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Implementing Tunable Metasurface for an RFID
Correlative Imaging Localization System

Leng Li, Bincai Wi, Yulin Fhow, Shilie Zheng, Xaaonan Hui*, Xianmin Zhang
College af Iformation Science & Electranic Enginecring,
Zhejiang University
Hamngzhou, China
xhuii@ziw.edu,cn

Abstract—This paper proposes a design method for an RFID
system that achieves correlative imaging wsing tunable
muetasurfaces for tag localization applications. The imaging
system is primarily composed of an RFID reader, a transceiver
antenna, a host computer, a tunable metasurface, controlling 100
cards, and RFIID tags, The RF signal transmitted from the reader
to tag and the tag backscattered signal are both modulated by the
tunable metasurface. The tag location imaging map is obtained
through processing the acquired signals and the generated
metasurface arrangement patterns by the corvelative imaging
algorithm. The designed  metasurface  unit exhibits  high
transmitiance and a  120-degree phase change within the
920MHz-925MHz frequency band where the RFID operates. By
simulating the correlative imaging algorithm for actual scenarios,
the position of the tags can be accurately located.

Keywords—REID, Correfative Imaging, Tunable Metaswrface

. INTRODUCTION

With the rapid advancement of Internet of Things (T1oT)
technology, everyday life, leamning, and work are becoming
incredibly convenient. The foundation of ToT realization lies in
the collection, transmission, and processing of information.
Transmission relies on  various heterogeneous networks
centered on the Intemet [1], information processing  is
implemented by cloud computing, artificial intelligence, and
other information processing units [2], and  information
collection depends om various types of sensing devices,
including RFID [3], sensors, ete. [4]. Consequently, RFID
localization systems, as one of them, have also become a hot
research topic in recent years, RFID systems can achieve
contactless tag transmission and awtomatic  identification

through the spatial coupling of wireless radio frequency signals.

They can perceive the physical quantitics or characteristics of
objects in the physical world, such as in logistics and
warchousing management, intelligent transportation systems,
and intelligent security fields [3]. Dewveloping localization
functions on the existing and widely wsed RFID can rapidly
increase the application scenarios.

In recent years, various RFID tag localization methods and
systems have been investigated. Using a mobile robot equipped
with a wheeled rotary encoder and connected to multiple
antennas with a UHF-RFID reader for positioning tag items is
proposed [6]. It can locate the tag rather accurately, but it still
requires a complex multi-antenna structure. In addition, a radio
frequency scanning imaging system for chipless RFID tags that
can recognize multi-tag structures with a single antenna is
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demonstrated, while 1t depends on the relative motion of the
object [7]. Therefore, how to use a single antenna for tag
location imaging without relying on the relative movement of
the object, and to establish an appropriate high-precision signal
analysis model, s a major challenge that needs to be addressed.

This paper proposes an RFID localization system based on
correlative imaging and tunable metasurfaces, Compared with
the conventional RFID imaging methods, the complex antenna
array is not necessities, besides the comelative imaging 18 no
longer dependent on the movement of the antenna nor tags to
locate the tag position.

II. METASURFACE DESIGN AND SIMULATION

The system proposed in this paper achieves the function of
correlative  imaging tag localization based on  existing
commercial RFID readers by incorporating a single antenna
and a tunable metasurface. The core hardware functionality lies
in the phase-modulated transmissive metasurface, hence, the
discussion initially focuses on the design and testing of the
tunable transmissive metasurface,

A, Twnable Metasurface Struciure

As shown in Fig. 1, the designed metasurface array unit
should  have  transmission  characteristics  for  the

electromagnetic waves of the reader’s operating frequency
band, and it can adjust the phase of the transmitting wave by
the PIN diode.

ich
alyer | mekl

layer2 F4R

i ﬁ "l Eayerd metal Layerd FiLd
layers motal

L T o Tayeré FR4
3 B Layer? metal

0N OFF Layerk F4H
layerd mctal

Fig. | The twnable metasurface unit structure. (a) The structure of the
metasurface wnit top (layer!) and bottom (layerd) laves. (b The 3D explosive
view of the metasurface. (c) The pattern of the metasurfoce imterconnection
layer {laver3). (d) The equivalent circuits for the PIN diode in the ON and
OFF states, {e) The cross section of the metasurface unit

In order to achicve the abowve functions, 2 tunable
transmissive surface structure with five layers of metal and two



PIN diodes is designed. The signal given by the PC controls
the “on™ and “off” of the PIN diodes, making the array unit
wilh two transmissive phase shifts, and 1207 phase dellection
control of the transmitted signal can be achieved. By
continuously feeding the array units random “on”™ and “off”
signals, the tansmined wave with spatial-temporal non-
correlation ¢an be achieved, The perspective view and
sectional view of the proposed metasurface unit structure are
shown in Fig. 1. It comprises a laminated structure with two
F4B substrate layers (layer2, layer® in Fig. I¢) and two FR4
intermediate layers (laverd, layert) and five metallic layers
(layer], layerd, laverS, laver7 and layer?) bonded together,
Two PIN diodes (Skyworks SMP1345-T9LF) are embedded in
the top and bottom layers of the metlasurlace 1o adjost the
transmission phase, which is controlled by two bias wires. The
equivalent circuits of the PIN diodes in different operating
states are shown in Fig, Wd), where the values of CO, L0, RO,
and R1 are 0.165 pF. 0.7 nH. 3 £, and 10 €, respectively. The
direct current (DC) bias wires are deployed on Layer5 and cach
forward feed wire is connected to an open-circuit stub, which
serves as a low-pass filter to isolate the RF and DC signals,

B. Timable Mewasurface Simulation Test

Under the irradiation of TE-polarized incident waves, the
metal length along  the co-polanzed direction of the
metasurface unit (shown in Fig. 2{a)) can change the resonant
frequency and Q factor of the reflection pattern. Similarly, the
size and position of the through-hole determine the passband
freguency and loss of the transmissive wave, By oplimizing
these parameters, the metasurface unit can achieve a low-loss
transmissive mode operating within the designed frequency
band.

e

E

Fig 2 {a) The metallic patiern on the top and bottom layer of the metasurface
unit, (b} The surface current when the diodes are off. (¢) The surface current
when the disdes are on. (d) The simubated Sz amplitude amd phase curves of
the metasurface. () The experimental 57 amplitede and phase curves of the
metasurface.

The designed metasurface umit can medulate the phase of
the transmissive wave by 1 bit. Fig. 2(b) and (c) show the
surface current distribution when the diodes are off and on. The
cutoff diode is equivalent to the OFF state shown in Fig. 1(d).
Since the surface currents in the two states are in different
distributions, it indicates that the phase of the transmissive
waves will have a significant deflection. As a resuli, the
proposed metasurface unit obtains [-bit transmission phase
modulation. Fig, 2(d) shows the two feeding methods cause a
130° phase change in the Sz parameters of the metasurface
unit and low insertion loss,

After the metasurface is fabricated, the individual unit of
the metasurface is measured with a vector network analyzer
using portl and port2 with external antennas, to measure the
phase changes under differemt conditions. As shown in Fig.
2(e), is the results are in accordance with the simulation results,

[I. SYSTEM SIMULATION AND EXPERIMENTAL SETUP

The relationship berween the reference signal matrix,
received signal matrix, and scattering coefficients of imaging
points is no longer linear due to the reference matrix under the
metasurface. The signals are the superposition of transmitted
signals from each array element after passing through the
metasurface.  Consequently, the  algorithm  becomes
significantly more computationally challenging, Thus, the
received signals are superimposed after processing each pixel
individually. Assuming thal there 15 only a target pixel point at
(', k). v is the position vector of the imaging point, R is the
position vector of the metasurface unit, and (p, §) are the row
and column indexes of the metasurface. The received signal
corresponding to a single pixel point afier modulation is
represented by Eq. (1.

rg
Sr= Z {3y g Y+ (1 — )]0, —
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[Py = Ry + [ — Ryl ey

i1

Where F and ¢ are the row and column numbers of the
metasurface array. a comresponds to the switch state of the PIN
dindes, Assuming:

Frutd = (S (it i+ (1 =)o, — )
=il
12)

Therefore, the aforementioned calculation Egq. (2) can be
summarized in the calculation of each imaging point and
scattering coefficient as Eq. (3).
.
stme) o Sl b
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In metasurface imaging, the scattering coefficient is
abtained by replacing the caleulation with the received signal.
It is commonly known as the virtual reference signal for
convenience, Therefore, the virtual reference signal can be
utilized in place of the original reference signal to achieve tag
location imaging.
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Fig. 3 The schematic of the system.

The system schematic is illustrated in Fig. 3. The computer
is connected to an RFID reader (Tmpinj R703G), The tunable



metasurface is controlled by a 48-port 'O card which is
connected to the computer. The software is implemented by
Java, LabVIEW and MATLAB, in order to drive the RFID
reader. control the 'O card and perform the imaging and
localization algorithm.

Fig 4 The experimental setup of U system,

With  the aforementioned metasurface  design.  the
experimental setup and is built as shown in Fig, 4. The RFID
reader 15 connected to a white patch antenna on the left that
transmits and receives the RFID signals. After being modulated
by the tunable tramsmissive metasurface, the signals are
received by the tags. The backscattered signal is then
modulated by the metasurface again and eventually received by
the RFID reader antenna. The metasurface is fed with random
“on” and “ofl” patterns, and the corresponding backscattered
signals are recorded for the correlative imaging algorithm.

{A) Randomly Gooerale Tag Postions (B limagmy with Noise

- W
» =
- -

) « = 2 = a = a =
(<) (D)

lrraygany with Noise Ulsing an lmproved Algorithm — Figwee C Takes the Mazimum Valse
" u|
= »|
L ®|
Ll

" ® ® & = " A& =B e =

Fig. 5 (&) The ground truth of a tag’s ecation, (b) The original imaging results
without algerithm optimization. (¢) The improved algesithm imaging resuls
after the optimization. (d) The tag location after the maximum value
extraction from (g,

Following the experimental setup, we assume that the noise
floor of the reader is —90 dBm, the antenna transmission power
is 30 dBm, the distance from the array to the physical ohject is
2 m, the imaging plane is 2=2 m’, and the number of random
arrangements of the metasurface is 100 patterns. The results
are shown in Fig. 5, The tag's signal is overwhelmed by the
noise and algorithm artifacts, so the algorithm needs to be
optimized. The primary factor contributing to the instability of
the least squares solution lies in the fact that a small
disturbance in the received echo can lead to a significant
alteration in the selution, particularly when associated with a
low singular wvalue. Thus, the truncated singular wvalue
decomposition method 15 chosen, where the smaller singular
value components in the least squares solution are directly

removed. By dircctly removing the smaller singular value
components, the influence of the ambient white noise can be
elimnated as much as possible, thereby enhancing the anti-
noise ability.

However, as the small singular value components arc
truncated, the effect of the corresponding eigenvectors is also
removed. Therefore, the inversion result obtained does not
fully utilize the information about the target scattering
cocfficient. In addition, since the smaller simgular value
components  often  comespond  to the  high-frequency
information in the spatial domain, the action is equivalent to
directly performing a windowing operation in the spatial
domain, filtering out a negligible amount of useful information
and abundant noisc interference. As shown in Fig. 5(d), the
correct position of the tag can be normally located.

IV, CONCLUSION

The RFID imaging tag localization system proposed in this
paper uses a single antenna RFID reader and a tunable
metasurface, replacing the complex antenna array, and employs
an algorithm for correlative imaging. The system operates
within the EPC-RFID frequency band of 920MHz-925MHz..
The metasurface unit is capable of approximately 120° phase
deflection and insertion loss of less than 6 dB. The system can
achieve the tag localization through the optimized correlative
imaging method.

ACKNOWLEDGMENT
The project is supported by the Ministry of Science and
Technology  of the People’s Republic of China

{2022YFB2003800), the Mational Mawral Science Fund for
Excellent Young Scientists Fund Program (Owerseas), the

Mational Matural Science Foundation of China (Grant
62371419), and the Key R&D Program of Zhejiang
(20230031607,

REFERENCES

[1] M. Mansour ¢ al, “[memet of things: A comprehensive overview on
protocols, architeetures, technologies, simulation tooks, and  fulure
directions.” Emergies, vol. 16, ne. 8, pp. 3465, March 2023

[2]1 H S Malallah, B, Cashi, L. M, Abdulrabman, M. A, Omer, and A, A,
Yozdeen, “Performance analysis of enterpnise cloud computing: a
review,” Jonrmal of Applied Soience angd Techmology Tronds, vol, 4, no,
01, pp. 01-12, May 2023,

[31 .M. Mijwil, K. K. Hiran, R. Doshi, and . J. Unogwu, “Advancing
construction with [oT and RFID technology in civil engincering: A
technology review."” Al-Salam Joueead for Engincering and Teclivology,
vol. 2, no. 02, pp. S4-62, Mar. 2023,

[4] T Wang, ¥. Liang, X. Shen, X, Zheng, A, Mahmood, and Q. 2. Sheng,
“Edge computing  amd  sensor-choud:  Overview,  soluthons,  and
directions,” ACM Congrting Survevs, vol. 55, no 13, pp, 137, Jul,
2023,

[5] C. Munoz-Auvsecha, J. Ruiz-Rosero, and G, Ramires-Gonzaler, “RFID
applications and security review.” Comgacaiion, vol. 9. no. 6, pp. 69,
Jun, 2021,

[6] A Motroni, F. Bernanding, A. Buffi, P. Nepa, and B. Tellini, “A UHF-
RFID multi-antenna sensor fusion enables item and roboet localization.”
TEEE dmrrnal of Badio Fregueney Tdentificarion, vol. 6, pp. 436-066,
Apr. 2022,

[T B Amoim, M. Barbol, R, Siregusa, and B Perret, “Clapless RFID g
mmaging system based on conveyor-helt radie frequency scanning.™ 2023
TEEE Conference an Awienna Measiremenis ard Applicaiions fCAMAL
December 2023,



IEEE COPYRIGHT AND CONSENT FORM

T ensure umifonmdly of restmend among all contributors, other forms may not be substituted For this Foem, nor may any wording of the
form be chanpged. This form is imlemded for orginal material submitted to tbe IEEE and must acoompany any such material in onder to be
puhlished by the IEEE. Please read the form corefully and keep a copy For your files.

Implementing Tumahle Metasurface for an RFID Carrel Imaging Locabization Sy
Lang L4, Bincal W, Yolin #how Shilie Zheng, Xlasaan Hul, Xianmin hang

e IEEE MTT-5 Inernatinal Microwave Werkshop Series on Advanced Maserials and Processes for BF and THz Applications (IAWS ARE)

COPYRIGHT TRANSFER

The umlersigned herediy assigns o The Inditute of Electrical and Elecironics Engineers, Incorpoated (the "1EEE") all rights under
copyright that may exast in aml do: {a) the Work, inclmding any revised or expanded derivative seorks suhmidted to the [EEE by the
unclersigned based an the Wark; aced (B} amy associated wriiten ar maltimedia companents or pther enbancemenis accomganying the
Work.

GEMNERAL TERMS

- The undersigred represents that hefshe has the power and authority @0 make and execute this foom

2. The undersigoed agrees 1o indermnify and hold harmbess the IEEE From any damage or expense that may arise in the evenst of a breach
of any of the warranties set forth above.

The undersigried agrees thal publication with IEEE & subijecs e the policies and procedures of the IEEE PSPE Opertivns hManual-

. Inthe event the above work is not aocepied amd pubilished by the IEEE or is withdrawn by the amboc(s) before acceptanee by the IEEE,
the foregoing copyright transfer shall be pall and vodd. Inothis cose, IEEE will retain a copy of the manmcript for iotemal
afmindstrativerecond . keeping parposes.

For jointhy authored Works, all joint authors should sign, or one of the amboers should sign as amborteed agent for the otbers.

The amtbur hereby warrants that the Work amd Presentation {colbectivedy, the “Materials®) are ociginal and that hefshe @5 the author of
the Materials. To the extent the Malerdals incorposate et passsges, Agumes, data or other material froan the works of others, the author
has ohtained any necesary permisions. Where necessary, the author has ohizdned all thind party permissions and consents b grant the

F ]

B =

License abowve and bas provided copies of such permissions and consenis e [EEE

You have indicated thal you DO wish i have vides/sudio recordings made of your conference presentation under terms and
conditions set forth in "Consent and Release.”

CONSENT AND RELEASE

L. In the evend the author makes a presentation based upon the Work 2t a conference busted or spoosored in whoke o in pan by the [EEE,
the author, in consideration For his'her participation in the conference, hereby gramts the TEEE the unlimited, worldwide, imevocable



TR —:

AP HRQREER
£l
310013
HAT S PR T s 7o SE ST C B 1506 9 MR R
& I R L]
T BAER S TIRTO11326-812) SKIEEES05T1- 87911 326) ]Jﬁim H 11 E
e, 2022116136275 UG, 202 3041 BOOET 5620

AR, il A

BIGRERr, — R T e 2 (R R

ERFTARAEANXIRFENRE D B

it E s, AR AR SR R YR SR TR T R 35 & R uoRean ) 5 os S0
. ] A SR R

7

LR H Gk S 1 R0 ok, R A BEG R B 3 T APL TTERRE HearEs)
BN

2 i e R

AR R N 2 UL R R . R EORS | B E R, MR IR — R A IE.
AT BB N, AR R SRS AR S R,

AT S B S R, IR S, (LR S T R F L, I e
M, WFREM I —E b MR - RE AE, Mg RETRENS, e ESEEE. TR . 2S5
EL s e et S i e S

AR PR 4 U e fr BN B SR

AR AT R B e R T A R P L .

P, B AR L TSR R P R R, B, M, T,

W o# 5 AR
BRI 010-62356655

Lomss b TG # IR 6 S R #H

BT, [EE TR
Egtﬁéﬂﬁ##‘lkiﬂ}ﬂﬁ&um TR T, PR A, ELAE S M

2103057 i
22210 i
7843



(19) Exx B =45

P #‘p (12) XA HE FI8IA

(10) B30 96F CN 115981031 A
AN ERIFOHHE 202304, 18

(21) GRS 2022116136275
(2 Bi%E M022.12.15

(66) & E {5 HiE
202211604420.1 2022.12.13 CN

(T Rl RS
Hebt 310058 HFELH b AT 5L 4 bl
FHB66 5

(D&M FlE WER FRE REA
L

(74) E RN bR L SR U ERTH R
o AIE00
EFRREW W GRiEE
(51} Int .Gl

GO 17071 (2006, 01)
GO 1700 (2006, 01)

G028 1700 (2006.01)

BRI

RMFETI T

(54) & BRI
— a3 0 A A A A T A
(ST E
Ao B 40 FF T —Bh I TR R Y e () a0
Bl T B ) i i (D AR L — T R R
e 8 % TR ) P S o R 7 I e R
% i o ] . 7 R S e e A
P T ] R e e I e A T T
e 3 i T 3 R AOE A L B BT R ——
R A T EE W T I A e R
MR fF — o R kR P R A R
19 A A ek A ) S B 00 S et T
o B A i R b T R R W A T A ek
TR R R LB b e A e
TE . e 1 e 0 % T . e AT A I 45
= T ML TR G B P MRS R
= 0 A T ) ) o L e R

N 1159810

\\_




TR =

AP BEARENR
SiH:
310013
R e 1 R 7o) SRS B E 1103 % iR
i E R R E]
R (0571 -6 79117 26—81 28K HE 05T 1-8 7911 726) le.iE 2 H % H
B, 202411934846.2 B AR, o4 2zE01046040

TARRREEANSP

PR B 28 R R H AR 3T 43 &, 3 44 i, B AR TS H el E hlE E mirr= e
T, WEEERSES . B S EREmIT .

HS: 2024119348462

i : 2024 5E 12 H26e H

HigA LA

SHHA : 2ER Eehh, R ek, TR

SRR EE A BET T R e R B e i R B R ik

Sk, BEnir-ias i smiobm T,

FEEEE SRS . w0

IS 1 s T

THHAS B 1 s BT

A 1 e BT

EHABEET 1120

FREF R s T

T E AR S 1

HiFEES: 24290

HF,

LA R e R R, WP S AT SR R, e RS oL
WM,

LA SRR, AR e A, MWL R ik S,

W # A A
RS 010—62356655

201 el ER R 100088 b RATEGEE B TR RS 6 5 B s SRR
200303 @iﬁgﬁgﬁﬂ#ﬁﬂﬁbﬂmuﬁ%xﬁﬁmi:#];éscﬁ. [ b, LRI Mk





