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Accurate AoA Estimation for RFID Tag Array
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Abstract—Angle-of-arrival (AoA) estimation is an important
problem in passive RFID systems. Affixing an RFID tag array to
an object enables to acquire its orientation information. However,
the electromagnetic interaction between the tags can induce
mutual coupling interference, distorting the RFID fingerprint
measurements used for AoA estimation. Moreover, RFID reader
modes with radio frequency (RF) noise-tolerant Miller encoding
can induce 7-radians phase jump. In this paper, we propose a
scheme called RF-Mirror that can resolve the mutual coupling
and phase jump problems and achieve accurate AoA estimation
for an array with two or more tags. Firstly, we characterize
the impact of mutual coupling on a tag’s signal fingerprint
and develop novel RSSI/phase-distance models. We then develop
new experimental methods and signal processing techniques to
verify the effectiveness of the proposed models. Based on the
validated models, we develop new AoA estimation algorithms for
tag arrays that deal with the mutual coupling effect explicitly. We
provide extensive experimental results, which demonstrate that
RF-Mirror can achieve significantly improved performance com-
pared to baseline schemes, with median AoA estimation errors
of 11.65° and 6.29° for two- and four-tag arrays, respectively.

Index Terms—RFID, Mutual Coupling, Angle of Arrival, Tag
Array, Phase Ambiguity, Radiation Pattern.

I. INTRODUCTION

ASSIVE radio frequency identification (RFID) uses wire-

less signals to identify battery-free RFID tags, even in
non-line-of-sight (NLOS) scenarios. Many commercial-off-
the-shelf (COTS) readers can report each tag’s backscatter
signal fingerprint, including received signal strength indication
(RSSI) and radio frequency (RF) phase, to indicate the distance
relationship between a tag and a reader antenna. Recent studies
[1]-[8] consider the use of an RFID tag array affixed on an
object, while single-tag solutions only attach one RFID tag on
a tracked object. In addition to estimating position information,
the tag-array based solution can indicate the orientation of an
RFID-tagged object by calculating the difference of phases be-
tween adjacent tags, called phase difference of arrival (PDoA).
In an RFID tag array, however, the tag mutual coupling
effect is induced by the electromagnetic interaction among
tags, thereby changing the radiation pattern (i.e., tag gains
in different directions) and antenna impedance of each tag
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[9]-[11]. More intuitively, this effect can significantly impact
the reading performance of the RFID system and distort the
RSSI and RF phase measurements (as will be elaborated in
Section II. A). Some previous methods [3], [12]-[14] may
only measure the relative orientation change, meaning that the
reported angle is not a real value of the tag array relative
to a reader antenna. When performing localization, these
methods may minimize the impact of tag mutual coupling by
fusing RF phase measurements from multiple reader antennas.
The works [9], [11] proposed an inductive coupling model
to describe the change in the RFID signal amplitude (i.e.,
RSSI) due to the tag mutual coupling. However, this model
cannot characterize the tag mutual coupling impact on the
RF phase. The Angle of Arrival (AoA) estimation requires
accurate RF phase measurement of each tag in the tag array
to calculate PDoA. Tagyro [2] is the first system that deals
with the coupling effect in PDoA-based orientation tracking,
by using a virtual spacing between each pair of tags in the tag
array. However, since the impact of tag mutual coupling on
the RFID fingerprint is direction-dependent, Tagyro may not
always work well. Hence, accurate AoA estimation in a tag-
array based RFID system is still a challenging open problem.

In tag-array based AoA estimation, we still face the follow-
ing two major challenges that need to be overcome.

1) RF phase model under tag mutual coupling: In AoA
estimation, we need to calculate accurate PDoA values based
on RF phase measurements. However, most existing tag array-
based systems perform localization or orientation tracking
using an ideal RF phase-distance model [7], [15], [16], which
does not contain any terms to characterize the change in each
tag’s RFID fingerprint due to the tag mutual coupling effect.
And the phase distortion for each tag element may be different,
which cannot be directly removed in calculating PDoA.

2) m-radians phase jump: Some RF phase measurements
may contain 7-radians phase jumps, meaning that a reported
RF phase may be the true value or the true value plus/minus 7
radians (as will be detailed in Section II. B). This phenomenon
often happens when an RFID reader is set to the standard mode
with Miller encoding, including ‘Hybrid’, ‘Dense Reader M4’,
‘DenseReaderM4Two’ and ‘DenseReaderM8’. To remove the
phase jump, we can directly perform a modulo-7m operation
on RF phase. However, since the processed phase is within
[0, 7], the spacing between adjacent tags should be less than
one-eighth wavelength (one-fourth wavelength corresponds
to the RF phase range of [0,27]) to determine the unique
AoA estimate. This tag-array setup with smaller spacing may
decrease the AoA resolution and make the estimate sensitive to



measurement noise [17]. In addition, to our knowledge, most
prior RFID systems work in the mode of ‘Max Throughput’
with FMO encoding. This reader mode can provide a faster
reading rate and is free from the impact of the m-radians
phase jump. However, the RFID signal is very sensitive to RF
noise interference and some tags may be harder to be read,
especially in a scenario where multiple readers work at the
same time. This problem has not been investigated in previous
RFID sensing works.

In this work, we propose a scheme RF-Mirror that enables
to accurately estimate the AoA of RFID signals received at
a tag array from a reader antenna, in the presence of the
mutual coupling effect and w-radians phase jump. RF-Mirror
can work at FMO- and Miller-encoding reader modes. RF-
Mirror is developed by taking into the mutual coupling effect
account and then leveraging it to mitigate m-radians phase
jump in AoA estimation. It allows the use of RFID arrays
with tags spaced more flexibly, via addressing both the mutual
coupling and phase estimation ambiguity issues. RF-Mirror is
demonstrated to work well on various arrays built with two and
more tags. Our main contributions are described as follows.

1) We develop novel phase- and RSSI-distance models
for an RFID tag in a tag array with many new updates,
including the introduction of mutual coupling characteristics
and 7-radians phase jump. Our models provide more accurate
characterization for RFID signals received at a tag array.

2) We develop novel signal processing techniques to verify
the proposed fingerprint models. Such procedure is conducted
only using RSSI and RF phase measurements in the absence
and presence of tag mutual coupling, respectively. We also
propose several algorithms to estimate the parameters in our
models, including tag hardware-related phase shift, tag radia-
tion pattern and reflection coefficient. We conduct a series of
validation experiments, which shows that the simulated RFID
fingerprints can match well with the actually-measured ones.

3) We develop novel AoA estimation methods based on
our models for multi-tag arrays, only using RFID fingerprint
measurements. For a two-tag array, we develop an easy-
to-implement method via decoupling the mutual coupling
between tags. To achieve this, we pre-estimate some constant
parameters independent of positions and directions of RFID
tags relative to a reader antenna. Comparatively, decoupling in
an array with more than two tags is more complicated since
the tag mutual coupling effect induces much different impacts
on each tag. It is challenging to estimate those constant terms
like the two-tag array based solution. Instead, we propose a
fingerprint matching method for AoA estimation, with the
collection of prior knowledge of RFID fingerprints of all
tags in pre-defined directions. These methods enable efficient
removal of the mutual coupling effect and the 7-radians phase
ambiguity in AoA estimation.

4) We provide extensive experimental results to verify the
effectiveness of our RF-Mirror scheme. RF-Mirror is shown
to significantly outperform several baseline schemes, achieving
the median AoA estimation errors of 11.65° and 6.29° on two-
and four-tag arrays, respectively. The experiment also shows
that RF-Mirror is robust to different multipath scenarios, tag
array deployment, and tag types.

II. PRELIMINARIES

This section demonstrates the tag mutual coupling effect
and the m-radians phase jump problem.

A. Impact of tag mutual coupling

At first, we present an example to show the impact of tag
mutual coupling on RSSI and RF phase. As shown in Fig. 1a,
an Impinj ES1 tag T; is fixed at the distance of 100 cm
away from a reader antenna. Another tag 75 of the same type
is placed in parallel to 73. The centers of the tags and the
reader antenna are in the same plane. The operating frequency
is 920.625 MHz. The reader mode is configured at ‘Dense
Reader M4’. We use a mod-7 function to remove m-radians
phase jump which will be described in detail in Section II.
B. Each tag is written with a unique electronic product code
(EPC) for identification. We read 77 many times and calculate
its average RSSI and RF phase.

The experiment results in Fig. 1b and Fig. 1c show the
changes in the RSSI and RF phase for 77, respectively. Among
them, the two straight lines are the values measured in the
absence of 7T, (we remove 75 from the reading zone such
that it has no effect on 7%7). When 75 is present near 77 and is
moved away from 2 cm to 40 cm at 1 cm spacing, the RSSI and
RF phase for T} change significantly, i.e., they swing about
and converge to the values when 75 is absent. The results
indicate that with tag mutual coupling in practical arrays or
when tags are close to each other, the tag fingerprints may
divert significantly from the ideal models without coupling.
Thus, the impact of tag mutual coupling should be taken into
account to get accurate AoA estimation.

B. Impact of m-radians phase jump

Let us look at another example to show the phenomenon of
the 7-radians phase jump. A COTS reader (e.g., Impinj R420
used in this experiment) is configured in all standard modes,
including ‘Max Throughput’, ‘Hybrid’, ‘Dense Reader M4’,
‘DenseReaderM4Two’ and ‘DenseReaderM8’, respectively, to
measure each tag’s RF phase. The tag and reader antenna are
respectively fixed at the same position each time.

The experiment result in Fig. 2 shows that except for
‘Max Throughput’, other reader modes all induce the -
radians phase jump. The ‘Max Throughput’ mode adopts a
straightforward FMO encoding at the tag end, making the
reader more easily detect a tag state transition in each symbol
[18]. The reader may take the RFID data stream into account
to correct the phase jump. To our knowledge, most existing
RFID works are generally configured in this mode. However,
this mode is inefficient for suppressing RF noise interference,
especially in the case that multiple readers work simultane-
ously, and some RFID tags may become unreadable. Thus,
it is required to avoid using the mode ‘Max Throughput’ in
practical applications according to [19]. Once the other mode
with Miller encoding is selected, the m-radians phase jump
will inevitably occur.

To focus on the impact of the m-radians phase jump, we
ignore the tag mutual coupling effect for now. Let P, and
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Fig. 1: The impact of tag mutual coupling. Two tags 73 and T3 are assigned different EPCs for identification. The tag 7} and
the reader antenna are fixed. As 75 moves away from 77, the reported RSSI and RF phase for 77 swing about and converge

to the values when 75 is absent in the reading zone.
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Fig. 2: The impact of 7-radians phase jump. We configure a COTS reader in the standard reader modes of ‘Max Throughput’,

‘Hybrid’, ‘Dense Reader M4,

the same position. Except for ‘Max Throughput’, the 7w-radians

‘Pr, be the RF phase measurements of two RFID tags T} and
Ts, A be the carrier wavelength, D be the spacing between two
adjacent tags. To resolve the potential 7-radians phase jump
in Pp, and Pr,, we apply ’P’Ti = mod (Pr;, 7), where mod
(-, ) is a modulo-7 function to make the RF phase within the
range of [0,7]. According to an ideal phase-distance model
[6], [8], [20]-[22], the AoA 8 is calculated based on PDoA,

5 Pn

where Ak is an unknown integer. To remove its impact in
Ao0A estimation, we have two possible solutions:

1) The spacing D is reduced to less than \/8 (about 4 cm),
then Ak can be uniquely determined by

— Pr, + k) (1

0 ~ arccos

L, (PT PT) [_W’_E>
Ak=1{ 0, (P}I—PTz)E [-2,7) , 2)
-1, (P, —Pp,) €[5,

However, compared to using a larger tag spacing (e.g., up to
A/4 corresponding to the RF phase range of [0, 27]), this tag
array setup has the following disadvantages. First, the AoA
resolution will be decreased by 2 times, which means the
AOA has twice the estimation uncertainty or error variance.
Second, the estimation becomes more sensitive to the phase
measurement noise [17]. Third, it will be harder for the tags
to respond to an RFID reader due to the impact of tag mutual
coupling, as will be shown in Fig. 21 in Section VIII.

2) Another solution is to obtain a prior knowledge of which
tag is closer to a reader antenna, i.e., dr, —dg, > 0 or dp, —
dr, < 0, where dp, and dr, are the distances of a reader

‘DenseReaderM4Two’ and ‘DenseReaderM8’, respectively, to collect the RF phase of a tag at

phase jump happens in all the other modes.

antenna to 77 and Tb, respectively. Given D < %, we can
uniquely determine the integer Ak using the triangle rule that
the absolute difference between the lengths of two sides is

smaller than the length of the third side,

L (PlTl _PITQ) € [-m0),dp, —dp, >0

_}J 0, (P, —Pp) €[-m0),dr, — dT2 < 0
AR=N 0 (P —Ph) € 0.7 sdpy —dp, 20 @)

-1, (P/Tl *PITQ) e [0,n],dp, — de S 0

Unfortunately, it is not always possible to have the prior
knowledge, particularly when the tag array moves over time in
a dynamic environment. Furthermore, the tag mutual coupling
effect makes this problem more challenging, as the distancxe
estimation becomes harder.

To achieve fine-grained AoA estimation, we need to sup-
press the impact of tag mutual coupling and calculate accurate
PDoA under the tag separation distance of up to \/4.

III. OVERVIEW OF THE RF-MIRROR SCHEME

Our scheme RF-Mirror deals with the tag mutual coupling
effect in an RFID tag array to estimate the AoA of the
backscattered signals received at the array in COTS RFID sys-
tems. RF-Mirror solves the two critical problems as described
previously: the mutual coupling effect and the w-radians phase
jump. At a high level, RF-Mirror models the mutual coupling
and leverages it to remove the 7-radians phase jump in AoA
estimation. This work includes the following parts:

Tag Mutual Coupling Modeling. When multiple RFID
tags are present in a reading zone, the signal fingerprint



of a responding tag (only one tag responds at a time for
anti-collision) can be impacted by its nearby tags, which is
generally ignored in the prior signal modeling. In RF-Mirror,
we take into account the electromagnetic interference from
those silent tags and then build backscatter signal fingerprint
models. The updated models could characterize the impact of
the tag mutual coupling on RSSI and RF phase.

RFID Fingerprint Model Verification. The modeling ver-
ification process is conducted based on a two-tag array (in an
array with more tags, since the tag mutual coupling effect is
different on each tag, it may make the model verification more
complicated). We first collect RFID fingerprints of each tag in
the non-coupling and coupling cases, respectively. Based on
these measurements, we then develop novel experiment meth-
ods and signal processing techniques for modeling verification.

Decoupling for Unambiguous AoA Estimation. We de-
velop two AoA estimation algorithms for the RFID arrays
with two and more tags. The former performs only using RFID
fingerprints in the coupling case, while the latter requires prior
knowledge of RFID fingerprints in pre-defined directions.

In Section IV, Section V, and Section VI, we describe each
part in detail.

IV. TAG MUTUAL COUPLING MODELING

This section analyzes the signal propagation characteristics
of an RFID tag of being inventoried in a multi-tag scenario,
and then develops novel RFID fingerprint models based on the
analysis of the channel frequency response (CFR).

A. RFID signal propagation in multi-tag scenario

Let us consider a scenario shown Fig. 3 where there exists
a responding tag T' and other RFID tags 7; in front of a
reader A in a practical environment. In RFID systems, only
one RFID tag responds in an inventory, while other tags wait
for responding to avoid signal collision. At a responding time,
an RFID reader mainly receives four types of RFID signals
[23] as described below.

Self-Jamming Signals. The signals are induced by the
transmit leakage and static environment clutter. To minimize
an RFID system’s cost and complexity, most COTS read-
ers work with monostatic antennas that enable simultaneous
transmission of continuous wave (CW) signals and receive the
backscatter CW signals from RFID tags. There always exists a
leakage signal propagating from the transmitter A to receiver
Ap, of the reader. And static objects such as chairs, floor, wall,
furniture, and all other clutter in a practical environment can
also reflect the transmitted signal to Ag. These signals are
generally time-invariant. According to [23], [24], an adaptive
receiver or filter can be applied to suppress the impact of these
self-jamming signals, which can be ignored in our modeling.

Direct Propagation Signal. This refers to the CW signal
directly traveling from Az to T in the line-of-sight (LOS)
propagation, and then scattered back from T" to Ay, in the same
path after T responds (i.e., A7 — T — Ag). The complex-
valued CFR of this direct propagation signal is denoted as
hapmAg-
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Fig. 3: RFID signal propagation paths
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Nearby Tag Reflection Signals. Since RFID tags almost
simultaneously power up, the electromagnetic field from other
non-responding tags has an important impact on that of
T and thereby results in the mutual coupling effect. We
can regard it as T receives some signals emitted from
each RFID tag T; [2]. The corresponding backscatter signals
may include two reflection paths Ay — T; — T — Ag and
Ap —T; - T — T; — Agr. The latter path has the longer
propagation distance, so it contains signals with much smaller
power and then we ignore their impacts in this work. Thus,
the CFR of the CW signal reflected off a nearby tag 7T; is
expressed as ha,. 1, T, Ag-

Multipath Signals. In an actual environment, some objects
reflect the transmitted signal from Ap to RFID tags and
the backscatter signals back to Ar. The CFR caused by the
environment multipath is denoted as hy.

Let H be the total CFR of the received CW signals at the
reader receiver, then we have

H :}LATA,TyAR + Z hAT,T,L,T,AR + hy

2

=ha,harrhrhr azha, + Z haphay m rhr,hrhr aghag + hy

Ar—T—ARr

Ar—T;—-T—AR

=ha (hAT,T + Z hTihqu,Tf,T) hrhr a, +hn
7 ———

reverse link

forward link
“)

In the above equation, each component is described below.

1) h is the CFR associated with the reader antenna,
cable and reader circuit. Here ha = ha,ha, = pae~ 7?4,
where ha, and hga, represent the CFR of the transmitter
and receiver, respectively. The terms p4, ¢4 and J represent
amplitude, phase shift, and imaginary unit, respectively.

2) hr and hp, denote the tag hardware characteristics of
the responding tag T and the silent tag 7; in the presence of
mutual coupling, respectively,

hr = ppe= 7 (OTF™)

&)

hr, = ege™7 (0m)”

where pr is the modulation factor when T' switches between
the states ‘A’ and ‘B’ (i.e., the ‘more-reflective’ and ‘less-
reflective’ states at different reflection power levels [25]). And
er, is the reflection coefficient of 7;. When T' transmits a
backscatter signal back to the reader receiver, an approximate
short circuit is presented on the tag (a true short circuit cannot



be achieved in practice). At this moment, the silent tag 7 is in
an open circuit condition. In the short- and open- circuit cases,
the transmitted signals reflected to Ar from 7" and reflected to
T from T; will both introduce a 7-radians phase shift [26]. In
addition, there exist a phase shift caused by the tag hardware
characteristic, i.e., ¢ and ¢r,. For tags of the same type, we
assume that ¢ = ¢ = ¢, in this work.

3) ha, T and hr 4, represent the CFR of the CW signal
traveling along the forward and reverse propagation paths,
respectively, while h ., 7, 7 denotes the CFR of the signal
propagating along the reflected path off a nearby tag,

hapz = hpay, = PATGAGT —5(%drtoar)

. iy

pATPT, TGAGT, G TG, 5[% (ar, + Dr, r) 007,407, 7]
dr, + Dr, 1
(6)

where dr and dp, are the distances from T' and T; to A,
respectively; D, r is the distance between T and T;; G4
is the reader antenna gain; G (and Gr,) is the tag antenna
gain in the direction of T' (and T;) relative to A; G, 7 (and
Gr,1,) is the tag antenna gain in the direction of 7; towards T’
(and T towards T;); {pra,1,04 7} (and {p1a,1,, 04 1, }) are the
polarization terms in the amplitude and phase shift between
A and T (and T;), while {pi7, 7, 01, 7} are the ones between
T; and T'. Note that the amplitude expression is derived from
the Friis equation [27] in the unit of the voltage ratio rather
than in dB (See Egq. (10)).

Substituting these variables into Eq. (4), the CFR H can be
rewritten as

hap1, T =

H = pre 7 (143" agpe?Pnr | by, ()
T, #T

where

NAﬁTGAGT>2

pPH = pApT( .

4m
¢ = ~dr + 2001+ ¢at+or 7

R wa,r, i, rer, G, Gr, G 1, d1
v pwa,rGr (dr, + Dr,.1)

2
Br, T = Tﬂ (dr, + Dryr —dr) + 041, —O0ar+ 01,7+ 0 +7
(®)
In the following, we will introduce how to derive novel RSSI
and RF phase models from the CFR H in the presence of the
mutual coupling effect and the 7-radians phase jump.

B. Our RSSI and RF phase models

Let R be the transmitted power of a COTS RFID reader in
the unit of dBm, R’ be the received power (i.e., RSSI) in dBm,
and Pr be the reported RF phase in the unit of radians within
the range of [0, 27]. In this subsection, we propose new RSSI-
and phase-distance models to represent these measured RFID
fingerprints. The models will be verified in Section V. For
simplicity, we ignore the multipath term hy in the following,
but its impact on AoA estimation will be validated in our
experiment evaluation.

RSSI-distance model. Given the voltages V* and V7. of the
transmitted and received signals in volts, we use the modulus

function |[|-|| to get the amplitude of the complex number H,
V. GaGruar\’
H| =L — TATTHAT ) 9
I8 = F = papr (FEHAT ) o)
where T'r = |1+ 3 ar re 7P7.7| is the tag mutual
T AT

coupling term of RSSI, called as coupling RSSI in this paper.
Recall that the power is proportional to the square of the
voltage. Given the transmitted and received powers P! and
Pr. in watts, we rewrite Eq. (9) in DeciBels (dB),

Vr Pr %
|H|P = lOlogV—T - 1010g< T) . (10)

t pt

According to the transformation relationship between dBm

and watts, we have R, — R' = 10log (P5/P"). Thus, the
RSSI-distance model in the linear scale is

RE—R! <GAGT,UA,T>2FT an

10720 =
PAPT dr
RF Phase-distance Model. The phase shift of H is ap-
proximately equal to the actually-measured RF phase Pr,

4
Pr = mod [ (;\TdT +2047 + da+ ¢T> + O, 2”1 ,
(12)

where O = Z |1+ > aT,“Te_JﬁTi»T is the tag mutual

T, #T
coupling term of RF phase, named as coupling phase shift,
and the function Z- is to obtain the phase shift of a complex
number.

Further, we conduct an RF phase transformation to eliminate
the m-radians phase jump using P4 = mod (Pr, w). Then
the proposed phase-distance model is

P/ = mod {— <477TdT +2041 + b4+ <Z3T> + Or, WJ )
13)

Discussion. Since RSSI has a lower distance resolution than
RF phase and is highly relevant to the unknown reader antenna
gain in each direction, it has not been widely used in most
recently RFID works. However, the proposed RSSI model
reveals that RSSI also suffers from the impact of the mutual
coupling. Moreover, each RFID tag antenna gain in an array
will be modified in different directions [28]. Our verification
experiment is shown in Section V. D. Thus, RSSI becomes
a direction-dependent parameter, providing a potential benefit
to AoA estimation. In our scheme, the novelty is to combine
RSSI and RF phase measurements for all tags in an array to
achieve fine-grained AoA estimation, detailed in Section VI.

C. Comparison to state-of-the-art

Ideal RFID fingerprint model. For comparison, we use
the defined variables above to rewrite the ideal RSSI and RF



phase models [6], [8], [20]-[22] as

Ry Rt GaGr\’
10~ =20 = pPAPT d
T

) (14)
Pr = mod (de + b+ oo, 27r)

Our proposed fingerprint models have the following updates:

1) Tag mutual coupling. When multiple RFID tags are
closely placed, the impact of tag mutual coupling on RFID
signal fingerprints cannot be ignored. Our models introduce
the coupling terms and can characterize the changes in RSSI
and RF phase due to the coupling;

2) m-radians phase jump. Our RF phase model considers the
m-radians phase jump problem that associates with practical
RFID operating modes with Miller encoding. Such a phase
jump is required to be removed by the mod (-, 7) operation,
in conjunction with the mutual coupling modeling. However,
this operation accordingly introduces the w-radians phase
ambiguity, making AoA estimation even other RFID sensing
tasks become more challenging;

3) RF phase reversal. We use the negative sign of the phase
in Eq. (13) to account for the fact that the reported RF phase
by COTS readers decreases when a tag moves away from a
reader antenna, as reported in prior experiments [29]. In fact,
most RFID readers do not correct raw RF phase, so —Pr
should be used to describe the relationship between the RF
phase and the distance traveled by the RFID signal;

4) Polarization mismatch. The existing models do not
include any terms that indicate the impact of polarization.
However, many works [13], [30], [31] observed that the RF
phase/RSSI is a function of the direction of a tag relative
to a reader antenna. Our models introduce such polarization
mismatch terms to present the impact of polarization;

5) Tag reflection characteristic. Since a tag reflects the
transmitted signal from an antenna transmitter back to the
antenna receiver, the backscattered signal will be additionally
shifted by 7 radians. In this case, the existing phase model
should contain a phase shift of 7 radians. In our model, it is
removed by the mod (-, 7) operation.

Electromagnetic field model. Some previous works (e.g.,
Twins [9], Trio [32], and Hu-Fu [11]) apply electromagnetic
(EM) theory to describe the principle of tag mutual coupling.
The EM field interaction between RFID tags produces a
mutual impedance on each tag antenna and thereby introduces
an additional voltage source. In this case, the voltage and
current of each RFID tag are changed compared to the case
in the absence of tag mutual coupling. The main differences
between our work and the EM model are highlighted below.

1) Modeling theory. Our work analyzes the impact of tag
mutual coupling based on signal processing theory and uses
the CFR to characterize the changes in the amplitude and phase
of the RFID backscatter signal. To our best knowledge, most
COTS RFID readers cannot measure the voltage and current
of an RFID tag, but can report the amplitude (i.e., RSSI) and
phase values. Since RFID sensing systems mainly handles tag
fingerprint measurements, our models can be directly applied
into the existing works to improve the performance of tag-
array based sensing systems.

2) RF phase. The existing EM model can only analyze the
change in the backscatter power (i.e., RSSI) but fails to model
the impact of tag mutual coupling on the RF phase. However,
accurate RF phase measurements are required for phased array
based AoA estimation. Our models can mitigate the phase
offsets in RF phase caused by the coupling effect in PDoA
measurements.

V. RFID FINGERPRINT MODEL VERIFICATION

In this section, we build a two-RFID-tag array and then
verify our fingerprint models by comparing the actual mea-
surements with the simulated values.

A. Simplified Models in two-RFID-tag array

In a two-tag array with the tags 77 and 75, if T} is
responding, the coupling RSSI I'r, and coupling phase shift
Or, of T; described in Eq. (9) and Eq. (12) are simplified as

Ur, = |1+ ap, me 7P| (15)
@T1 =/ (]. + QTQ,Tle_JBTQ’ﬂ) '

For simplicity, let ap, = o, 7y and B, = B, 1y in the
following. Similarly, when 75 is responding, let a, = ar, 1,
and B, = B, 7. In this case, ['r, and O, for a responding
tag T; (Vi = 1,2) are rewritten as

Iy, = \/1 + 2ar, cos fr, + ar,?, (16a)
Or, = arctan (WsmﬁT) +7kr,  (16b)
1+ ag, cos B,

where k7, is an unknown integer.

When the two tags are placed in parallel in the array, the
polarization terms in RSSI and RF phase have the following
relationship between the tags,

HAT = HA T

Ky, Ty = W, Ty = 1 ) (17)
Oar, =04,

0T17T2 = 0T2,T1 =0
And when the two RFID tags are the same type, they have
the same chip load and antenna impedances and the coupling
effect induces the same mutual impedance on each tag. Thus,

the impedance-related reflection coefficient and modulation
factor of the tags are the same, i.e.,

€T = €y, N ET, (18)
PT = PTy = PT

According to Eq. (8), we then simplify {ar,, 81, } of T}
and T5 as

erGr, G, 1,Gry,  dr

OéT1 =
G dr, + D (19)
o — erGr, 7,Gr, Gy, dp,
T Gr, dr, + D
and

2
Br, = T(dn +D—dp)+or+m

oo ; (20)
Br,=— (dr, + D —dp,) +¢r+7

A
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Fig. 4: Collecting RFID signal fingerprints in the absence and
presence of tag mutual coupling for model verification.

where D is the spacing between 7} and 75. In the following,
we mainly exploit the simplified models for verification.

B. Collecting RFID signal fingerprints for verification

We collect RSSI and RF phase measurements in the absence
and presence of the tag mutual coupling effect for RFID
fingerprint model verification. The experiment was conducted
in free space with negligible multipath interference, and the
collection process is shown in Fig. 4. Each tag is read several
times at the same transmitted power and frequency, and the
averaged values of RSSI and RF phase are used.

Step 1. At first, an RFID tag 7} is placed in the reading
region. Its measured RSSI and RF phase are denoted as
{ﬁ%,fﬂ}. Since no other tags are besides it, T is free
from the tag mutual coupling effect.

Step 2. Another tag 75 is then placed besides 77 to induce
tag mutual coupling. The measured RSSI and RF phase of T}
and Ty are {RY,, Pr, } and {R7,, Pr,}, respectively.

Step 3. Finally, we remove 7) from the reading region.
The measured RSSI and RF phase of Tg in the absence of tag

mutual coupling are expressed as {RT ,PTQ}
Specifically, the m-radians phase jump in these RF phase

are removed by the modulo operation, and we have ”PTZ, =
mod (Pr,, ) and P}, = mod(Pr,, 7). In addition, it is
easy to derive the RS$I and RF phase models in the non-
coupling scenario that do not contain any coupling terms,

Rr Rt
T‘L

— 2
T GaGr,
10— = pApTZ(M), 21a)

dr,

i

_ 4
Pr, = mod {f <7ﬂ-dn +20a,1; +da+ ¢T> ; W} , (21b)

where the terms pr, and G, are the modulation factor and
tag radiation pattern, which are different from those in the
coupling case due to the tag mutual coupling effect.

C. Estimating tag hardware-related phase shift

The following aims to estimate the phase shift ¢ caused
by the tag hardware based on the proposed fingerprint models.

At first, we divide RSSIs of the two tags in the coupling
case to remove a series of variables (including p4, pr, G4,
and p4,7) and we have

RE. —RY, 2
10 = = (%)
Gr,dr,

I'r,
Irp,’

(22)

Based on this, the optimal tag hardware-related phase shift
¢ can be estimated by finding the minimum residual,

2 r_pr
7, (¢1) de} I'r, (¢1) Py T,
arg min — 107 =0 , (23)
¢ €[0,27] [GTQ (¢T) dTl FTz (¢T)
dr. ﬁ17‘"1 7ﬁTT2
where i —2 = 107 1 , which is calculated based on

Eq. (21a) In the following, let us describe how to use RF
phase measurements in the coupling and non-coupling cases

to calculate GTl EzT; d FTl EiT; for a given ¢r.
Gr, (¢7) (¢T)

1) Tag Gain Ratio & Cr(or)" According to Eq. (13) and Eq.
(21b), the coupling phase shift ©7, is obtained by subtracting
the measured phase in the coupling and non-coupling cases,

O, = mod (P{n - 5’Ti77r) . 24)
And the distance difference between the two tags is
A = —
dr, — dr, = (PT2 — Py + mkd) 25

where an integer Aky is determined as follows. Since the tag
separation D is pre-specified within the length of A\/4 (D < 8
cm) and the sign of (dp, —dy,) is known by our manual
measurement, we rely on Eq. (3) to determine Akg.

For a given ¢, we first use (dr, — dr,) and D to calculate
Br, (¢r) based on Eq. (20). We then apply it and the calculated
O, into Eq. (16b) to calculate ar, (¢r),

—tan O,
sin Br, (¢r) + cos Br, (¢r) tan O,
where ap, (¢r) > 0. The modulo operation in Eq. (24) is
removed by the tangent function.

According to Eq. (19), the tag gain ratio of G, to G, can
be computed by

Gr, (¢1) _ |dr, (dr, + D) ar, (¢7) _ dr,
Gr, (¢1) dr, (dr, + D) ar, (pr)  dr,

ar, (¢r) =

(26)

ar, (¢1)

ary (¢T) ’
(27)

where we assume (dp, + D) ~ dp, due to D < dp,,dr,.

2) Coupling RSSI Ratio E;;Ej;; We then substitute

ar, (¢r) and By, (¢r) into Eq. (16a) to compute I'r, (¢7),

Iz, (¢r) = \/1 +2ar, (¢r) cos Br, (dr) + lax, (67)]°.

(28)

Accordingly, the value of Tlg?; can be determined.
Experiment Observation. We conduct two types of exper-
iments in a low-multipath scenario to estimate ¢7. One is to
vary the tag separation D from 2 cm to 7 cm. The type of RFID
tags used is the single-dipole Impinj E51 tag. Another is to use
other two different tag types, i.e., single-dipole Alien 9640 and
dual-dipole Impinj H47 tags, at the 4-cm tag separation. The
experiment setup is shown in Fig. 5a. RFID tags are attached
on a cardboard. We follow the procedure in Section V. B to
collect RFID fingerprints. The position and direction of tags
relative to a reader antenna are different in each measurement.
Fig. 5b shows that the median values of ¢ at different tag
separations are -0.095 radians, -0.050 radians, -0.123 radians,
-0.237 radians, -0.121 radians and -0.168 radians, respectively.
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The results are very close, which is in accordance with our
expectation that ¢ is a constant term independent of the tag
array direction and position relative to the reader antenna. Fig.
5c¢ shows the median values of ¢ for different tag types,
which are -0.050 radians, -0.751 radians and -0.844 radians.
We can see that different tag types may induce different tag
hardware-related phase shifts.

D. Estimating tag gain ratio and reflection coefficient

This section aims to verify the impact of tag mutual
coupling on tag radiation pattern and reflection coefficient.

Since a7, in Eq. (19) contains the two parameters of
interest, we substitute the estimated ¢7. in the above section
into Eq. (26) to calculate o, (¢%) and avp, (¢4). However, we
find that their estimation accuracy is very sensitive to the phase
measurement error since it may be amplified by the tangent
function. Instead, we estimate a7, (¢%) from Eq. (16b) by

[1+ ar, (¢%) cos Br, (¢3)]°

5 = (cosOr,)”.
1+ 2ar, (¢%) cos fr, + ar, (%)

(29)

Unfortunately, there exist two candidates of ar, (¢%.). To
remove the ambiguity, we first calculate av, (¢%) using Eq.
(26). The experimental data is from Fig. 5b and the mean value
of tag hardware-related phase shifts ¢ is -0.132 radians. Fig.
6 shows that most of ap, (¢%) and ar, (¢}) are within the
range of (0, 2] at different tag spacings. Thus, we leverage this
limitation to obtain the expected ar, (7).

Tag Sepatation Distance

(b) Phase shift over tag separations

2 . . .
Signle-Dipole Impinj E51 Signle-Dipole Alien 9640 Dual-Dipole Impinj H47
RFID Tag Type

5cm 6cm 7cm

(c) Phase shift over tag types

5: Estimation of tag hardware-related phase shift

TABLE I: Scaled reflection coefficient erGr, 1, G, 1, Over
tag spacings estimated by tangent/cosine-based functions

Tag Tangent-based Cosine-based
Separation | Median Std. Median Std.
2 cm 0.717 0.084 0.849 0.129
3 cm 0.478 0.333 0.671 0.103
4 cm 0.703 0.368 0.707 0.087
5 cm 0.792 0.240 0.742 0.097
6 cm 1.003 0.614 0.724 0.124
7 cm 0.923 0.696 0.837 0.165

Based on Eq. (19), the reflection coefficient e scaled by
Gr,,1,Gr, 1, (e., erGr 1,Gr, 1) and the tag gain ratio
G, /Gr, are estimated by

erGr, 1, Gry 1 & \/ ar, (97)ar, (67), (30a)
GTl ar, (¢§“) dr,

gy 30b
GT2 ar, (QS}) de ( )

Experiment Observation. We perform an experiment to
observe the variation in the radiation pattern and reflection
coefficient in different directions. Fig. 7a plots the experiment
setup. A tag array consists of two single-dipole Impinj E51
tags 77 and 75 at the 4-cm tag spacing. T} is located at the
circle center and its distance to a reader antenna is about 80
cm. We vary the direction of a two-tag array by rotating it
by an angle increment of 10°. The reading frequency and
transmitted power remain unchanged. We follow Section V. B
to collect RFID fingerprints. We have the following findings:

1) Fig. 7b and Fig. 7c show the average RSSI and RF
phase of 77 and 75 in the non-coupling and coupling cases,
respectively. We find that the tag farther from the antenna has
a lower RSSI, as if the tag is obstructed by an object.

2) Fig. 8 shows the scaled reflection coefficients in different
orientations almost keep unchanged. The average value is
0.724. And we calculate erG7, 7,G1, 7, under different tag
spacings based on the experiment data of Fig. 5b. The results
are shown in Table. I. We see that the estimates based on Eq.
(29) have a lower standard deviation compared to Eq. (26).
The terms er, Gy 1, and G, 7, are only determined by the
tag separation and irrelevant to the array direction.

3) Fig. 9 shows that the tag gain changes with different
array angles, which means the mutual coupling effect modifies
the radiation pattern of each tag. For comparison, we use the
method [33] to simulate the tag radiation pattern of an RFID
tag in the absence of tag mutual coupling. Fig. 10a plots it in a
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3-dimensional (3D) space while Fig. 10b and Fig. 10c plot the
radiation pattern in the X-Z and Y-Z planes, respectively. We
can see that a single-dipole tag radiates equally well in every
direction perpendicular to its metal wire and has the same
tag gain in the X-Z plane. Accordingly, the ratio of the tag
gains in two different directions should be equal to 1, which
is different from the case under the mutual coupling effect.

E. Verifying coupling RSSI and coupling phase shift

Here we introduce a method of using a two-RFID-tag array
to verify the proposed coupling models. The basic validation
idea is to simulate the coupling RSSI I'7; or coupling phase
shift O, and then compare the simulated values with the
actually-measured ones. To this end, we need to separately
simulate two key parameters ag, and 7, according to Eq.
(16). However, it is very challenging to exactly simulate them
since they contain many unknown variables. In this work, we
find that since RSSI and RF phase are independent, we can
use RF phase measurements in the absence and presence of
mutual coupling to derive oy, and Sr,, and then substitute
them into Eq. (16a) to simulate I'z,. Similarly, we can use the
RSSI measurements in the two cases to obtain ag, and S,
and thereby simulate ©r, based on Eq. (16b). The detailed
simulation processes are described as follows:

We first apply Eq. (20) to calculate Sr7,. As described in
Section V. B, the RF phase in the non-coupling case are
collected and the tag separation D is pre-specified, so we
rely on them to calculate the distance difference (dr, — dr,).
Moreover, the tag hardware phase shift ¢ is estimated in
advance according to Section V.C. We substitute the calculated
Br, into the following simulation.

Verifying coupling RSSI I' using RF phase. /) Estimated
value. Recall from Eq. (24) that the coupling phase shift ©,
can be obtained using the RF phase measurements in the non-
coupling and coupling cases. We substitute the estimated O,
and Sr, into Eq. (26) to obtain «,. In this case, the coupling
RSSI I'7, can be simulated using Eq. (16a).

2) Actually-measured value. We divide the measured RSSIs
in the coupling and non-coupling cases to obtain

R’” —R"
(GT> Iy =10 = -,
G

Since the tag mutual coupling may not induce significant
changes in the modulation factor and tag gain, we assume
o /ﬁTi ~ 1 and Gp, /@Ti ~ 1, so the actually-measured
coupling RSSI I'7; is

(3D

RT, T
Ty Ty

Iy ~10 = -

i

(32)

Verifying coupling phase shift ®1 using RSSI. /) Esti-
mated value. According to Eq. (32), the coupling RSSI I'7, is
obtained by using RSSI measurements in the non-coupling and
coupling cases, respectively. Then we substitute the calculated
Iy, and f7, into Eq. (16a) to obtain ar,, where ag, € (0,2]
as shown in Fig. 6. In this case, we use Eq. (16b) to simulate
the coupling phase shift Or,.

2) Actually-measured value. According to Eq. (24), the
coupling phase shift ©p, can be extracted by using the RF
phase measured in the non-coupling and coupling scenarios.

Experiment Observation. Two sets of RFID fingerprints
used in Fig. 1 and Fig. 7 are adopted here for coupling term
verification. The RFID signal fingerprints are measured in the
absence and presence of tag mutual coupling. Fig. 11 shows
the corresponding experiment setup. Fig. 12a and Fig. 13a
plot the estimated and actually-measured coupling RSSIs I'r,
in circular and linear-track experiments, while Fig. 10b and
Fig. 12b plot the estimated and actually-measured coupling
phase shifts ©,. We can see that the estimated I';, and O,
could almost comply with the actual measurements.

F. Verifying tag spacing and tag-antenna distance difference

Based on our proposed models, we combine RSSI and RF
phase measurements to derive the tag spacing D and tag-
to-antenna distance difference (dr, — dr,) in the coupling
phase shift term. By comparing the estimated values with
the actually-measured ones, we can verify our models from
another perspective.
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1) Estimated values. Since O, and I'r, can be calculated
using Eq. (24) and Eq. (32), we combine them based on Eq.
(16) to obtain

T,
Uy —

1 \/1+ (tan©7,)?

Vi = _nTiFTi tan @Ti

1 \/1+ (tan©7,)

where 77, = 1, which is unknown to us. According to the
tangent half-angle formula, 57, can be estimated by

Vi, . (34)

VU +Vr,” + U,

Thus, the tag separation distance and the difference in tag-to-
antenna distances are

— 1 = arg, cos P,

SN CK)

= aq; sin B,

Br, = 2arctan

A
D= yp (Br, + Bry, + 207 + 27k, 1)

A
T — E (/BTI

where kr, 1, and Akg, 1, are unknown integers.

2) Actually-measured values. The tag separation is manu-
ally measured using a tape measure. And the tag-to-antenna
distance difference between two tags is determined by the RF
phases P7, and P, measured in the non-coupling case.

; (35)

dT2 —d - /BTQ + zﬂAle,Tz)

Experiment Observation. The main challenge in the ver-
ification experiment is how to determine the unknown term
nr,. In the circular-track experiment, since the mean of
erGr, 1,Gr,, 1, in Fig. 11ais about 0.7 for the tag spacing of
4 cm and the maximum of G, /G, in Fig. 11b is about 0.9,
the maximum of ar, is less than 1. To satisfy the requirement
for ar,, we use nr, = 1 and 7, = 1. In the linear-track
experiment, as the tag separation increases, o, should be
gradually decreasing. We find that when n, = 1 and np, = 1,
the change of the estimated a7, can satisfy this trend. Besides
we remove the integers k7, 7, and Akr, 7, by adding 27
or —27m when 2m-radians of phase ambiguity occurs in the
experiments. Fig. 13c and Fig. 13c show that the estimated
results could also match well with the actual measurements.

VI. DECOUPLING FOR AOA ESTIMATION

This section achieves AoA estimation via decoupling the
RFID fingerprints. We first consider an array with two tags,
and then study more complicated arrays with more tags.

A. Ao0A estimation in an array with two tags

In an two-RFID-tag array, the tag elements are the same type
and are placed in parallel. According to the model simplifica-
tion in Section V. A, we remove some unknown polarization
terms ({041, 0,1} {01, 1%, 01, 1 }> and { o1y 1y, iy 1, 1),
so the total CFR Hrp, for T3 can be simplified as

r ,
Hy, = puy, e o (1+ape7Pm) =10 = eJ(PTl k)
(36)
where
AT GAGT1 :
PHr, = PAPT I
Ty
4
PHr, = dr, T s+ Tt 37)
o — erGr, G, 1, G, dr,
T GT1 dT2 +D
2
ﬂTl = T(CZT2 +D_dT1)+¢T+7T

Similarly, we can also obtain the CFR Hy, for 75. By
dividing Hr, by Hr, to eliminate unknown terms (including
the RFID reader hardware-related terms (p4 and ¢4), the
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reader antenna gain G 4, the modulation factor pp, and the
polarization terms {{14,7, pia,1, }), We have

Hr,

1 dir

f
_ L+ Ahg!
Hrp, RSN

th JTos (38)

where

. Grdr,\> _yan(g.
Apdir [ ZTOTy T (dry —dr,)
T (GTz dT1 ) ¢

Ah"if _ 6TGTz~,T1GThTzGTz dTl e—J[QT"(dT2+D—dT1)+¢T+Tr]
Ty GTl de +D

Apef - GG nGn  dn g% (dr, +Ddr, ) tort1]
T2 G, dr, + D

Ahg, 1, = 10% e’ [(Pr,—Pr, ) +mak]

(39

Among them, some variables can be determined as follows:

1) As long as the tag separation and the reading frequency
remain unchanged, the tag mutual coupling effect will induce
the same impact on the reflection coefficient ez and the
tag gains Gp, 7,G7, 1. Then we can perform a one-time
procedure to pre-estimate the scaled reflection coefficient
erGr, 1, Gr, 1, using our method in Section V.

2) Since D < dr,,dr,, the values of dr,/(dr, + D),
dr,/ (dr, + D), and dr, /dp,, are approximately equal to 1.

3) The tag hardware-related phase shift ¢, is known to us
due to a one-time pre-estimation detailed Section V. C.

4) The integer Ak is Ak = kp, — kr,. And the difference
between the measured RF phases of 77 and 7% is

AA — 7AK ~ 47” (o, — dny) (40)

/ / 1+Ah;elf
where AA = PT2 - PTl + 7/ m CIf |dT1 — dT2| <

/4, the integer difference Ak can be 2determined by

-2, AA € [72%, 77‘() s (dT1 — de) >0
-1, AAe[-2nm,—m),(dp, —dp,) <0
-1, AA € [—W,O),(dTl —dT2)>O

s AAE[—T{',O),(dTl—de)<O

0
AR=90  AANe[0,7),(dr —dp,) >0
1
1

(41)

R AAG[O,W)7(dT1*dT2)<0
s AAE(W,??T},(dTl—dTQ)>O
2, AAE(T(,Q?T},(dTldeQ)<O

Thus, let AG = G, /Gr, be the tag gain ratio and 64,4
be the AoA of the backscatter signals received at the tag
array, which is calculated by 64,4 = arccos [(dr, — dr,) /D).
Based on Eq. (38), the optimal AG and 64,4 can be estimated
by finding the minimum residual,

. ) 1+ARLT (AG,0.404)
arg min ARET - (AG, 0 p04) —— 20 Ahg, ||
it ' 1ir (AG, 00 )1+A}L’T°2f(AG,9AoA) 1T
0404 €1-00°,00°)
(42)

where the searching spacings of AG and 64,4 are 0.1
and 1° in RF-Mirror. Accordingly, the time complexity is
O (20 x 181). To reduce the computation, we could enlarge
the searching spacings of AG and 04, 4.

B. AoA estimation in an array with more than two tags

Here we focus on AoA estimation in a tag array consisting
of N (N > 2) RFID tags, where the spacing between two
adjacent tags is less than \/4 and the tags are all deployed
in parallel. Since each tag may suffer from different mutual
coupling interference, its modulation factor and reflection
coefficient may be different from others. This makes the AoA



estimation problem more complicated, so the AoA estimation
solution on a two-tag array cannot be directly adopted here.
Instead, we propose an RFID fingerprint matching solution.
Given two adjacent RFID tags T'; and T'j4q in the ar-
ray, we can make the same assumption like Section VI. A
that dT /(dT +D) ~ 1, dTJrl/(dT +D) ~ 1, and
/ dT ~ 1. On this basis, we divide the CFR Hr; by

Tjia1
HTJ to appr0x1mately obtain
Hr, 14+ARG (0404)
— dzr T ~
Hr,, a1 = A, (0404) 1+Ah;f;’;1 (0a04) AhT; 144
(43)
where

p1; Gy (0a0a)
PTy4, Gy (0204)

> anx; (Baca)e I (Gaca)

7J4TWDCOSGAUA

Ahdn +1 (OAOA) ~ |:

Ah;ff Oa0a) ~

T, ATy
r —JBr, T, Qa0
NERORES O
Tt T,
RE

,RT
T Tit1 g
e

Ahgy 1y, =10 20 [(PTJ‘ _PTj+1>+”AkTJ TJ+1]

(44)
And the RF phase ’P} (or Pépj 4.) 18 the version with the 7-
phase periodicity. AkTJ, T; 4, 1s an unknown integer. Its impact
on AoA estimation can be eliminated as follows.

From the above equations, we find that the tag mutual
coupling effect is highly dependent on the tag separation
and the orientation of a tag array relative to a reader
antenna, rather than the distance between the tag array and
the antenna. Based on this idea, we achieve decoupling for
multiple-tag-array AoA estimation using the prior knowl-
edge of RFID fingerprints of all tags in each pre-defined
AoA. This is a one-time collection when the tag array is
built. For the RFID tag array with more than two tai ele-

ments, we assume that {7/5}1 (0a04) ;s 77/€TTN (0a04)

{’ﬁlTl (0a0a), ,73%1\, (9,40,4)} are the pre-collected RSSI
and RF phase measurements in a pre-specified direction 6 4,4.
We also assume that {R7. .-+, R}, } and {’PlTl, e ,P/TN}
are the RSSI and RF phase measurements of all tag elements
in the same tag array that are used to achieve AoA estimation
in a practical application. In this case, RF-Mirror can compare
them with the prior knowledge of RFID fingerprints in differ-
ent directions to obtain an optimal AoA. Mathematically, this
matching method is achieved as follows:

and

arg min
0.404€[—90°,90°]

Z HAh  Tyaa (Oa04) = Ahzy 1,4,

(45)
where
R (0404) R, (0404) ~ ~
Aty 1y, (Baoa) = 10%(3‘% [Pr; Oa0a) =Py, Ba0n)]|
Rip ~Rip
AhT Ty =10 & 20TJ+ cJ‘COS<PT PTJ+1)‘

i+1

(46)
Specifically, we use the absolute value of the cosine func-
tion (i.e., |cos(-)]) to remove the impact of the unknown
integer AkT T4 . When the estimated AoA matches the
ground truth, the sum function will have the minimum value.

Single-dipole
Impinj E51Tag

Four-RFID-tag
Array

Single-dipole
Alien 9640 Tag |

Circularly-polarized
Reader Antenna
\ Impinj R420
\ RFID Reader

(a) RFID devices and multi-tag array
W RFID Data Collection for Tag Mutual Coupling Studying o X

RFID Readsr Tag Spacing: sPC

v o w] [ S| »: ] J12:f

TL: RSST and BF Phase vid

I Tag Huwal Coupling
mo | [Smwma

thout Tag Wl Copling thout Tag Noteal Coupling
| Rsst: [ 500 | Phase: [0 ]

Visulization Data Save
RssI RF Phase

T2: RSSI and RF Phase with Tag Nutual Coupling

sst: P —

T2: RSSI and RF Phase wi-

ESSTI[98.500 | Phase: Sttt

TL: RSSI and BF Phase vi

RSSI:[-a7. 500 Pha StartTi_2 StariT2_2

0 63
14 504 |-
28 378 |-
-2 25211
56 126
-70 0

0 20 40 60 80 100 0 20 40 60 8 100

Collected Data

Nun RSSITL V.o. Phall V.o. RSSLTLY. Phatl¥. D o RSSLTZW.
1 34,500 5,040 43,000 5589 4 -saso0 5801 42,500 5,970
|2 26000 0.213 -38.500 0.859 4 -35.500 5.983 51000 4,939
s 38,500 .03 52,000 0.558 4 -a0.000 548 42,500 6.124
4 ~36.000 0.202 ~46.000 0.430 4 -36.500 1.289 -34.500 1.700

(b) RFID fingerprint collection

Fig. 14: RF-Mirror implementation and software interface

Otherwise, the summation value will become larger. Such
a searching complexity is O (M), where M is the number
of pre-defined angles for prior measurement. However, it is
a time-consuming process to pre-collect RFID fingerprints
in all spatial directions. In RF-Mirror, we only deploy the
center points of an antenna and RFID tags in the same plane.
Following the experiment setup in Fig. 7a, we rotate the tag
array around the circle center by 360° at a 10° angular interval.

VII. IMPLEMENTATION & EVALUATION

Hardware and Software. We test RF-Mirror using an
Impinj R420 RFID reader, an E9208PCRNF antenna with 8
dBi gain and circular polarization, single-dipole Impinj E51
tags, single-dipole Alien 9640 tags and dual-dipole Impinj
H47 RFID tags, shown in Fig. 14a. The reader is set in the
Miller-encoding reader mode of ‘Dense Reader M4’ (which
induces the m-radians phase jump), the search mode of Dual
Target Session 0, the transmitted power of 32 dBm and the
operating frequency of 920.625 MHz. We exploit the Impinj
Octane SDK [34] to develop an RFID fingerprint collection
program in C#, which can record an RFID tags’s electronic
product code, RSSI and RF phase, shown in Fig. 14b.

Default Experiment Setup. The RFID tag type is single-
dipole Impinj E51; the separation distance between two adja-
cent tags is 4 cm (less than a quarter of wavelength); all tags
are placed in parallel and form a linear uniform array. Besides,
a multi-tag array used in this work consists of four RFID tags
and is attached to a cardboard box.

Experimental scenarios. As shown in Fig. 15, we eval-
uate RF-Mirror’s performance in low-multipath LOS, low-
multipath NLOS and rich-multipath LOS scenarios, respec-
tively. In a low-multipath LOS scenario, objects are far away



(a) Low-multipath LOS

(b) Low-multipath NLOS

(c) Rich-multipath LOS

Fig. 15: Experiment scenarios

from our RFID tag array and no obstacles block the direct
propagation path between a reader antenna and the array. In a
NLOS scenario, we block the tag-to-antenna LOS path using
a wooden board. In a rich-multipath scenario, we randomly
place hardcover books, computer monitors and chairs around
the tags, together with a person walking around but without
blocking the LOS path.

Methodology. We randomly change the direction and dis-
tance of our tag array relative to a reader antenna in 3D
space each time. In the two-tag-array experiment, we need to
pre-estimate a scaled reflection coefficient using the method
described in Section V. In the four-tag-array experiment, the
prior knowledge is collected in a 2D plane (RFID tags and a
reader antenna center are in the same plane). However, we still
adjust the height of a reader antenna to collect the 3D-space
data for evaluation.

Baselines. Most existing systems configure an RFID reader
in the FMO-encoding reader mode of ‘Max Throughput’. The
reported RF phase only has the 27-radians phase periodicity,
which can be easily eliminated. Two baselines are adopted
in this mode for comparison: /) A commonly-used AoA
estimation method (called Phase-difference), which directly
calculates PDoA between adjacent RFID tags to estimate an
object’s AoA without considering any impact of tag mutual
coupling [3], [5], [6], [31], and 2) the Tagyro [2] method,
which deals with the coupling impact by pre-estimating a
virtual tag separation to replace the actual one. Recall that
in our RF-Mirror scheme, the tags are configured in the more
practical ‘Dense Reader M4’ mode with Miller-encoding and
potentially stronger RF noise tolerance, but facing the problem
of w-radians phase jump.

Metric and Ground Truth. To characterize RF-Mirror’s
performance, we define the AoA estimation error, i.e., the
deviation of the estimated AoA from the ground truth. The
ground-truth AoA is obtained based on Eq. (1) and Eq. (3)
by measuring each tag’s RF phase in a non-coupling and low-
multipath scenario, where we manually specify which tag is
closer to the reader antenna. In the four-tag-array experiment,
we collect the RF phases of two tags in the non-coupling
case to measure the ground-truth AoA. In addition, in low-
multipath NLOS and rich-multipath LOS scenarios, we firstly
obtain the ground truth and then use obstacles or other objects

to build the corresponding scenario for evaluation.

VIII. RESULTS

This section evaluates the AoA estimation performance of
RF-Mirror in two- and four-tag arrays.

A. Comparison to state-of-the-art

We start by comparing our scheme with the baselines in
a two-tag array. For fairness, the experiment is conducted
in a low-multipath LOS scenario so that we can ignore the
impact of multipath interference. The experiment is repeated
more than 100 times. For Tagyro, we first rotate the two-tag
array by 360° and find the the maximum PDoA to estimate an
effective tag separation. According to the experiment in Fig.
10a, the effective tag separation is 3.2 cm while the ground
truth is 4 cm. We also use other virtual tag spacings of 2 cm,
5 cm and 8 cm in Tagyro for evaluation. Fig. 16 shows that
the median AoA error of RF-Mirror is 11.65°, significantly
outperforming Phase-Difference, Tagyro-2cm, Tagyro-3.2cm,
Tagyro-5cm and Tagyro-8cm by 5.49 times, 5.92 times, 5.96
times, 5.06 times and 2.63 times, respectively. Moreover,
the 80-percentile and 90-percentile AoA errors of RF-Mirror
are less than 30.36° and 40.15° for the two-tag array. The
comparison of AoA estimation accuracy is shown in Table
II. Since the tag mutual coupling effect may induce random
changes in RF phase on each tag, the Phase-Difference method
cannot cancel the RF phase distortion. The Tagyro method may
not always work well. According to our proposed models,
the coupling phase shift varies with different tag-antenna
directions (dependent on the tag radiation pattern), so it is
challenging to calibrate using the constant effective tag spacing
for making Tagyro work effective in practice. Besides, since
the impact of the 2m-radians phase periodicity cannot be
corrected, the methods of Phase-Difference and Tagyro may
result in the larger AoA error.

B. AoA measurement accuracy in different multipath scenarios

In this experiment, we evaluate the AoA accuracy of
the two-tag and four-tag arrays in low-multipath LOS, low-
multipath NLOS, rich-multipath LOS scenarios, respectively.
We first collect RFID fingerprints in a low-multipath LOS
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TABLE II: AoA accuracy comparison

50" percentil | 80?" percentil | 90¢" percentil
Method
(degrees) (degrees) (degrees)
Phase-Difference 64.1° 141.7° 149.6°
Tagro (D=2 cm) 69.4° 139.7° 150.4°
Tagro (D=3.2 cm) 66.0° 140.7° 148.4°
Tagro (D=5 cm) 59.5° 138.0° 144.1°
Tagro (D=8 cm) 29.7° 102.5° 107.6°
RF-Mirror (Ours) 11.65° 30.36° 40.15°

scenario and then keep the positions of RFID tags unchanged
and set up low-multipath NLOS and rich-multipath LOS
environment. Fig. 17 shows that the median AoA errors of
the two-tag array in the three cases are 11.34°, 16.05° and
18.25°. The 80-percentile AoA errors are 25.05°, 29.78° and
37.67°. Fig. 18 shows that the median AoA errors of the four-
tag array are 6.28°, 8.13° and 11.58°. And the 80-percentile
AOA errors are 17.87°, 18.92° and 26.53°. From the results,
we have the following findings:

1) As expected, the AoA errors in the low-multipath NLOS
and rich-multipath LOS scenarios are slightly higher than the
error in the low-multipath LOS. In a low-multipath NLOS
case, RF signals penetrate the wooden board twice back to an
antenna receiver, thereby degrading the signal-to-noise ratio
(SNR) compared to the LOS case. The impact of environ-
mental noise thus becomes severe. Also, the reflections from
the wooden board may introduce additional phase shifts on
each tag and impact the AoA accuracy. In a rich-multipath
LOS case, the performance degradation is insignificant. We
find that tag mutual coupling may sometimes improve each
tag’s SNR in some directions. The higher SNR may effectively
suppress multipath interference.

2) More RFID tags can lead to higher AoA accuracy.
Such a result is also expected since more tags provide more
orientation-dependent RFID fingerprints. Specifically, the prior

knowledge of RFID fingerprints and the corresponding AoA
is collected in a 2D plane while the test data in practical
applications is measured in 3D space. The tag gains in different
spatial directions are a little different from those in a 2D plane.
If more prior knowledge is provided, the AoA accuracy in the
four-tag array could be further improved.

C. AoA estimation accuracy vs. different parameters

Next, we evaluate RF-Mirror performance in a two-tag
array under five different experiment settings, including nearby
RFID tags, tag separation distance, tag-to-antenna distance, tag
array deployment and tag type.

Impact of nearby RFID tags. We first measure the RFID
fingerprint of each tag when no other tags are around the array.
To observe the changes in the RSSI and RF phase of the
two tags, we randomly place eight tags around them. Then
we compute the RSSI and RF phase differences before and
after placing these nearby tags. The distances of these nearby
tags to the tag array range from 10 cm to 50 cm at about
10 cm spacing. The positions of the tags in the array remain
unchanged in each experiment.

Fig. 19a shows that the median of RSSI difference decreases
from 2.365 dB to 0.605 dB as these nearby tags locate
gradually away from the two-tag array. Fig. 19b shows that
the median of RF phase difference reduces from 0.187 radians
to 0.109 radians. The nearby tags result in the variation of the
RFID fingerprint. Since the impact of tag mutual coupling is
inversely proportional to the separation distance between tags,
the differences decrease with distance increasing. This can be
seen clearly from Fig. 19c.

Impact of tag separation distance. To evaluate the impact
of different tag spacings on the AoA accuracy, we apply the
pre-estimated reflection coefficients (see Table. I) into our
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model for evaluation. Fig. 20 shows that the AoA error slightly
increases as the tag spacing increases. Although the larger tag
spacing should strengthen the tolerance to the measurement
error in RF phase, we cannot ignore the impact of multipath
interference in practical environments. According to [35], the
larger the tag spacing is, the more different the multipath
impact on each tag will be. It means the calculated PDoA
for AoA estimation may contain more noise, thereby reducing
the AoA accuracy.

In the experiment, we also find that a smaller tag spacing
may produce a more serious shielding effect. The shadowed
RFID tag (farther from a reader antenna) in a two-tag array
may require higher power to be activated. Here we conduct an
experiment to illustrate this effect by deploying the centers of
a reader antenna and two tags in a straight line. A tag (e.g.,
T1) is located between the antenna and another tag (e.g., 75).
The shadowed tag is 75. We vary the position of the tag T1
to adjust the tag spacing from 2 cm to 8§ cm. Also, we vary
the distance of the tag array to the antenna from 50 cm to
500 cm. Fig. 21 shows that the RSSI of 75 at a smaller tag
spacing is much lower than that at a larger tag spacing. Recall
from Fig. lc that even a 8-cm tag spacing still leads to a
severe change in the RF phase due to the tag mutual effect.
In this case, we suggest using 4cm ~ 6cm tag spacing which
is appropriate for balancing the shielding effect and the AoA
estimation accuracy in practical applications.

Impact of tag-to-antenna distance. We vary the tag-to-
antenna from 100 cm to 400 cm at 100 cm spacing. Here we
also test its impact on the four-tag-array system. Specifically,
the prior knowledge for our matching method is the same
under the different tag-to-antenna distances. As shown in Fig.
22, the median AoA errors for the two-tag array are 10.21°,
18.66°, 20.04° and 28.05°, while those for the four-tag array
are 6.04°, 13.26° and 14.14°. The experiment result shows
that the AoA error increases gradually as the tag-to-antenna

Fig. 24: Robustness to array deployment
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distance increases. As the distance increases, the transmitted
signal power arriving at the tag end for backscatter signal
modulation will accordingly decrease. Due to the reduced
SNR, the impact of environmental noise will be strengthened,
resulting in an increase in the AoA error. When the tags are
relatively far from the reader antenna, the shadowed RFID tag
may not be read in some directions. To deal with this issue,
we should increase the tag separation distance in long-range
applications.

Robustness to RFID tag array deployment. In this
experiment, we test the robustness of RF-Mirror to different
array deployments. Different tag array deployments can excite
different electromagnetic distributions on each tag and result
in different radiation patterns. Fig. 23 shows that the scaled re-
flection coefficients of the co-directional and contra-directional
tag deployments are 0.728 and 0.725, which are very close
to the value in our default deployment (i.e., 0.703). We then
apply our proposed RF-Mirror scheme to estimate the AoA
for these deployments. Fig. 24 shows the median AoA errors
are 11.88° and 15.55° for these two different deployments,
which are close to 11.65° in our default deployment. This
demonstrates that RF-Mirror is robust to array deployment.

Robustness to RFID tag type. Here we use single-dipole
Alien 9640 and dual-dipole Impinj H47 RFID tags to study
on the impact of different tag types. A dual-dipole tag is
equipped with two orthogonal dipole antennas and can achieve
an approximately isotropic radiation pattern. Since the size of
a H47 RFID tag is about 4.4cm x 4.4cm, the tag separation is
set to 5 cm here. We firstly collect some data to estimate the
scaled reflection coefficients of Alien 9640 and Impinj H47
RFID tags (0.884 and 1.067, respectively). The pre-estimated
tag hardware-related phase shifts are -0.751 radians and -0.844
radians, as shown in Fig. 7c. These constants are then used
in estimating the AoA. Fig. 25 shows that the median AoA
errors are 13.11° and 17.17°. The 80-percentile AoA errors



of the two-tag array are 26.77° and 27.01°. We can see that
RF-Mirror also works well for other types of tag arrays.

IX. RELATED WORK

In this section, we review the state-of-the-art literature most
closely related to our work.

Single Tag-based Localization. Each object to be tracked
is attached with an RFID tag. To combat 27 RF phase
periodicity, some localization approaches like RF-IDraw [17]
and BackPos [29] require deploying multiple reader antennas
around the region of interest and putting a strict constraint
on two adjacent antennas’ spacing. Some motion-based lo-
calization approaches like Tagoram [20], MobiTagbot [36],
RFly [37], RF-Scanner [38], AdaRF [21] and RF-3DScan [39]
require moving a reader antenna or an RFID tag carried by a
robot or drone with a predefined track or trajectory. Recently,
some RFID and computer vision fusion methods are proposed.
RF-MVO [40] can deal with unpredictable trajectory cases
by attaching a light-weight 2D monocular camera on reader
antennas. TaggedAR [41], TagVision [42], and RF-Focus [35]
use a camera to extract image regions of containing objects,
and then match them with each RFID tag by fusing RF phase
measurements and the distance captured by the camera. RFind
[43] performs by measuring time-of-flight from an RFID tag
to each reader antenna, which could effectively deal with
multipath interference. However, RFind requires a customized
hardware to transmit and receive specified RF signals through
a tag, and needs to take a few seconds for frequency hopping.
Accurately tracking a moving RFID tag is challenging.

Multiple Tag-based Localization & Sensing. /) Device-
based Solutions. Each target object is attached with multiple
tags. RF-Dial [6], RF-Kinect [44], and One-more-tag [3] use
PDoA between tag elements for position or orientation track-
ing. Spin-Antenna [13] leverages array-antenna polarization
mismatch to track tagged object movement. And many works
are designed based on the changes in RSSI and RF phase
of tag elements in the tag array for fingertip identification
[10], position-independent authentication [45], sound vibration
sensing [46], heart rate assessment [47], and wearable body-
frame tracking [48]. 2) Device-free Solutions. Each target
is tracked without carrying any RFID tags. RFID tags in a
tag array are regarded as virtual receiving antennas. Tadar
[49], RF-HMS [50], RFIPad [51], and GRfid [52] receive
the reflections from human body and hands for position
and gesture recognition. TagScan [53] is proposed for target
imaging by determining whether the direct path between the
tag array and reader antenna is blocked. For above multi-tag
systems, their sensing accuracy suffers from mutual coupling
interference among RFID tags. The proposed RF-Mirror aims
to minimize its impact and obtain more accurate RSSI and RF
phase for sensing use.

Mutual Coupling-based RFID Localization & Orien-
tation Tracking. Twins [9], Trio [32], and SparseTag [54]
leverage tag mutual coupling for object tracking. When two
RFID tags are tightly spaced, tag mutual coupling may induce
the obvious differences in RSSI or RF phase. By determining
the absence or presence of tag mutual coupling, they could

achieve coarse-resolution position estimation. However, these
works require pre-deploying many reference RFID tags in
regions of interest. In [1], the authors achieve the AoA estima-
tion on a two-tag array by pre-collecting the prior knowledge
of RFID fingerprints in pre-defined directions. However, this
work designs a novel AoA searching method for a two-tag
array without providing any prior knowledge. Also, we extend
the decoupling method to achieve AoA estimation on an array
with more than two tags.

Tag Radiation Pattern. Pattern multiplication theorem [55]
is used to model the radiation pattern of a tag array. However,
it requires that each antenna is uncoupled, which cannot be
applied in this work. Some works [56], [57] indicate that tag
mutual coupling may affect the reading performance of stacked
RFID tags. However, they need specialized devices to measure
mutual impedances between tags for analyzing. Feng et al.
[58] demonstrate that tag mutual coupling can enhance the
tag gain in some tag-to-antenna directions while weaken the
gain in others. However, its RFID signal models ignore the
variation in the modulation factor of each tag element due to
the mutual coupling effect. Stefano et al. [59] design a two-tag
array system for building crack monitoring based on the fact
that mutual impedance is sensitive to the change in the tag-
to-tag spacing. However, the work is unable to calculate the
tag radiation pattern. In our system, we visualize the change
in the tag radiation pattern by calculating the tag gain ratio.

X. CONCLUSION

We present RF-Mirror, a scheme that enables compensating
the distortions in RSSI and RF phase caused by the tag mutual
coupling effect in an RFID tag array, to achieve fine-grained
Ao0A estimation. In this paper, novel RSSI and RF phase-
distance models are developed to characterize the coupling
effect. A series of model validation experiments are conducted,
with the application of specifically developed signal processing
techniques. These experimental results verify the effectiveness
of the proposed models. Using the validated new models,
AoA estimation algorithms are developed for RFID arrays
with two and more than two tags, respectively. Our RF-Mirror
scheme has been tested thoroughly using COTS RFID devices,
with extensive experimental results reported in the paper. The
experimental results demonstrate that RF-Mirror can achieve
significantly improved AoA estimation accuracy in multi-tag
RFID arrays compared to prior methods.
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