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ABSTRACT In a context of high-density deployment of UHF RFID patch-type tag antennas, mutual
coupling can have an impact on the detection rate due to the degradation of the link budget between certain
tags and the reader. The aim of this paper is to analyze the performance of a system that takes account of
electromagnetic mutual coupling as a function of the random positions of UHF RFID patch-type tag
antennas in complex environments. The design of the patch-types tags, including the extraction of the Y
admittance parameters, was studied using the HFSS electromagnetic simulation software. To validate the
study approach, the results obtained were compared using MATLAB software. The results obtained provide
additional information needed to gain an in-depth understanding of UHF RFID patch-type tag antenna
systems to make them reliable and practical in a dense environment. Future research and development work
may be inspired in the design of UHF RFID patch-types tag antennas for miniaturized applications.

INDEX TERMS UHF RFID, patch-type tag, mutual coupling, coupling capacitance, admittance.

I. INTRODUCTION

adio Frequency Identification (RFID) is a rapidly

developing technology, and RFID sensors have
become important components in many mainstream
technology applications in recent years. With the rapid
development of the logistics [1] and retail [2] industries,
RFID technology is widely used in the logistics and retail
industries. Radio Frequency Identification (RFID) is a non-
contact automatic identification technology that uses radio
frequency communication to perform functions such as
tagging [3], managing safety on construction sites or other
work scenarios [4], recording, storing and managing [5] the
target object [6], identifying wagons arriving or departing
from railway stations [7]. The most important component of
the RFID system is the tag antenna structure. RFID
antennas can be of the coil type, microstrip patch type,
dipole type, inverted F antenna type or eight-wood type.
With the development of logistics and retail, demand for
RFID tag applications on metal surfaces is also increasing.
However, these exceptional performances not only increase
the price, but also increase the size and shorten the lifespan.
Therefore, for effective use of RFID, it is crucial to
understand the environment of use and the necessary
conditions, which requires considerations in the deployment
of patch-types of UHF RFID tag antennas. Coupling is
critical where overlapping tags can introduce sufficiently
large capacitance to have a significant impact on the
intrinsic impedance of those tags in the UHF RFID band.
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The overlap area is also important for the introduction of
reverse surface currents which are critical for the
mismatched input impedance and its distorted radiation
pattern and due to the high capacitance, the resonant
frequency of the tag is reduced.

Some researchers have shown considerable interest in
microstrip patch antennas for wearable devices due to their
lightweight nature, simplicity of design, compact size, ease
of manufacture, frequency tunability and compatibility with
planar circuits [8]. An RFID microstrip patch antenna for
tag identification on metal surfaces [9]. Another
contribution in this context is a tag antenna designed to
identify metal objects in the UHF band from 865 to 868
MHz [10]. Another miniaturized patch-type RFID tag
antenna for mounting on metal surfaces has been proposed
[11]. Another type of RFID patch tag antenna for
applications involving metallic materials has been
presented [12]. A planar UHF-RFID patch antenna for
metallic applications has been proposed [13]. A folded
microstrip patch antenna designed for passive RFID objects
with metal foils has been proposed [14]. In view of the
growing use of patch tags, a study is needed to investigate the
impact of mutual coupling on RFID system performance
when deployed in complex environments.

Most of the work does not address the problem of mutual
coupling, which is one of the factors limiting the
performance of UHF RFID. The patch-type tag antenna has a
number of drawbacks, one of which is mutual coupling.
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Mutual coupling results from a mutual influence between one
of the patch antennas and the other, leading to a reduction in
antenna performance such as gain, return loss, radiation
profile, efficiency, channel capacity, corresponding
impedance and transmitted power.

In an RFID context with a high density of patch-type tags,
some studies have highlighted the impact of coupling.
Mutual multi-patch type tag coupling has been studied [15]
[16]. However, the tags are arranged on the same substrate. It
is necessary to study the effect of mutual coupling in the
reader zone, in a complex environment where several patch
tags are deployed in UHF RFID applications.

The aim of this article is to analyze the degradation of the
RFID communication link in a context of high patch-type tag
antenna density. To our knowledge, the analysis based on

additional coupling capacitances (C,, coupling in series and

Cp equal frangible capacitances in shunt) has never been

applied in an RFID link, in particular to assess the
electromagnetic phenomenon of coupling. The study focuses
mainly on the mutual coupling of two tag-type patch
antennas placed in the near-field region of UHF RFID for
different configurations and concentrated in a reduced
volume. The near-patch region introduces additional
capacitance and can be calculated using a pi network to

extract the Z,, or Y, or S;, parameters that model mutual

coupling. For the two-element network, the electrical model
is used to take into account the coupling between tag-type

patch antennas. The additional coupling capacitances ( C,,

and Cp) are deduced from the value of Y, at the resonant

frequency for each distance.

The remainder of this manuscript is organized as follows.
Section Il deals with the design process of the UHF Patch-
Type RFID tag antenna. The study of the effects of mutual
coupling between several antennas is presented in Section 111.
Section 1V presents the simulation results and comparisons.
Finally, section V presents the conclusions.

II. DESIGN AND GEOMETRIC CONFIGURATION OF THE
UHF RFID PATCH-TYPE TAG ANTENNA

A. ANTENNA GEOMETRY

The prototype UHF RFID patch tag used is a printed
rectangular patch. The structure is designed to operate at the
868MHz frequency. The antenna geometry is shown in Fig. 1
and is mounted on a dielectric material with a thickness
h=1.6mm. The dielectric used is FR4 epoxy resin with
permittivity &, =4.4. The antenna consists of a microstrip
feed line and a rectangular radiating element into which
notches have been inserted for impedance matching. Table |
below gives the dimensions of the various components of the
patch antenna.
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TABLE |. Tag parameters

Parameters Size (mm)
Patch Width:Wp 102
Patch length : Lp 79.8
Notch length: L 30.5225
Notch width: WN 3.191
Feed line width : L 35.8725
Feed line width: Wf 2.901
W
= ' Patch Substrate
Ly . s

[ I Ly ;,:+I i - I

4 \ Ground

FIGURE 1. Rectangular patch antenna with notches

B. ANTENNA SIMULATION

The antenna design is modelled and simulated using
software (HFSS High Frequency Simulation Structure),
which can be used to study antenna performance (i.e. return
loss, impedance, admittance and many other parameters).
Fig. 2 shows the antenna geometry being excited by a
discrete port assigned to the transmission feed line. The
evolution of the reflection coefficient as a function of the
excitation frequency is plotted in Fig. 3. The simulation
results for the parameter of the optimized version of the
antenna are in good agreement and show a good match at
868MHz. The antenna is well matched at 5002 impedance
(the normalized impedance around which most RF systems

are designed) in the ISM band (S,, <-11dB).

| |
0 50

FIGURE 2. Design of a patch antenna with notches under HFSS
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FIGURE 3. Reflection coefficient Sll of the patch-type tag antenna

C. ELECTRICAL CIRCUIT OF THE PATCH-TYPE TAG
ANTENNA

Representing an antenna by an equivalent electrical
circuit therefore saves time when studying the coupling
between several tags in a package. The electrical model of
the proposed tag antenna is shown in Fig.4.

The supply line is a lossless microstrip line. The
electrical model of such a line is a parallel LC circuit [17]
[18] [19]. The inductance and capacitance of the electrical

model are denoted by L, and C, respectively in Fig.4

The characteristic admittance of the microstrip line can
be given by equation (1):

Yf = ®
joL, + 1
JoC, +

ol

Ly L

Ld
Cr
3 CZ
- LM’
500 R, Ly -
CM’ _l_

FIGURE 4. Electrical model of the proposed patch-type tag antenna

oyl
]
1T

The printed rectangular microstrip patch is considered to
be a combination, in parallel with a resistor R;, of an

inductance L, and a capacitance C, . The admittance of the
patch is given by equation (2) [18] [19]:

1 . 1
Yp :€+J(COC]_—EJ (2)

When a notch is on the patch, the current distribution is
modified in the radiating structure compared to the normal
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radiation of the patch. Consequently, this perturbation
modifies the equivalent circuit of the initial patch by
introducing an additional series inductance and a series
capacitance. The final equivalent circuit of the notch is a

parallel combination of a resistor R, , inductance L, and
capacitance C, is shown in Fig.4. The expressions for R,,

L, and C, are given in [18] [19]. The admittance of the
notch is given by equation (3):

1 . 1
Yz=R—+J(COCz——] (3)

2 ol,

Note that the two resonant circuits, the rectangular patch
and the loaded notch, are coupled by a mutual inductance
L,, and a mutual capacitance C,,, and their expressions
are given in [20] [21]. The admittance of the notch-patch
coupling is calculated using equation (4):

1

joL,, +

joCy,
The equivalent circuit in admittance blocks is given in
Fig.5. Therefore, the admittance of the patch-type tag
antenna Y, of the printed rectangular patch system, feed

line and notch can be calculated from Fig.5 is given by
equation (5):

1
Yl - 1 1 1 (5)
4
YooY, Y +Y,
!r’,- Y,
o ] ]
| I— | I
Yy Yp

e

FIGURE 5. Equivalent circuit for the proposed patch-type tag antenna

To validate the equivalent circuit of the proposed patch,
the Advanced Design System (ADS) circuit simulator based
on the method of moments (MoM) was used. This is a
commercial software package used for antenna design and
development. The equivalent circuit of the patch antenna in
the ADS platform is shown in Fig.6. The circuit parameters

C,,L.R,L,C, R, L,C,6C, and L, are
calculated using MATLAB software are grouped in Table

I and then these values are imported into Advanced Design
System (ADS) software the microwave and digital circuit

simulator to fit the input impedance of Z =502 as shown
in Fig. 6.
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TABLE II. Parametric value of the lumped equivalent circuit model

Lumped element Value
Parch resistance: R1 29.036911
Parch inductance: L, 0.14598nH
Parch capacity: C, 230.25pF
Notch resistance: R2 29.036911
Notch inductance: L, 0.48313nH
Notch capacity: C, 230.25pF
Inductance of the feed line : Lf 0.6749nH
Feed line capacity : C 1.0369pF
Inductance of patch-notch coupling: L, 0.4844nH
Patch-notch coupling capacity : C,, 0.06752pF

SLCH
L=0 4844 nH PRLC2
€=0.067520 pF R=29 0369 Ohm

= PRLC1
R=29.0369 Ohm [

C=230.25 pF

SP1
Start=0.7 GHz
Stop=1.0 GHz
Slep=0.001 GHz

FIGURE 6. Equivalent circuit for the UHF tag proposed under ADS.

Fig.7 shows the comparison between the reflection loss
of the antenna simulated in HFSS and the network model
circuit simulated by ADS. Both curves resonate at exactly
the same resonant frequency of 868MHz. The equivalent
circuit is simulated and the values are compared with the
simulation values from the simulation in Fig.3. The plots of

the reflection coefficient, with S,; =—11.538dB in the
case of the ADS simulator and S;; =—24.59414dB in

the case of the HFSS simulator are shown in Fig.7.
0

T —_Sllads-
— Siihfss
.5 -
a-lD r
o
—
—
L
w-15+
-20
-25
0.7 0.75 0.8 0.85 0.9 0.95 1 1.05

frequency (GHz)

FIGURE 7. Comparison of the reflection coefficient 5, of the tag under
HFSS and ADS

There is a good match at the same resonant frequency of
868 MHz, but the performance varies according to the
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software used. This is a very satisfactory result, since it
shows that the equivalent circuit of the proposed notched
patch antenna is valid. Good agreement was obtained
between the two commercial software packages.

Ill. MODELLING THE MUTUAL COUPLING OF UHF
RFID PATCH-TYPE TAG ANTENNAS IN HORIZONTAL
AND VERTICAL CONFIGURATIONS

A. EQUIVALENT CIRCUIT FOR MUTUAL COUPLING

Consider two neighboring tags (tagl and tag2) in a
package of n identical tags. The two tags are simultaneously
excited by the electromagnetic field of the RFID reader. The
resultant total electromagnetic field is likely to be the sum of
the elements radiated and the scattering fields from the two
antennae. In a package the tags can be arranged randomly or
in rows. The ratio S/A between tags is assumed to be small
(see Fig.8) (s, the distance between tagl and tag 2, and A,
the wavelength). The RFID reader communicates with these
tags in this configuration in order to retrieve the data they
contain.

A"TENN A

FIGURE 8. Configuration of two coupled UHF RFID pach-type tag
antennas

The overlapping patches can introduce a sufficiently
large capacitance which is crucial for lowering the resonant
frequency in the useful UHF RFID band. The overlap area
is also important for the introduction of reverse surface
currents which are crucial for the generation of the
polarisation insensitive radiation pattern and due to the high
capacitance, the resonant frequency of the tag is reduced.

Whatever the configuration of the tags in the package,
the equivalent circuit of two neighbouring tags is shown in
Fig.9. Both tags are excited simultaneously by two discrete
50Q ports (port #1: 50Q2 and port #2: 50Q2). The
system consists of the electrical models of tags 1 and 2, two

frangible coupling capacitances Cpl' sz in shunt and a
series coupling capacitance C,, . The coupling capacitances

are highly dependent on the distance between the tags. The
capacity Cp_ represents the parallel capacity of tag i due to

the presence of tag j. The capacitance Cij is the planar

proximity serial capacitance of tags i and j. In the practical
case, the radiating elements are supplied with currents of
the same amplitude and phase, and the surface currents
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created on each element are obtained from the matrix C :|—Im(Y )/a)| (11)
equation for two-port networks characterised by equation 12 12
(6):
C,, =[(Im(¥,)—Im(Y,))/w—C,| (12)

[H=[Y]V] ©)

The following admittance matrix is extracted using
equation (7) and given by equation (8):

{ I1 = Y11V1 +Y12V2 %
I2 = Y21V1 + Yzzvz
Y. Y,
[Y ] _ |: 11 12 } (®)
Ya Yo

Fig.9 shows the equivalent electrical model of two
identical printed antennas. The mutual coupling capacitance

C,, of the 7 array obtained when the two patches are

spaced S/ﬁ.. The Y-parameters of the pi (77) array are
shown in Fig.10.

LY n [ ¥y ¥r

N[ S

T

FIGURE 9. Proposed equivalent electrical circuit of two patch-type tag
antennas

Fig.10 shows a simplified circuit of the elements shown in
Fig.9.

—1 +
I Y I,
Vi Ya ¥, Va

FIGURE 10. 7T - network of the two patch-type tag antennas

Y-parameters are also known as short-circuit admittance
parameters. They are obtained as a ratio of current and
voltage and the parameters are found by short-circuiting

port 2 (V, =0) or port 1 (V, = 0). Using equation (6) and
equating the resulting circuit with a 7 -network, we obtain
equations (9) and (10):
Y =Y, +Y, =Y, + jo(C, +C,) )
Y, ==Y, =—jaC, (10)

The determination of the parasitic capacitances is based
on the Y-parameters calculated from the combination of
equations (9) and (10) and simulations using the HFSS

software C;, and C, are calculated from the Y-

parameters calculated from this circuit with equations (1)
and (12):
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With
Y, : self-admittance of the rectangular patch obtained from

equation (5).

Since the two UHF-RFID patch-type tag antennas are
identical for a two-port network, we can write

Cp =Cp1 =Cp2 , Cu=Chs Y=Y, et Y, =Y,
(reciprocity).

B. SIMULATIONS OF PATCH-TYPE TAG ANTENNAS IN
THE HORIZONTAL CONFIGURATION

The different configurations of patch-type tag antennas
modelled in HFSS are shown in the following figures. The
simulation frequency is 868MHz. The distance between the

tags varies by 0.44<s<34 while avoiding the tag
edges. The coupling capacitance C,, is calculated using

equation (11) for tag configurations arranged in the (Ox,
Oy) plane. If one of the two antennas is excited, then both
antennas are excited, so the resulting total electromagnetic
field will be taken as the sum of the fields radiated and re-
radiated by the two antenna elements.

# Configuration 1: Patch-type tag antennas with parallel
arrangement.

# Configuration 1

2Tagl #Tag2

FIGURE 11. Simulation of an array of two patch-type tag antennas in a
parallel arrangement.

# Configuration 2: Patch-type tag antennas with opposing
feeds.

# Configuration 2

#Tagl #Tag2

FIGURE 12. Simulation of the network of two patch-type tag antennas
with opposite feeds.

# Configuration 3: Patch-type tag antennas with opposite side
feeds.
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= Confignration 3

FIGURE 13. Simulation of an array of two patch-type tag antennas with
opposite side feeds.

# Configuration 4: Patch-type tag antennas with orthogonal
arrangement.

# Configuration 4

£#Tagl
#Tag2

FIGURE 14. Simulation of an array of two patch-type tag antennas with
orthogonal arrangement.

# Configuration 5: Patch-type tag antennas with the same
side feeds.

= Confignration 5

£Tagl #Tag2

FIGURE 15. Simulation of an array of two patch-type tag antennas with
the same side feeds.

# Configuration 6 : Patch-type tag antennas, one of which is
placed in the (Ox,0z) plane.

£ Canfiguration 6

FIGURE 16 Simulation of an array of two patch-type tag antennas, one
of which is placed in the (Ox, Oz) plane.

# Configuration 7 : Patch-type tag antennas with tag 2
inclined at an angle 6 = 45° to the axis (Oz).
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# Configuration 7

#Tagl
FIGURE 17. C..cdlici o0 vl iy o ol

" 2
TL,']%:,.. .,~< tag antennas,

with tag 2 inclined by 8 = 45" with respect to the axis (02).

C. SIMULATIONS OF PATCH-TYPE TAG ANTENNAS IN
THE VERTICAL CONFIGURATION

As before, the distance between tags varies between
0.24<s<34 while also avoiding tag edges. The
coupling capacitance C,, for some configurations of the
arrangements where the tag centres are aligned along the
(Oz) axis. The different antenna configurations modelled

using HFSS are shown in the following figures. The
simulation frequency is 868MHz. The coupling capacitance

C,, for two configurations of the arrangements along the
axis (Oz) of the tags.

# Configuration 1: Patch-type tag antennas arranged along
the (Oz) axis (collinear).

# Configuration 1

FIGURE 18. Simulation of an array of two patch-type tag antennas
arranged along the (Oz) axis (collinear).

# Configuration 2 : Patch-type tag antennas with tag 2 tilted
by 6 = 45" with respect to the axis (0z).

F 4

# Configuration 2

#Tag2

FIGURE 19. Simulation of an array of two patch-type tag antennas
with tag 2 tilted by 9 =45 with respect to the axis (0z).
# Configuration 3 : Tag-type patch antennas with tag 2

parallel to the axis (Oz) and perpendicular to tag 1.
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# Configuration 3

2Tagl —m
%0

FIGURE 20. Simulation of an array of two tag-type patch antennas with
tag 2 parallel to the axis (Oz) and perpendicular to tag 1.

# Configuration 4: Patch-type tag antennas with face-to-
face arrangement.

# Configuration 4

#Tagl

FIGURE 21. Simulation of an array of two patch-type tag antennas in a
face-to-face arrangement.

IV. RESULTS AND DISCUSSION

A. Clz COUPLING CAPACITY IN HORIZONTAL AND
VERTICAL CONFIGURATIONS

The simulation results for these configurations are shown
in Fig.22.

0.9r . ‘ . . , .
0.8

0.7

€12 (pF)

2.5

FIGURE 22. Comparison of C12 coupling capacities for horizontal

configurations.
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Fig. 22 shows comparisons of the C,, capacitance as a
function of the ratio S/ﬂ,. It can be seen that the coupling

capacitance C,, depends strongly on the distance between

the UHF RFID patch-type tag antennas. The #4 orthogonal
configuration shows a high level of isolation compared with
the other configurations. The #4 orthogonal configuration
shows a high level of isolation compared with the other
configurations. This mutual coupling capability is due to
the polarization where the E-field wvectors have a
perpendicular orientation, which inherently minimizes the
coupling energy between the elements and increases their
isolation. Parallel configuration #1 also shows a high level
of isolation but not like configuration #4. This
configuration is also recommended for parallel
arrangements of UHF RFID patch-type tag antennas in
complex environments. Configurations #2, #3, #5, #6 and

#7 have high C,, coupling capacitances compared with

configurations #1 and #4. In general, it can be seen that as
the distance increases, the C,, capacitance between the
two patches tends towards zero, causing the mutual effect
of far-field coupling to gradually decrease towards zero. It
should be noted here that the coupling capacitance cancels
out above S > 0.54 for certain configurations.

The simulation results for these configurations are shown
in Fig.23.

0.7 T T .
0.6+
—=C12,1
0.5+
-.—C12V2
o -Ci2 3
uﬁ. 0.4 - v
~ C12,4
= 1
i
G 03¢

1.5 2 2.5 3
s./A

FIGURE 23. Comparison of C12 coupling capacities for vertical

configurations.

The simulation results of the four configurations show
that the coupling capacity C,, is high for all four
configurations for distancesS <0.54 and on the other
hand, if the distance S>0.54 between the tags is very
large, the coupling capacity C,, gradually decreases to

zero. The simulation result for configuration #4 in which
the two tags are opposite each other is the highest and

higher than configurations #1, #2 and #3 for S<0.54.
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Configurations #1, #2 and #3 coupling capacitance are
almost the same. It should be noted here that the coupling

capacitance C,, cancels out below S>0.54. It should

also be noted that the coupling capacitance cancels out
below s> A for all configurations and remains high for
S<A.

A. COUPLING CAPACITY Cp IN HORIZONTAL AND
VERTICAL ONFIGURATIONS

The parallel coupling capacitance of the network
C, :Cpl :Cp2 obtained when the two patches are

spaced byS/i. The HFSS software can be used to
calculate the natural admittance Y,,. The value of Y, is
calculated using equation (12). The resonant frequency
gives us the coupling capacitances Cp. he results are
shown in Figs. 24 and 25, using Matlab software. In Fig.25,
the capacitance ijV with je{l, 2,3, 4} (parallel
coupling capacitance for displacement along the Oz axis)
for the different configurations and in Fig.25, the
capacitance C H with ie{1,2,3, 4, 5,6,7} (parallel
coupling capacitance for displacement along the Oy axis).
Fig.24, the parallel coupling capacitance Cpi H for the

different S/A ratios between the two UHF RFID patch-
type tag antennas. The results show that for configurations
#2, #3, #4, #5 and #7, when S<0.51 a weak trend in
coupling capacity Cpi H is observed, while for
configurations #1 and #6 it tends to increase. This shows
that these configurations are not recommended for large-

scale deployment of UHF RFID patch-type tag antennas
since the coupling is high.

b +Cp1H

181 --A--Cp2,, |
i —=—Cp3,,

L6f ]

CptlH

s CPS

——Cp6,, ||
——cp7,,

Cpi (pF)

‘
0.4 0.5 0.6 0.7 0.8 0.9 1
s./A

FIGURE 24. Comparison of coupling capacities Cp_ H for horizontal
1

configurations.
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
S./ A

FIGURE 25. Comparison of coupling capacities ijV for vertical

configurations.
Fig.25 shows the results obtained from the pararel

coupling capacitance ijV for a displacement along the

Oz axis. Smaller differences are observed between
calculated coupling capacities ijV . It can also be seen

that the calculated coupling capacities vary less for small
values of distance S<0.5A4. The same trends are
observed as in the case where S >=0.51 .

V. CONCLUSION

This article presents a rapid method for obtaining the
mutual coupling of UHF RFID patch-type tag antennas and
describes the parallel coupling capacity ignored in most
studies. The coupling capacitance values obtained show
that it is important to take into account the phenomenon of
mutual coupling between UHF RFID patch-type tags in
their design and deployment. The results are consistent with
the literature and open up prospects for evaluating the
coupling of several tag stacks whose antenna are not
necessarily patch-type tag antenna.
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