard deviation of 0.31cm. Therefore, as the number of tags
in the surveillance region increases, TrackT should take more
time to receive enough reads for keeping the high positioning
accuracy.
3) Realtime performance

TrackT is a real-time tracking system. Once the RFID reader
collects a measured phase, TrackT will compute the phase
difference between the current phase and the former one. The
final tracking result will be released after enough reads have
been received in the system. As depicted in Fig.15, the accuracy
tends towards stability when the total number of reads from all
of antennas is more than 70 times. In addition, if there is only
one tag in the surveillance region, the time between successive
inventories of the same tag is 33ms as described before. In this
case, the mean of time interval for each calculation should be
less than 33ms in order to maintain the realtime performance of
TrackT. In Section 1V, we have discussed how to reduce the
computations, so the method is conducted here to evaluate its
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effectiveness. The experiment repeats for 50 times respectively
with optimization and without optimization. Suppose that the
computation time of outputting tracking result after 70 reads is
t, so the mean computation time between the two successive
inventories is t/69.
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Fig. 14. Impact of tag number. As the number of tracked tags increases, the
positioning accuracy will be reduced.
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Fig. 15. Stability for known track. The accuracy tends towards stability when
the sum of reads from all of antennas is more than 70 times.
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Fig. 16. Real-time Performance. After dptimization, a mean time of each
calculation is about 11.2114ms with a standard deviation 0.5818ms, which can
meet real-time performance.

The experimental results are shown in Fig.16. A mean time
of each calculation is 72.81ms and a standard deviation is
10.06ms without optimization, which far exceeds than 33ms.
The generation with optimization keeps a low time cost,
achieving a mean time of 11.21ms with a standard deviation
0.58ms. So the optimization method described in Section 1V is
effective to make the system meet the real-time requirements.
4) Impact of antenna position

At first, we deploy antennas 1-4 on both sides of the circular
track with the initial coordinates of (0,-150), (100,-150),
(100,150) and (0,150). As the vertical distance of each antenna
to the center of the track varies from 1.5m to 6m, the impact of
antenna position on tracking accuracy is shown in Fig.17. With



the increase of the distance to the track center, the positioning
combined error will also increase, and the error mainly comes
from the y-axis rather than x-axis. However, when we deploy
antennas around the circular track and repeat the above
experiment, we find that the combined error is unrelated to

yetance(cm
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Fig. 17. Impact of antenna position. While antennas are deployed on both
sides of the track, the localization error will increase as antennas move away
from the track.

distance and the positioning results is absolutely stable with the
localization error of about 0.35cm. From above experiments,
the tracking accuracy is related to different deployments of
antennas. In the following, we use an example to further discuss
such a difference.

Four RFID antennas are deployed on both sides of the
circular track, where the coordinates of antennas 1-4 are
(0,-600), (100,-600), (100,600) and (0,600) respectively. The
initial point of the tracked tag is (50, 0). Fig. 18 shows the result
of the position correlation for each grid after optimization. The
maximum of the position correlation on the grid W=100,L=65
is NUM,g, ¢ =1346 , SO the corresponding coordinate is (50,

32.5) and deviates from the ground truth by 32.25cm. The error
mainly comes from the y-axis. Also, there exist many possible
candidates because the values of Num,, , on these grids are

very close to each other. However, if we deploy antennas
around the monitoring area, where the coordinates of antennas
1-4 are (-600,0), (0,-600), (600,0) and (0,600) respectively, can
the error from x-axis and y-axis be cancelled out each other?
The maximum on the grid W=100,L=1 is Num,,, =1174 in

Fig. 19, so the corresponding coordinate is (50,0.5) and
deviates from the ground truth by 0.5cm. Therefore, we can
obtain a high accuracy when antennas are deployed around the
surveillance region.

From the experiment, when we deploy antennas on the both
sides of the track, the distance between antennas and the track
should not be far, and it is reasonable to keep it within the 3m,
otherwise there will be a large positioning error. The main
reason of decline in accuracy of localization is resulted from
dilution of precision (DOP) [31]. Like GPS, the accuracy of
RFID tracking system depends on the geometry of reader
antennas.

The RFID antennas 1 and 3 in Fig. 19 lie in a direction
orthogonal to that of antennas 2 and 4, giving a relatively small
region in which the object tag must lie with some degree of
certainty. And the object tag’s X and Y coordinates are
determined with equal precision. For example, in Fig. 20 the
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uncertainty region (the intersection of the circular lines) is
small (low DOP). In Fig. 18, however, the antennas 1, 2 or 3, 4
are very close to each other, resulting in a considerably large
uncertainty region, so the positioning accuracy will be diluted
in some extent.

Fig. 18. Position ambiguity while antennas are deployed on both sides of the
monitoring area.

Fig. 19. The elimination of position ambiguity while antennas are deployed
around the monitoring area.
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Fig. 20. Low dilution of precision. The RFID antenna 1 lies in a direction
orthogonal to that of antenna 2, giving a relatively small region (the intersection
of the circular lines), so the position uncertainty of the object RFID tag is small.

As a result, it is a feasible way to reduce the uncertainty
region by increasing RFID antennas deployed in the
surveillance region. Further, the antennas should be deployed
around the track [32, 33] to obtain more stable and higher
positioning results under the permission condition.

C. Evaluation for unknown track

We use the scenario of circular track described before to
evaluate our method to track the unknown trajectory. The toy
train attached on a tag moves anticlockwise along the track at a
constant speed of 20cm/s and the initial position of tag is (50,0).
The tag on the toy train moves 10 laps anticlockwise within
about 157 seconds. We collect phase data during the time to
estimate the tag’s moving speed and tracking accuracy.



1) The estimated speed

At first, we evaluate the speed of tag movement. In Fig. 21,
the arrow represents the velocity vector calculated in every read
round. In the experiment, the estimated speed has a mean of
19.11cm/s while the ground truth speed is 20cm/s. Fig. 22
illustrates that the estimated speed tends towards stability after
more than about 200 reads are collected by four antennas.

Fig. 21. Estimated speed for unknown track. The estimated speed has a mean
of 19.11 cm/s while the ground truth speed is 20cm/s.
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Fig. 22. Stability for unknown track. The estimated speed tends towards
stability after more than 200 reads are collected by four antennas.
2) The accuracy between the fixed trajectory and the ground
truth

In Fig. 23, each point represents the estimated tag position
based on the collected phase in every round while the red line
represents the ground truth. In the experiment, we extract the
coordinate points whose x-axis coordinates are within [-50,50],
to calculate corresponding y-axis coordinates in the circular

track, which is regarded as the ground truth in y-axis dimension.

So TrackT has a mean error distance of 0.37cm with the
standard deviation of 0.53cm in y-axis dimension. Similarly,
we can also acquire a mean error distance of 0.41cm with the
standard deviation of 0.62cm in x-axis dimension by extracting
the coordinate points whose y-axis coordinates are within
[-50,50]. Finally, the mean combined error distance is
approximately 0.55cm with the standard deviation of 0.75cm.

V1. Conclusion

In this paper we mainly achieve to track mobile tags based on
phase collected by the COTS RFID reader. The difference of
phase periodicity deduced by reported phase has strong
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tolerance to multipath effect, which is employed to acquire all
of candidates in the surveillance area. On this basis, we
calculate the double-difference values corresponding to these
candidates and select the minimum value as the final position.
In addition, since the time between successive inventories of
the same tag is short enough and an RFID tag are not moving at
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Fig. 23. Tracked positions. Each black point represents the localization result
of TrackT in every read round.

a high speed, we use a first-order Taylor series approximation
to compute a tag’s displacements every round of antenna
scheduled. Moreover, the rule of reducing computation is also
proposed in this paper to make TrackT meet real-time
performance. The results of our experiment demonstrate that
TrackT can be applied to track known and unknown movement
trajectory with high accuracy in real time.

The limitations and practical deployment issues are as
follows:

(i) Tag population size. Our current design is to track a small
amount of RFID tags at the same time because the time between
successive inventories of the same tag will depend on tag
population size. While large-scale RFID tags exist in the
surveillance zone, the moving distance will be large than A/ 4
during the time interval, leading to the failure of our
localization system.

(if) Calibration of antenna coordinates. Before tracking
RFID tag movement trajectory, the system needs to calibrate
accurate positions of each RFID antenna at first. This is because
the phase is very sensitive to the distance between the tag and
antenna. We employ a RFID tag fixed on the known position
and a laser rangefinder with high measurement accuracy to
calibrate the location of RFID antenna, thereby improving
localization accuracy.

In the future, we will rely on captured RFID tags’ movement
trajectory to recognize human motion gestures, which can be
used in virtual reality.
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