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Statistical Evaluation of the Coupling Effects
between Tags in a UHF RFID Forward Link

Aiman Mughal, Jithin Mudakkarappilli Sudersanan, Shermila Mostarshedi, Benoit Poussot, Jean-Marc Laheurte

Abstract—The aim of this paper is to propose a statistical
analysis of the performance of an RFID system in a high-density
context, based on a physical model which takes into account the
mutual coupling and random position of tags. The read-range of
an isolated tag is measured and validated from simulation. The
degradation in terms of read-range and the power absorbed by
the RFID chip is analysed in the presence of surrounded short-
circuited tags. Then a set of randomly distributed RFID tags are
modelled by a set of loaded half-wave dipoles distributed over an
electrically small area to observe the absorbed power on circuit-
level. An impedance matching technique employing a T-match
has been adapted with dipoles for maximum power transfer
in the forward link. The coupling effects taking into account
the randomness of dipoles are studied using linear and circular
polarisations of the incident field. Numerical Electromagnetics
Code (NEC) simulator and High-Frequency Structure Simulator
(HFSS) are used for the assessment of forward links for dipoles
(with and without T-match) and tags respectively.

Index Terms—RFID system, coupled tags, read-range, T-
match, statistical analysis

I. INTRODUCTION

HE radio-frequency identification (RFID) technology

plays a well-established role in the tracking and identifi-
cation of objects. Many a time, it is utilised in a high-density
context in applications such as industrial laundry, real-time
tracking of livestock, cargo and supply-chain logistics, and
other similar scenarios where the concentration of RFID tags
is high, and they are stacked in a reduced volume [1]]. In such
a frame of reference, there would be a strong electromagnetic
coupling among the tags and with the surroundings, which
could degrade the communication link between the reader
and the tag. Furthermore, as the position and orientation
of tags in a high-density context are often arbitrary, the
matching and radiation properties of a tag would experience
random variations, which differ from one configuration to
another. Various techniques such as using multiple readers,
using low scattering antennas [2]], introducing load switching
at the neighboring antennas [3|], or stirring the surrounding
environment of the tags [4] can be employed to deal with
these practical constraints. The readability of RFID tags has
been analysed in the literature using various experimental
approaches, followed by statistical analysis of the empirical
data using regression models or other advanced techniques.
The statistical analysis can be based on variability of the
performance metrics of one tag [5[, [6]] or multiple tags [7]],
[8] versus the surrounding environment.
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This paper aims to analyse and quantify the degradation
in the RFID communication link in a high-density context.
To our knowledge, statistical analysis has not been applied
before in the physical layer of an RFID link, notably to
assess the electromagnetic phenomenon of coupling. As the
study focuses primarily on the forward link and the associ-
ated absorbed power to wake up the tag, we estimated the
percentage of active tags involved in the evaluation of the
link budget between the RFID reader with a given transmitted
power, and a set of randomly distributed tags located at a
given distance. The electromagnetic field introduced by the
reader can be chosen to be linearly or circularly polarised.
An investigation of the similarity between tags and half-wave
dipoles is also performed in terms of power absorbed by the
load. It is important to note that their intrinsic properties would
be different, and hence statistically generated cumulative dis-
tribution function (CDF) plots could be used to establish a
correlation between their behaviours.

The manuscript is an extended version of [9]] and is organ-
ised as follows: in Section II, a proof of concept is presented.
The degradation of the read-range, as an output of an RFID
communication link, is investigated as the responding tag is
exposed to coupling effects. In Section III, an RFID system
consisting of a set of N randomly distributed tags over an
electrically small area is modelled by a set of dipoles, followed
by the network representation of the forward link of RFID
communication. Section IV presents the distribution of power
at various levels of the antenna based on the network model,
for isolated cases and a chosen random distribution. The
statistics of absorbed power in the forward link of RFID
communication for the set of dipoles, tags, and dipoles with
a matching network are presented in Section V.

II. RFID PERFORMANCE EXPOSED TO COUPLING EFFECTS

In this section, the read-range of a real RFID link is studied,
when it is exposed to the coupling effects between tags. In
order to quantify the degradation of the read-range with respect
to the coupling level, a home-made RFID tag is used. The
read-range of a single tag is compared to that of the same tag
when surrounded by other short-circuited tags. Short-circuit is
chosen for the sake of simplicity of the realisation and also to
increase the coupling effects. To this aim, the selected RFID
chip and the designed antenna need to be characterised. The
characterisation involves the measurement of the impedance
of both the antenna and the chip using different power levels
to include non-linearities in chip impedance.

During this procedure, three pieces of equipment are used:
the Voyantic Tagformance system to determine the power



sensitivity of the chip, the Keysight technologies E4991B
impedance analyzer used along with the 16194A component
test fixture to measure the complex chip impedance, and the
ZNB 8 Vector Network Analyser (VNA) to measure the com-
plex input impedance of the tag antenna. Proper calibrations
are performed on the impedance analyser and the VNA, over
the frequency band of 850 MHz-990 MHz. For measuring
chip sensitivity, a standard 50 €2 SMA connector is soldered
to the chip and connected to the Voyantic system to measure
the minimum input power level Pr,, necessary to activate the
chip. Then, the chip is placed between the two electrodes of
the impedance analyser whose input power is set to Pr,, . The
measured Zp, is the chip impedance at the threshold power
level. Furthermore, the complex input impedance of the home-
made tag antenna is measured with a VNA using a differential
excitation technique explained in [10].

A. Characterisation of the tag antenna and the chip

For the sake of simplicity of measurement, we chose the
encapsulated Alien “Higgs-9” RFID chip [11] enclosed in a
SOT323 package, as the experimental chip for our proof of
concept, as it can be easily measured and soldered to the tag
antenna. We designed a capacitively loaded meandered dipole
antenna which is conjugately matched to the chip at 862 MHz.
A schematic of the designed tag antenna with its dimensions
is shown in Fig. [T} The design of this tag antenna is based
on that of a real commercial UHF RFID tag manufactured by
Alien Technology (ALN-9662), etched on a plastic substrate,
which will be used later in this study. The home-made tag
has been realised on an FR4 substrate. The properties of the
substrate have been adjusted through reverse simulations with
respect to the measurements.
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Fig. 1: Schematic of the home-made RFID tag with its
dimensions (top view in (a) and side view in (b)).

The complex input impedance of an isolated tag antenna
is simulated by HFSS and measured using the procedure ex-
plained earlier by a differential probe in an anechoic chamber.
The chip impedance varies with the input power and hence,
the minimum input power as measured from Voyantic cabinet
(Pr,, = Pr, = —9.2 dBm) was utilised to measure the input
impedance using the impedance analyser. The antenna and the
chip impedances measured at Pr, (red solid line) and two
other power values around Pr, are shown in Fig. [2]
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Fig. 2: Simulated (black dashed line) and measured (black
solid line) impedance of the home-made tag antenna of Fig. [I]
along with measured chip impedance (Higgs-9) for different
measured input powers Pr, = —9.6 dBm, Pp, = —9.2 dBm,
and Pr, = —8.8 dBm.

Fig. 3: Three parallel tags placed inside the Voyantic cabinet
for read-range measurements.

B. Read-range analysis

The tag antenna connected to its chip is further used to
estimate the read-range in different configurations using the
Voyantic cabinet (Fig. [3). The maximum reading range is
related to the power absorbed by the chip using the following
equation [12]]:

E
dmax_\/PEIRmeGtag(l T?) A 0

B Pr, dr

where, Prirp,, .. is the maximum regulated effective isotropic
power radiated by the reader antenna, Pr,,, is the chip sensitiv-
ity, G'ag is the gain of the tag antenna, and |I'| is the reflection
coefficient due to the mismatch between the tag antenna and
chip, expressed as:
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Fig. 4: Three configurations of tags shown in (a), with the read-range [measured (red solid line), estimated from measured Z,
(black solid line) and from simulated Z, (black dashed line)] in (b), and absorbed power (Pr,) estimated using HFSS in (c).

where 77, is the chip impedance and Z, is the impedance of
the tag antenna of interest.

In this study the Pgirp,.,, is fixed to 3.28 W, Giag is
obtained from HFSS, and |T'| is calculated using impedances
presented in Fig. 2} The sensitivity of the chip Pr,, is
obtained from Voyantic measurement as explained in [[13]]
by P, = Pr, (1 — |'s00|?). The estimated read-range can
thus be compared to the read-range measured from Voyantic.
Three configurations are studied to observe the degradation
in the read-range of an isolated tag antenna in the presence
of other short-circuited tags. Figure @fa) shows an isolated
tag as well as two configurations including two and three
parallel tags, placed at a given distance from each other. The
measured and estimated read-ranges are presented in Fig. @{b).
A decent agreement is observed among the three techniques
which validates our experimental setup. For the rest of the
study, we would like to replace the read-range which is a
system-level observable by the power absorbed by the chip
which is a circuit-level output. The absorbed power at the
chip level can be estimated using HFSS as:
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where V7, is the induced voltage at the level of the chip when
the tag is illuminated with a plane wave (E = 1 V/m). The
absorbed power (Pp) is plotted in Fig. @{c) for different tag
configurations. The evolution of P, over the frequency band
is consistent with that of the read-range, which shows that
the power absorbed by the chip is a good candidate to analyse
the performance of the RFID link exposed to coupling effects.
Further, we can add more complexities to the configurations
by presenting a simplified model for the tag.

III. MODELLING OF THE RFID FORWARD LINK

Fig. Bfa) presents a classic network model of an RFID
system consisting of a random distribution of N tags over
a specific area in the yoz plane, illuminated by a reader
positioned at a point in space (here on the x-axis). The tag
centers are assumed to be randomly distributed such that they
do not overlap.

In the forward link, the reader transmits continuous wave
(CW) signals and modulated commands to the tag. The
tag harvests energy from the incident electromagnetic field
to energise the communication and processing circuits, and
consequently feed the chip. In the backward link, the tag
responds by switching its chip impedance between two distinct
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Fig. 5: Set of RFID tags and the reader in (a) modelled by
loaded dipoles illuminated by a plane wave in (b).

states, thereby modulating the signal backscattered to the
reader, containing the information stored in its data memory.
In the context of high-density tagged objects, both links are
subject to degradation, among other reasons, as a result of the
electromagnetic coupling between tags.

In this work, we focus to analyse the quality of the forward
link taking into account, the polarisation of the reader, the
random position, and the orientation of the tags. In order to
reduce the complexity of the scenario, a simplified model
is presented in Fig. [5[b). The reader illuminating the set of
scatterers is assumed to be an incident plane wave, linearly or
circularly polarised. On account of the statistical similarities
discussed in [14], the tag antennas are modelled by half-
wave dipoles, including a T-match network or not. The dipoles
representing the tags are loaded. The centers and orientations
of the N dipoles are supposed to be the same as that of
the randomly distributed tags. The study will cover both
deterministic and statistical approaches in terms of the power
received at various levels of the tag. The chip sensitivity, which
is defined as the minimum turn-on power, will be utilised to
draw inferences on the percentage of tags which would be
activated and take part in the communication.

As introduced in [[15] and [16], a set of loaded scatterers
illuminated by an electromagnetic field can be modelled by an
equivalent circuit model shown in Fig. [f[(a). The electromag-
netic field is accounted for by a series of open-circuit voltages
included in the vector [Voc], the “load network™ contains N
terminating load impedances represented by the vector [Zg],
and the “scatterer network™ takes into account all couplings
and is introduced by the N x N impedance matrix [Z].

For the forward link analysis, the circuit between A and B
nodes as seen by the n*" dipole can be replaced by a Thevenin
equivalent model as shown in Fig. [[b). The Thevenin model
is composed of an overall open-circuit voltage Vlgf which
accounts for all VO sources on the remaining N — 1 ports
and the input impedance Z;,,, of the overall network as seen

n" scatterer

(a)

Fig. 6: Equivalent circuit model of (a) N loaded dipoles
exposed to an incident electromagnetic wave (b) the circuit
as seen by the n'® dipole.

by the n*® driven dipole, which includes all couplings. The
voltage across the load of the driven dipole can be computed
as follows:

ZL oC oC
=——"— (V" =V 4
n Zinn +ZL" ( n 1nn) ( )
where Z;,, can be computed using the modified impedance
matrix of the network shown in Fig. [6fa) by the following
equation [14]:

Vi

1

- Z;uljdn (n,n)

ing, (5)
where the modified impedance matrix Zp,oq, is obtained
by adding the dipole loads over the corresponding diagonal
elements of the impedance matrix Z except for Z,,,,:

[ Z11+ZLy - Z1i v Zip Z1N ]
Zj Zij+Zu; 0 Zin ZiN
Zmod,ﬂ = : (6)
Zny v Zni o Zon o Zan
Zn1 ZNi - ZNn 0 ZINNtZLy |

The equivalent model of Fig. [f[b) offers the possibility to
draw up the power budget of the network. Two power values
can be calculated at the level of the voltage sources. Pyoc is
the power induced at the level of the n*® dipole by the plane
wave :

1 *
Pyoc = SR (VL) %

while Py oc is the power induced by the N — 1 dipoles at the
level of the n*® dipole by mutual coupling effects :

Pjoc = %éR (viQery) ()

ing, Mp

The algebraic sum of these two powers is divided between
the two loads. The most important power for the forward link



analysis is the absorbed (collected) power of the n'" dipole or
tag which can be calculated by:
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The tag will be powered up if the absorbed power is greater
than the minimum required power, i.e. the sensitivity of the
chip. The other part of the total induced power goes to Zi,,,
which can be considered as the power which will be re-
radiated in the backward link and can be expressed by:

2

1 VOC _ VOC
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=3 | R (10)

Although this power is not of main interest in this paper, it
provides a better understanding of the physical phenomenon
during the analysis of the power budget.

IV. DETERMINISTIC ANALYSIS

To provide a more realistic representation and to analyse the
reliability of the forward RFID link in a real case scenario,
we will employ a commercial RFID tag for the simulations
presented from this point. The commercial UHF RFID tag
(ALN-9662) [17]] used in our study is presented in Fig. [7(a).
We fix the working frequency according to North American
UHF RFID band at 928 MHz. The chip of the tag is connected
to the antenna through a matching network, commonly called
T-match. This tag is based on a printed capacitively loaded me-
andered dipole. The tag antenna has been modelled with Ansys
HFSS EM simulator. Typically, the tag antenna has an input
impedance with a low resistive part and a very high reactive
part in order to match the impedance of the RFID chip. The
simulation result showing the impedance of the tag antenna is
presented in Fig. [§] over a frequency band. According to the
equivalent circuit model of the RFID chip [18]], i.e. a resistance
R, in parallel with a capacitance C), respectively equal to
1500 Ohms and 0.85 pF, the complex conjugate of the input
impedance of the chip over the frequency band is also included
the figure. As expected, at the working frequency, i.e. 928
MHz, the input impedance of the tag antenna (23.645197.9 Q)
and the input impedance of the chip (26.66 — j198.2 Q) are
quasi complex conjugate to allow an efficient power transfer.

A full-wave 3D solver to predict the behaviour of this com-
plex tag antenna in various configurations requires significant
computer resources and would be time-consuming. To handle
this issue, considering the dipole-like radiation properties of
the tag according to the technical documentation, we propose
to replace the tag antenna with a half-wave dipole. Conse-
quently, the dipole can be designed with a matching network
to be closer to the initial tag antenna topology following [[19]]
and [20] as shown in Fig. [7(b), or a simpler equivalent model
can be adopted using a dipole without the matching network as
in Fig. [7(c). The structure of the dipole with T-match is based
on the insertion of a second folded dipole connected to the
center of the first dipole. The two simpler wire antennas allow
the use of 4NEC2 solver, an electromagnetic simulator based
on Method of Moments and is adapted to analyse structures

Meandered dipole

Chip Matching circuit
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Fig. 7: Schematic of (a) tag (b) T-matched dipole and (c)
dipole, indicating their respective dimensions.
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Fig. 8: Real and imaginary parts of the impedance of the
commercial tag and the dipole with and without T-match using
HFSS (solid line) and NEC (dashed line).

including wires and surfaces in free space or over a ground
[21]. The input impedance of a dipole with and without T-
match has been simulated by 4NEC2 and compared to HFSS
in Fig.

The comparison in Fig. [§] shows that 4NEC2 would be
sufficient to estimate the impedance of the wire antennas. We
will show later that this is not only true for the isolated case,
but also for configurations including coupling effects. On the
other hand, we observe that the impedance values for the three
antennas over the frequency band are different. The impedance
values at 928 MHz which are used in this study are presented
in Table [

The following parts will present both the deterministic and



TABLE I: Input impedance of the three isolated antennas at
928 MHz

Dipole | T-match | Tag
HESS  77.04 710.5 Q2 | 20.0 4+ 5203.2 Q2 | 23.6 + j197.9 Q
NEC 7424 j87Q | 22.2 4 j201.5 -

statistical analysis of the forward link in terms of the power
by using the equivalent circuit model presented in Section
The idea is to show that the dipole would be a good candidate
to model the behaviour of the tag in the forward link. The
amount of power at the level of the driven element of interest
is a function of both its tilt with regard to the incident wave
polarisation and the coupling with the surrounding elements.
So, it would be interesting to refer to the power at various
circuit levels of an isolated element, as it would represent an
ideal communication scenario from the reader to the tag, due
to the absence of any coupling effects.

A. Isolated case

An isolated half-wave dipole, T-matched dipole, and tag
are placed symmetrically about the origin along the z-axis
as shown in Fig. [0] 4NEC2 is used to simulate the half-wave
dipole, with and without T-match, while the tag is simulated
with Ansys HFSS. The power at various circuit levels of the
isolated element employing linear and circular polarisations of
the incident field (E£z = 1 V/m) are presented in Table [[I| and
Table [[II} respectively.

b ]
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Fig. 9: Isolated (a) dipole, (b) T-matched dipole, and (c) tag,
illuminated by a plane wave.

TABLE II: Isolated power for Linear Polarisation (LP)

Dipole T-match Tag
dBm LW dBm m dBm W
Pyoe —14.4 | 36.1 | —14.3 | 37.2 | —14.8 | 33.1
1= —174 | 181 | —17.3 | 186 | —17.9 | 16.2
Py —17.4 | 181 | —17.3 | 18.6 | —18.1 | 15.5

TABLE III: Isolated power for Circular Polarisation (CP)

Dipole T-match Tag
dBm W dBm m dBm W
Pyoe —17.4 | 181 | —17.3 | 186 | —17.8 | 16.6
P —20.4 | 9.0 —-20.3 | 9.3 —20.8 | 8.3
P —20.4 | 9.0 —-20.3 | 9.3 —21.1 7.7

In all three cases, the power induced by the plane wave
(Pyoc) is almost equally divided between the load and the
antenna impedance (Zr, = Zi;). PL and Py, represent
respectively the power absorbed by the load (chip) and the
re-radiated power. In the absence of surrounding elements,

the power induced by coupling effects (Py.oc) is null. Due
to the polarisation mismatch between the finnearly polarised
antenna and the incident wave, the power values corresponding
to circular polarisation are 3 dB lower than the power levels
in the case of linear polarisation. The power levels are very
close for the dipole with and without T-match and differ more
for those of the tag.

B. Randomly distributed case

Let us consider an area of dimensions 1\ x 1)\ in yoz plane
where ten identical half-wave matched dipoles are distributed
randomly, as shown in Fig.[T0] Each dipole has random center
coordinates and orientation following a uniform distribution.
The set of dipoles is illuminated by linearly and circularly
polarised plane waves at normal incidence.

9\1.01\
O

5 \.\
/

7/./
Fig. 10: Ten loaded half-wave dipoles randomly distributed
over a surface of dimensions 1A x 1.

-0.5) 5\

Using 4NEC2, the open-circuit voltage (V,°C) across each
loaded dipole has been obtained, while all others are open-
circuited. In a second simulation, the plane wave is removed,
and the dipoles are driven by their respective V,°C, while being
terminated on their matched load (7, = Z7;). Consequently,
the different electrical quantities in Fig. [f(b) have been cal-
culated. Fig. illustrates for each dipole, from 1 to 10, the
power budget in W for both linearly and circularly polarised
plane waves.

Initially, each dipole has been considered in the absence of
the others, but in its original position and orientation, i.e. the
mutual coupling has been suppressed and only the orientation
of the dipoles is taken into consideration. The power budget
corresponding to this case is shown in the first row of Fig. [T1]
We observe that for the linear polarisation (LP), the power
at the level of the source Pyoc is different for each dipole
with respect to its tilt, while for the circular polarisation (CP),
this power is equal, irrespective of the orientation. In the
absence of coupling, the power induced by the other dipoles
Pyoc is obviously null for both polarisations. The power
induced by the plane wave is equally divided between the
two loads, as is expected in the case of the matched load.
In fact, without mutual coupling (Zi,,, = Z11), the absorbed
and the re-radiated power values are consequently identical
(P L, = —Pinn)-

Subsequently, all 10 dipoles are treated together. The corre-
sponding power budget is shown in the second row of Fig. [LT]
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Fig. 11: Power budget for a grid of 10 randomly distributed matched dipoles using linear (LP) and circular (CP) polarisation,

with (w/) and without (w/0) mutual coupling.

For both polarisations, the random position and orientation of
the dipoles, as well as the coupling between them, result in
different power values at the level of the two sources, Pyoc
and Pyoc. Even though all the dipoles are identical and are
connected to their isolated conjugate matched loads, the source
power is divided into two unequal parts as a consequence of
mismatch due to mutual coupling effects. Consequently, the
absorbed (P, ) and the re-radiated (F;,,) power values are
not the same in this case. On average, the absorbed power
of the dipoles reduces due to coupling effects. However, the
effect of the coupling on each dipole individually is a random
phenomenon, e.g. in the case of the linear polarisation, Pr,
has slightly increased thanks to the coupling, while Pp,, has
vanished. Moreover, P, decreases with circular polarisation
while P, increases. The equivalent circuit in Fig. [6[b) shows
that the voltage sources have opposite conventions. According
to the direction of current flow, a positive power for V,9¢ is
considered to be supplied while for Vignc is considered to be
received. Consequently, a negative power for Vigf indicates
that the voltage source works as a generator.

The power budget in the presence of coupling shows a
significant variability which makes the power prediction for
another random distribution of dipoles difficult. The need for
a statistical study is also encouraged by comparing the power
budget of dipoles with that of T-matched dipoles as well as
real tags. In fact, one can normalise the absorbed power by
the dipoles, with and without T-match, and the tags distributed
as in the configuration shown in Fig. [I0] by their respective
absorbed powers when they are isolated (Tables [[I] and [II).
The result is presented in Fig. [I2] In Fig. [[2fa) and (b), the
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Fig. 12: Normalised absorbed powers (Pr ... ) of (a) dipoles
and (b) T-matched dipoles obtained by NEC and HFSS and
(c) compared to those of the tags, in the random configuration
shown in Fig. @ with respect to their respective isolated Py .

obtained power values by 4NEC2 are validated by HFSS with
a low error. Fig. @c) shows that, although the normalised
powers for the three antenna types are not identical, there is
a clear correlation between the power levels.



V. STATISTICAL ANALYSIS

The deterministic analysis presented in the previous section
shows the impact of the randomness and coupling on the power
budget of one configuration of dipoles. If different random
configurations of the same dipoles with the same density
are considered, a statistical analysis becomes mandatory. In
this section, we consider 2000 configurations of 10 antennas
distributed over two distribution areas of dimensions 1A X 1\
and 2\ x 2\. The statistics of absorbed power P;, is studied
for dipoles with and without T-match. As the simulation is
much more time-consuming for a tag antenna, the statistical
analysis is performed for only one density (1A x 1)) and one
polarisation (LP) in the case of real tags. Table gives an
insight by presenting the mean (u), the standard deviation (o),
and the coefficient of variation (/) of the absorbed power
for different cases.

TABLE IV: Statistical moments

B o a/p
(W)  (@dBm) (uW)  (dBm)

Dipole
I\ % 1N LP 419 2378 432 2365 1.03
Cp 419 2378 3.02 -2520 0.72
2% % 2\ LP 7.82 -21.07 642 2192 082
Cp 787 -21.04 345 2462 044

T-match
1A % 1A LP 496 -23.04 488 -2311 098
CP 496 -23.04 319 -2496 0.64
92 x 2\ LP 887 -2056 7.10 -21.49 0.81
CP 885 -20.53 358 2446 040

Tag

IAXx 1IN LP 376  -2425 396  -2402 1.05

It can be stated that the mean absorbed power is mainly
related to the density of dipoles, i.e., the lower the density,
the better would be the level of absorbed power. For a given
distribution area, the mean power () for the linear and circular
polarisations are almost the same. Finally, the dispersion (o /)
is always higher for the linear polarisation compared to the
circular one.

Valuable information can be extracted from the empirical
cumulative distribution functions (CDF) of the normalised
power. Fig. |13| presents the CDF for the normalised absorbed
power values (20000 samples) when all antennas are termi-
nated with their respective isolated matched loads. According
to Table [[I[ with a linearly (vertically) polarised plane wave
with Ez = 1 V/m, the power at the load level of an isolated
vertical dipole is equal Pr, = —17.4 dBm. An isolated dipole
inclined at 45° receives half of this power: Pr,, = —20.4
dBm. On the other hand, the mean value of the absorbed
power for 20000 dipoles (2000 configurations of 10 dipoles)
without coupling is equal to —20.4 dBm. This shows that
the 45° inclined dipole can be seen as a good representative
of the average polarisation effect in the absence of coupling.
According to Table with a circularly polarised plane wave
with the same field intensity, the power at the load level of

Linear polarisation
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Fig. 13: CDF plots for the normalised absorbed power in 2000
configurations of 10 randomly distributed matched tags (thick
red line), dipoles without (solid line) and with (dashed line)
T-match, illuminated by linearly and circularly polarised wave
over two distribution surface areas.

an isolated vertical dipole is equal to —20.4 dBm, and this
would be the absorbed power at the level of any single dipole,
regardless of its orientation. The same argument is valid for the
dipole with T-match and the tag. Consequently, the CDF plots
of Fig. [I3] have been traced after normalising the absorbed
power in each random configuration by the absorbed power of
the antenna illuminated by a circularly polarised plane wave.

We observe that the normalised CDF plots of dipoles with
and without T-match are close together, a larger difference
appears for the denser configuration. According to this figure,
the normalised Pr,_ .. = 0 dB represents the absorbed power
by the isolated antenna which is called hereafter as Pr,__.
Let us consider the linear polarisation in the case of 1\ x 1A
distribution area. By referring to the respective CDF curve in
Fig.[13] one may note that 86% of dipoles without T-match and
83% of dipoles with T-match observe a lower power than Pr,,__
as a result of the mutual coupling. As expected, this percentage
is reduced to 62% (without T-match) and 58% (with T-match)
for the 2\ x 2\ randomly distributed case. The same tendency
is valid for circular polarisation. The percentage of the dipoles
with and without T-match receiving a power lower than the
isolated case is approximately equal to 90% for the smaller
area and 60% for the larger one.

As for the real tag, the normalised CDF relies close to
corresponding CDF plots of Fig. Consequently, the CDF
plots can also be used to predict the coupling effects in the
case of real tags. Moreover, by adding information about the



tag-to-reader distance involved, the CDF plot can be used to
predict the wake-up rate of the tags as well. The normalised
power in dB is defined as P, = P, — Pp,., where
Pr... .. and Pr._  are the absorbed powers of the chip in the
case of a surrounded tag and an isolated tag, respectively. The
normalised power is the same at any distance from the reader.
In order to power up a surrounded tag at an arbitrary distance
dop, the chip power in the non-isolated case Pr . . should
be larger than the threshold power of the chip Pr,, . Thus the
surrounded tag replies if:

non—iso iso?

iso

PLnuufi:;u d=do > PLth (11)
Subtracting Pr,|;_4, from both sides of li
PLnonfiso d=doy PLiso d=dg 2 PLth - PLiso d=dy
Priom 2 Pro, — Priola—q, (12)

In this equation Pr,, is known by the data-sheet of the chip
and Pr,[;_,4, should be estimated or measured for a given
tag at distance dy. The condition obtained in designates
the statistics of the replying tags over the normalised CDF
curve of Fig. [I[3] This analysis may lead us to the particular
case of the maximum read-range of the system, where d =
dmax and the absorbed power of an isolated tag is equal to its
threshold Pr,,|;_, = Pr,,. Consequently, the condition
obtained in (T2) is reduced to Pr, . > 0 dB. In this special
case, Pr_ .. > 0 dB over the normalised CDF curve of Fig.
designates not only the percentage of tags for which the
coupling effects have a beneficial impact, but also those of
which are going to be powered up.

VI. CONCLUSION

In this paper, the degradation in the read-range of an
isolated home-made tag has been analysed in the presence
of surrounded short-circuited tags on a system-level from
measurements and is validated using HFSS simulations. This
has led us to extend our work on a circuit-level with a
simplified model of an RFID tag surrounded by other loaded
tags. We used real commercial UHF RFID tags to analyse the
effect of randomness in a high-density context. The observed
similarities between the behaviour of the RFID tag and a half-
wave dipole allowed a simplification of the tag antenna in
order to obtain a low-cost model, where the RFID tags are
modelled by a set of half-wave dipoles, with and without
T-match, and the reader is replaced by a plane wave. The
RFID forward link has been investigated statistically for two
different densities of dipoles (with and without T-match) ter-
minated on their matched loads employing linear and circular
polarisations, and one density in the case of commercial
tags employing linear polarisation. The preliminary statistical
results show a non-negligible influence of the coupling on
the received power at the level of the chip. This technique
allows the quantification of the percentage of tags that are not
powered up in a given scenario. Combined with the reverse
link, this statistical analysis would help the RFID designer to
assess the performance of the RFID link.
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