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Abstract—The advent of 6G wireless systems promises a digital
world that blends physical and virtual elements, revolutionizing
our interaction with the physical environment. A critical step
towards this digital world is the creation of digital twins of
physical systems and objects. The Internet of Things (IoT) plays
an important role in connecting and monitoring these physical
entities. However, connecting all objects in our daily life is
challenging due to high density and large number of devices.
Near Field Communication (NFC), utilizing High Frequency (HF)
band signals, emerges as a promising solution. NFC has a short
communication range and high penetration efficiency, with a
reliable wireless channel that does not compete for spectrum
with typical cellular and local area networks. Nevertheless,
its extremely short range limits its use in autonomous IoT
applications. This paper explores two techniques to extend NFC’s
communication range and reliability: the use of high-quality
factor transmit/receive coils and high-quality factor relay coils.
Additionally, the effect of tag coil coupling in a multi-tag IoT
environment is examined. Analytical models are developed to
evaluate these approaches, and the results are validated using
COMSOL Multiphysics. The findings demonstrate a significant
increase in NFC’s communication range, i.e., up to 0.9 — 1.3 m
for 1 — 10 W transmit power, making it suitable for ultra-dense
battery-free IoT operations.

Index Terms—Communication range, high Q coils, near field
communication, ultra-dense IoT.

I. INTRODUCTION

6G wireless systems are set to revolutionize wireless com-
munication by leveraging the entire electromagnetic spectrum
and providing global coverage. A key driving force behind 6G
is the digitalization of the physical world, enabling the creation
of virtual content and fostering the development of metaverse
and extended reality (XR) technologies [1]. The metaverse
will offer hyper-real virtual content, providing experiences
that are either impossible or inaccessible in the physical
world. Extended reality, encompassing virtual reality (VR),
mixed reality (MR), and augmented reality (AR), will serve
as gateways to the metaverse. To construct this virtual world,
it is essential to create digital twins of physical objects and
systems, while connecting them through Internet of Things
(IoT) technologies.

The success of Chat-GPT has proven that Artificial Intelli-
gence (Al) can significantly change our daily lives. However,
we can only ask questions which can be answered based on
existing knowledge. It remains challenging to get suggestions
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from Al on real-time activities or personal life. This is due to
the lack of IoT technologies which can synchronize everything
in the physical world with that in the virtual/digital world.

The large number and high density of everyday things
make the design of IoT challenging. Battery-powered IoT
solutions are not suitable since they require maintenance
and usually use bulky devices. As a result, they mainly
support data-intensive wireless applications. Battery-free IoT
solutions using Radio-Frequency IDentification (RFID), Am-
bient Backscatter Communication (AmBC), and Near Field
Communication (NFC) are promising duec to their low-cost
and tiny size of tags/devices which can be easily attached to
everyday things.

Ultra High Frequency (UHF) RFID has been widely adopted
in IoT, e.g., clothes are tagged for tracking in the process
of manufacturing and sales. However, it is not suitable for
ultra-dense IoT for everyday use due to the following five
reasons. First, due to multipath fading, noise, interference, and
other random effects, UHF RFID has blind areas, where tags
cannot be read [2], [3]. Second, the ISM band at 915 MHz
is widely used by many other applications, such as LoRa
[4], Zigbee [5], and industrial radios (e.g., MDS TransNET
[6] which is used for oil metering station). The UHF RFID
may interfere with these radios due to its long communication
range. Third, the UHF RFID impedance can be changed by the
attached object and surrounding environment, which affects its
performance [7], [8]. Also, the penetration efficiency of UHF
signals is low, which cannot efficiently penetrate through high-
permittivity and high-conductivity materials. Finally, the long
communication range of UHF RFID makes it more susceptible
to attacks by unauthorized users and it is challenging to
achieve high-level security. Due to these reasons, UHF RFID
is suitable for low-density applications only, where tags are
well-separated and powerful readers are available.

AmBC shares the same foundation as the UHF RFID, but
it is low-cost and power-efficient because it does not use a
dedicated reader [9]-[11]. Since it backscatters WiFi, LTE,
mmWave, and LoRa signals, its performance is affected by
the legacy networks. Usually, the receiver must be close to
the transmitter in order to receive high-quality signals. For
ultra-dense IoT, AmBC may experience delay, misreading,
and significant packet losses. It cannot meet the expected
requirements.

NEFC uses the High Frequency (HF) band at 13.56 MHz and
HF signals demonstrate several advantages over UHF signal.
First, this band does not compete for spectrum with other IoT
technologies operating at UHF band. Second, the short range
and inverse cube dependence of magnetic field on distance



make the HF NFC design immune to external interference
and attacks. Another kind of interference can be due to
closely placed multiple tags. This aspect is important when
it comes to interference in IoT for ultra-dense environments.
We have discussed this issue in our paper. Third, it has a long
wavelength which can easily penetrate non-magnetic materials,
making NFC ideal for IoT applications.

Along with all the promising prospects, these are also
several challenges associated with NFC. NFC has an extremely
short communication range which cannot support autonomous
networking and users must manually scan NFC tags/sensors.
For large scale autonomous IoT, we need to extend current
NFC’s range by at least 10 times. Existing works have
explored various ways to extend NFC’s range using coil
arrays, magnetic beamforming, repeaters/relays, and signal
processing techniques [12]-[15]. The separated transmitter and
receiver design is proposed in [13] where the transmitter and
receiver operate at different frequencies to allow the adoption
of high Quality factor (Q) coils. In [16], an over-coupling
topology has been introduced that relies on using high Q
coils to extend the tag read range. The drawback of using
high Q coils, however, is its adverse effect on bandwidth
or capacity. Another challenge associated with the design of
high Q coils is their fabrication variability. It is difficult to
design high Q coils for narrow-band operation due to process
variations. The performance of high Q coils is affected by the
surrounding environment. For instance, il there are metallic
objects surrounding the coil, a significant shift in resonance
frequency can be observed. However, with the intelligent use
of adaptive circuits, the effects of these issues can be mitigated.
For high data rate applications, orbital angular momentum
based NFC has been proposed [17]. The authors present a
review of NFC technology and its potential for integration
with wearable devices in an ultra-dense setting for continuous
monitoring and medical applications in [18].

The extended range of HF NFC systems has significant
practical implications in terms of its potential applications.
The use of NFC technology in IoT industry is only limited
due to short communication range of current NFC systems.
With extended range, tags coils can be deployed for sensing
and tracking of everyday items in different environments and
settings. Some of the potential applications are digital twins
[19], ToT-enabled robotics and smart homes [20], augmented
reality [21], bio-medical healthcare applications [22], and
logistics/asset tracking [23].

In our paper, we combine the range enhancing capabilities
of high Q coils and relay coils, and develop analytical models
to study the advantages of each approach. We use separated
transmitter and receiver in NFC readers and use high Q coils
as in [13]. However, we use a relatively small transmitter and
receiver which can be deployed on mobile robots. Also, we
optimize the tag coil’s and relay coil’s resonant frequencies
and quality factors to further increase the communication
range. Also, we study the impact of tag coil coupling to show
its negative impact on extending communication range. The
developed analytical model can be utilized as a guideline for
long-range NFC design and optimization.

The rest of this paper is organized as follows. In Section
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Fig. 1: Mlustration of ISO/IEC15693 communication system.
An example of the spectrum is given in the lower part.

II, we introduce the international standards for mid-range and
long-range NFC. In Section III, we present the NFC system
model and explore the mechanisms for range extension using
various coils. The impact of tag coil coupling in ultra-dense
ToT environment is also discussed. After that, we discuss sim-
ulation results in Section IV. Finally, this paper is concluded
in Section V.

II. LONG-RANGE NFC STANDARDS

Existing NFC coils normally have a quality factor of 8.
This is due to the fact that a single NFC coil needs to
support multiple NFC standards with different bandwidths
and data rates. ISO/IEC14443 supports the high data rate
of 848 kbps with a subcarrier frequency of 848 kHz [24].
Therefore, the quality factor must be selected to enable a
minimum bandwidth of 1.696 MHz, which corresponds to
Q = 13.56/1.696 ~ 8.

Since the data rates of ISO/IEC15693 [25] are lower than
that of ISO/IEC14443, the bandwidth of coils with ) = 8
is more than sufficient. The communication from reader to
tag uses 13.56 MHz as the carrier frequency and supports
two different data rates. There are two subcarrier frequency
options for reader to tag communication. First, it can use a
single subcarrier frequency at 423.75 kHz with data rates of
6.62 kbps or 26.48 kbps. Second, it can use double subcarrier
frequencies at 423.75 kHz and 484.28 kHz. The achievable
data rates are 6.67 kbps and 26.69 kbps. As shown in Fig. 1,
the overall bandwidth is around 1.022 MHz if we use one
coil for receiving and transmitting, which corresponds to Q@ =
13.56/1.022 = 13. Therefore, ISO/IEC15693 allows stronger
coupling between the reader coil and the tag coil using larger
coil quality factor. As a result, the communication range is
longer.

Besides the constraint of quality factor, there are also
constraints on the minimum and maximum operating mag-
netic fields. The minimum operating magnetic field hy;p,
for ISO/IEC15693 is 150 mA/m rms, which is to ensure
that the signal strength at the tag is strong enough for load
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Fig. 2: Equivalent circuit model of the modified NFC system
with separated transmitter and receiver circuits in a reader.

modulation. Moreover, the maximum operating magnetic field
hmae for ISO/IEC15693 is 5 A/m rms for safety concerns.
Although using a high transmission power can improve the
communication range, the constraint of maximum magnetic
field strength limits the maximum transmission power.

III. NFC SYSTEM MODELING

In this section, we first develop system models for the major
components in the NFC system with separated transmitter
and receiver. Then, we discuss the impact of ultra-dense tag
coil coupling. The relationship between distance, and quality
factor for different communication system configurations is
also analyzed.

A. Transmitter and Receiver

In this subsection, we develop power and channel models for
the separated transmitter and receiver in the NFC reader. The
parameters of mutual inductance, self-inductance, bandwidth,
and quality factor are jointly considered.

The quality factor of a coil is determined by its inductance
and circuit resistance. The self-inductance of a coil Ly with
wire radius wg, coil radius rg, and ng number of turns can be

written as
8
L, = ugnirs {ln <£> — 2} , (1)
Wy

where o is the permeability constant in Eqn. (1). The resis-
tance of NFC coil consists of two parts. First, there is coil
resistance which is due to the wire conductance and, second,
the radiation resistance. Coil resistance is generally very small
for thick wires and it can be neglected. The radiation resistance

is
2m kmr? ? 9
Ry =n <§> (T) Mg, )

where 7 = 1207 is the wave impedance, k = 27 f,/jc is
the propagation constant, A = 27 /k is the wavelength. Since
the coil antenna size is much smaller than the wavelength and
most NFC coils use a small number of turns, the magnitude of
radiation resistance is relatively small. Therefore, we connect
the antenna coil in series with a resistor K, which is used
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Fig. 3: Equivalent capacitor for impedance matching.

to adjust the quality factor and bandwidth of the circuit. The
value of R, can be adjusted according to the communication
requirements. We assume that R, = R; + Ry, where Ry
is a quality factor tuning resistor. The equivalent circuit of
the transmitter is shown in Fig. 2, where R, represents the
transmitter resistance, L, and C are the impedance matching
inductor and capacitor, respectively. L, is the source coil
inductance.

Given the transmitter resistance R, the coil antenna self-
inductance L, and required quality factor (), we need to find
L,, Cs, and R, for impedance matching. As shown in Fig. 3,
we consider Cy = Cy1 + Cya, where Clo is a virtual capacitor
to make the load real. Based on this condition, we can find

L
O - %7 3
Rload - WQLE/RS +Rs- (4)

According to [26], the load resistance Rj,qq and the transmitter
resistance R, must satisfy

V Rload/Ro —1= Qs' (5)

Then, we can obtain

R — 1+Q? - \/(1+2Qs)2—4w2L§/RO_ ©
Also, we have L1 = R,Qs/w and Cs1 = Qs /(wRyoad)- Since
R, is obtained by solving a second order function, there are
two possible solutions for it. One of them is valid. The other
solution for R, makes R;,qq larger than R, for which the con-
dition of Eqn. (5) becomes invalid. The output voltage signal
is v(t) which is considered to have an approximately constant
amplitude vs. Then, the transmission power is Ps; = ’U? /2R;.
In other words, given the transmission power, the voltage is
vs = V2P;R,. The current in the coil i; can be expressed as

'USZSQ
(Zsl + ZSQ)ZSB7
where Zs1 = R, + jwl,, Zs3 = jwLs + Rs, Zgy =
ZssZsa|(Zss+ Zsa), and Zgq = 1/jwCs. The magnetic fields
generated by the coil in the radial and polar directions can be
written as [27]

N

is =

kr2i,ng cosf 1 )
_ MstsTes VSV —jkd
hr = o2 [1+jkd}e , (8)
(krs)%isng sin 0 1 1 Cikd
h - — _ IR 3 9
‘ 4d jkd ~ kd)2]° ©)

The above equations consider the coils are infinitesimal mag-
netic dipoles. Since NFC has a short communication range



(kd << 1) which is much smaller than the wavelength in this
case, the far field components in the magnetic field can be
ignored and the above equations can be approximated by

2-
r5igns cosf

h, ~ 55 , (10)
2. .
 TslsNs sin 6
he =~ B (1

The resultant magnetic field from source to tag hg in a
spherical coordinates system with location (r, 8, ¢) can be
written as

2 .
har = \Jhohl 1 hoht = T2l e, (12)

4d3,

where d,; is the distance between the source and tag, (-)' is the
conjugate of a complex number, and |-| is the absolute value of
a complex number. Since in the near field, the magnetic fields
are mainly real, the conjugate of a magnetic field is itself.
As the source and tag coils are coaxial, the angle between
them is # = 0°. The mutual inductance between them can be
calculated as My, = phgnring/|is| = prriringm,/2d3,. By
replacing the subscript s and t, we can calculate the mutual
inductance between any two coils.

The receiver uses a parallel circuit to improve the induced
voltage across the load, as shown in Fig. 2. The circuit is
resonant at f. + fsup, where f. and fg,, are carrier and
subcarrier frequencies, respectively. The angular frequency
at the receiver is denoted by w, = 2m(f. + fsup). Let
Cr =1/w?L, and R, = w,L,Q,. Then, the induced voltage
across R, is

wr Mty Zyo
Zrl + Zr2
where Zp1 = jwy Ly, Zro = Ry /(jw,Cr (R, + 1/(jw,rCh))),

M, is the mutual inductance between the tag and the receiver
coils, and 7, denotes current in the receiver coil.

; (13)

=]

B. NFC Tag

The minimum magnetic field strength h,,;, is used to
guarantee that the induced voltage in the tag is strong enough
to power up the tag. However, tags have different coil sizes
and require different minimum magnetic field strength. Using
a general h,,;, can underestimate the communication range
of some NFC systems. In this paper, we use threshold voltage
Upwr instead of Ry, to evaluate the downlink communication
range. If the voltage across the tag load in higher than vy,
we consider the tag can harvest sufficient power to wake up.

The load modulated signal must be demodulated by the
receiver. However, the signal must be higher than the receiver’s
sensitivity voltage, which is considered as a threshold vg;g.
If the load modulated signal received by the receiver has a
voltage lower than vg;g, then the receiver cannot demodulate
the signal.

We can improve the induced voltage in the tag by increasing
its quality factor at 13.56 MHz. However, if the quality factor
is significantly large, its efficiency at the center of the two
side bands, i.e., (13.076 + 13.136)/2 = 13.10 MHz and
(13.984 + 14.044)/2 = 14.01 MHz will be reduced. On the
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Fig. 4: Feasible region considering the trade-off between v,
and v,..

other hand, we can use one side band to demodulate the
signal, e.g., 14.01 MHz, and significantly increase the tag
quality factor for this side band. Although this increases the
efficiency of transmitted load modulated signal, it reduces the
efficiency of power harvesting at 13.56 MHz. Since existing
NFC tags use small quality factors and a wide frequency band,
the power harvesting efficiency and the tag’s load modulation
signal transmission have no conflict. As shown in Fig. 1, the
transmitter is resonating at 13.56 MHz while the receiver is
resonating at 14.01 MHz. Then, we also need to determine the
resonant frequency and quality factor of the tag.

First, for power harvesting at 13.56 MHz, the induced
voltage in the tag load can be written as

wsMiisZio
Zi1 + Za

where Zy = jwsLy, Zip = Ri/(jwsCy(Ry + 1/(jwsCy))),
and M, is the mutual inductance between the source and the
tag. In order to wake up the tag, v; > vy, must be satisfied.
Second, for the load modulated signal transmission, the carrier
signal is mixed with a subcarrier signal. Here, we consider the
voltage does not drop in the signal mixture process and we
have modulated signal with voltage v; at f; = f.+ fsup- Then,
the current in the tag coil is

v = ’ , (14)

wi Mt
Zy1 + Zya

where Zt]_ = thLt and Ztg = Rt/(jwtCt (Rt + 1/(jwtCt)))
By replacing i; in Eqn. (13) using Eqn. (15), we can obtain v;..
In order to meet the receiver sensitivity requirement, v, > vgq
must be satisfied.

In summary, the tag coil circuit design will obtain optimal
C; and R; (or resonant frequency f; and quality factor @Q;) to
maximize the communication range d under the constraints of
Vg > Upyr and vp > Vgg.

In Fig. 4, we show the trade-off between v; and v,.. The
transmitter and receiver coils use 10 turns with 0.1 m radius.

; 15)
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The transmission power is 1 W. The quality factor of both
coils is 80. The tag coil uses 10 turns with 0.03 m radius.
The quality factor of the tag coil is ranging from 8 to 68 with
a step of 20. The distance between the tag and the reader is
0.6 m. The resonance frequency of the tag coil is changed
from 13.56 MHz to 14.01 MHz and the corresponding v; and
v, are obtained using Eqn. (13) and Eqn. (14). The threshold
voltages are set as vVpyr = 1V and vgg = 0.1 V. As we can
see in Fig. 4, when v, is large, v, is small, and vice versa.
Also, a larger quality factor can generate higher voltages. The
feasible region is defined as vy > vpyr and v, > vgq. If
either of the two conditions is not valid, the tag cannot wake
up or the receiver cannot demodulate the signal. For example,
when the quality factor is 8, there is no feasible solution.
The feasible resonance frequency of the tag is determined
by the threshold voltages. Note that, the feasible region also
depends on the distance between the reader and the tag. When
the distance is small, e.g., shorter than 0.05 m, all resonance
frequencies between 13.56 MHz and 14.01 MHz can provide
feasible v; and v, in the existing NFC systems. However, as
the distance increases, only large quality factors and certain
resonance frequencies can provide feasible solutions.

C. Relay Coil

Due to the fast power fall-off of magnetic signals with
respect to distance, increasing transmission power, coil quality
factor, and coil radius cannot reach practical communication
range for daily life deployment. The application of long-
range NFC is mainly IoT, for which we can deploy relay
coils in the surrounding environment to further increase the
communication range, as shown in Fig. 5. However, the
relay coils can only be deployed with certain constraints. For
example, they can be deployed on a wall, embedded in a closet,
under the table, or inside the cushion.

In practice, relays are deployed at convenient locations and
we cannot optimize their locations. The relays can be placed
between the reader and the tag or even behind the tag. In this
paper, we consider that the relay is arbitrarily placed between
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Fig. 6: Tag coil coupling.

the reader and the tag. The relay is a simple series RLC circuit
with resonance frequency f; and quality factor Q).

We have derived the expression of tag coil voltage in the
presence of a relay coil in Appendix A. In order to provide
more insight, we consider a simplified model, where the relay
coil voltage is only induced by the transmitter and the tag
coil voltage is only induced by the relay coil. This assump-
tion is valid for long range NFC communication as for IoT
applications, because as the distance between transmitter and
tag increases, the impact of transmitter signal on tag becomes
negligible. The transmitter is effectively communicating only
to the relay, and an appropriately placed relay is able to
send signal to the tag. As a result, iy &~ jwMis/R; under
resonance condition. Then, we consider the following two
cases:

« Using the relay coil, the induced voltage in the tag coil

is |W2MltMslis/Rl + <JJ-Z\[stisL

« Without using the relay coil, the induced voltage in the

tag coil is |wMgis.
The gain of using relay coil can be approximated by %4—
1. Since both M;; and My, are much larger than Mst, we
can design the gain to be much larger than 1 by selecting
appropriate R;.

The derivation of receiver coil voltage in the presence of a
relay coil can be found in Appendix B. Similar to the tag coil,
there is a trade-off when selecting the relay coil’s resonance
frequency and quality factor. Since the optimal parameters
depend on the receiver’s sensitivity, the tag’s wake up voltage,
and the distance between the reader and the tag which are
not constants, the relay coil’s resonance frequency is set to
fi = fe + fsup/2 and quality factor is set to 27 so that the
relay coil can maintain a bandwidth of fg,y.

D. High Density Tags

In an ultra-dense setting, NFC tagged objects can be placed
close to each other. When the distance between two tags is
short, the tag coils can be strongly coupled and neither of
them can communicate. This is due to the strong reflected
impedance between coupled coils. There is a minimum separa-
tion between two tag coils so that the reader can get sufficient
modulated signals from each of the tag.



Consider two tags are closely placed. The current in the tag
coil can be modelled as

jUJMStis + jwj\'ftcic + j(.ULtit + Rtit/(ij'th + ].) = 0,
(16)

where i. is the current in the nearby tag coil and M, is the
mutual inductance between the tag coil and a nearby tag coil.
Since the two tag coils are close with the same parameters,
thus, their currents must be similar, i.e., i, = 7;. Also, the
coupling is strong and My, =~ L;. As a result, the additional
coupling between the two tag coils significantly changes the
coil current by introducing jwM;.i., which is no longer a
negligible factor. However, if the distance between two tag
coils is large, this factor is nearly zero. Since it is distance
dependent, we cannot use extra capacitors to compensate it.
The significance of the coupling between two tag coils can
be evaluated by comparing their mutual inductance with their
self-inductance. For this, we can define coupling ratio as

M, ’
ac:i%+<i> , (17)
Ly 9 [ln (SA) _ 2} dtc
ws
where d is the distance between the two tag coils. Also, we
implicitly assume the two tag coils have the same radius and
number of turns. In order to mitigate the impact of the tag

coupling, distance between the two tags must be close to or
larger than their coil radius, i.e., d¢. > 74.

IV. NUMERICAL EVALUATION AND SIMULATION RESULTS

In this section, numerical results are presented to study the
impact of high Q transmit/receive and tag coils, relay coils,
and the effect of tag coil coupling on NFC’s communication
range. The performance is also validated using Finite Element
simulation.

A. High Q Transmit and Receive Coils

In this paper, we mainly focus on improving the communi-
cation range of NFC for ISO15693 protocol. First, we consider
a baseline model where the reader uses two separated coils for
transmission and reception. The resonance f[requency of the
reader coil and tag coil is 13.56 MHz. The quality factor of
the tag coil is 8. Each coil’s radius is 0.0386 m with 5 turns.
The coil wire radius is 2 mm. The tag generates a subcarrier
signal of frequency 0.45 MHz. We assume the self-interference
between the transmit coil and the receive coil can be perfectly
cancelled. We also assume that the transmit coil and receive
coil are coaxial with the same location. The tag coil is coaxial
with the transmit/receive coil and we do not consider coil
misalignment in this paper. As a result, the setup is comparable
to existing NFC systems.

In Fig. 7, the quality factors of the transmit and receive
coils are the same which are varied from 8 to 98 with the step
of 30. High quality factor of coil creates narrow bandwidth.
Note that, the impact of the transmit coil’s high quality factor
on communication performance can be improved by using the
direct antenna modulation which is not limited by bandwidth
[12]. The transmit power is increased from 0.01 W to 10 W.

0.35

0.1 : :

102 107! 100 10"
Transmission Power (W)
Fig. 7: NFC communication range with different transmit and

receive coil quality factors (Q).
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Fig. 8: Impacts of coil quality factor on NFC communication
range with a high Q tag coil.

The tag’s wake up voltage is vy, = 1 V and the receiver
sensitivity voltage is vs;y = 0.1 V. As we can see from the
figure, using a 0.01 W transmit power, the communication
range is 0.1 m which is similar to most of the existing NFC
systems. As the transmit power increases, the coils with quality
factors of 8 can only achieve a 0.2 m communication range
even with 10 W transmit power. Note that, existing NFC
readers, such as FEIG’s long-range NFC reader [28], use
transmit power of 8 W, which is comparable to the highest
transmit power considered in this paper. If both the transmit
and receive coils use a quality factor of 98, we can obtain a
communication range of around 0.2 m using 0.01 W transmit
power and the maximum communication range increases to
0.34 m.

B. High Q Tag Coil

Although increasing the transmit power and the reader’s
coil quality factor can increase the communication range, the
resonance frequency of the receiver and tag coil can be further
optimized as discussed in the previous section. In Fig. 8, the
transmit and receive coils’ radius is increased from 0.0386 m
to 0.1 m. Using large transmit and receive coils is convenient
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in IoT and it also contributes towards range enhancement.
The number of turns are kept the same equal to 5. The tag
coil’s radius and number of turns remain 0.0386 m and 5,
respectively. The tag coil’s quality factor is 48 and resonance
frequency is set to 13.79 MHz. The tag’s wake up voltage is
Vpwr = 1 V and the receiver sensitivity voltage is v, = 0.01
V. We consider the receiver can use amplifiers to reduce
the requirement on v,;4. As we can see in the figure, this
configuration can improve the communication range to around
1.3 m using transmit and receive coils’ quality factor of 98
both and 10 W transmit power. With 1 W transmit power, the
range is 0.9 m.

C. Impact of Relay Coil

To evaluate the impact of relay coil, we change the distance
between the relay coil and the reader from 0.2 m to 1.2 m. As
shown in Fig. 5a, the relay coil is placed above the transmitter
and receiver. The tag coil is placed above the relay coil. We
also increase the distance between relay coil and tag coil
to study the maximum communication range between reader
and tag, which is shown in Fig. 9. The transmit power is 1

Tag Coil
Transmit Coil

g

22m

Fig. 11: Finite Element simulation in COMSOL Multiphysics.

W. The relay coil radius is 0.1 m with 5 turns. The quality
factor of relay coil is 27 and the resonance frequency is 13.79
MHz, which is the middle of power signal and load-modulated
signal. The quality factor of the transmitter/receiver is varied
from 8 to 98 with a step size of 30. For example, when
the transmitter/receiver quality factor is 8, the relay’s distance
from the reader is 0.2 m and the communication range is 0.4
m, which means the tag and relay coil’s distance is 0.2 m. In
Fig. 9, we plot the line y = x which indicates the relay coil’s
location. The communication range is above y = x and this
is because the tag is always above the relay coil, as shown in
Fig. 5a. From Fig. 9, we can see that relay coil has significantly
improved the communication range compared to the results
in Fig. 8. For example, the communication range for quality
factor 98 with transmission power 1 W is 0.9 m in Fig. 8, while
the range is increased to 1.175 m by placing the relay coil
at 1 m distance from the reader. There is no communication
range beyond 1 m which means it is impossible to meet the
requirements of v, and v, if the relay coil is placed more
than 1 m away from the reader.

D. Tag Coil Coupling in Ultra-Dense loT

In Fig. 6, a tag is placed above another tag. We consider
the lower one is the target tag which is used to evaluate
the communication range and the higher one is a coupling
tag which is used to generate coupling effect. The coupling



TABLE I: Comparison of our work with existing protocols and systems

Ref No. | Protocol / Design Hardware | Quality Fac- | Transmit Range (m) | Applications
Complexity | tor Power (W)
[24] ISO/IEC14443 Low Q=8 P =-— 0.04 - 0.1 Passive NFC tags reading for very short
range applications
[25] ISO/IEC15693 Low Q=13 P =- 0.1 Short range passive NFC tags reading
[29] FEIG’s ID LR(M)5400 High Q=- Pr=1-8 |20 Designed for logistics tagging and handling,
library management, and industrial applica-
tions
This High Q Tx/Rx and tag coils, | Normal Q=98 Pr=1-10({09-13 Tagging in ultra-dense internet of things is
work relay coil the intended application

tag can also be placed below the target tag. In Fig. 10, we
show the impact of coupling tag when it is above and below
the target tag. The distance between coupling tag and target
tag is varied from 0.01 m to 0.1 m. The two tags have the
same configuration as before. The transmit power is 1 W. In
Fig. 8, the communication range using quality factor 98 and
transmission power 1 W is around 0.9 m. Here, when the two
tags are close, i.e., the distance is shorter than their radius
0.0386 m, the communication range is significantly reduced
due to the strong coupling. However, there is also a region
where the coupling coil can improve the communication range
when their distance is around 1.5 times the radius and o,
is smaller than 0.2. This is because the tag coils’ coupling
makes the effective antenna aperture larger and stronger signal
strength is received overall. As the distance increases further,
the impact of coupling tag diminishes and the communication
range converges to that of a single tag (without the effect of
coupling tag).

E. Validation in COMSOL Multiphysics

We partially validate the system performance using Finite
Element simulation in COMSOL Multiphysics. The AC/DC
module with axis symmetry simulation environment is used.
As shown in Fig. 11, the transmit coil is placed at the center.
The circuits and coil parameters are the same as the simulation
in Fig. 8 with quality factor of 98 and transmit power of 1
W. In the simulation, the magnetic field at 0.9 m away from
the transmitter is 2.86 x 10~8 T, which can be converted to
v; = 1.48 V using Eqn. (14). Note that the magnetic field is
measured in T in this paper. Then, we create another model to
simulate the tag in which the tag coil is placed 0.9 m from the
center, as shown in Fig. 11. We measure the magnetic field at
the center which is 7.70 x 107! T. Using Eqn. (13), we can
obtain v, = 0.1 V. Since both v; and v, are higher than the
associated Vpqr and vg4, the communication range of 0.9 m
can be achieved.

FE. Performance Comparison

In Table I, we have provided a comparison of our work with
existing NFC protocols and practical NFC systems available in
the market. The devices working on ISO/IEC14443 protocol
have a typical range of 0.04 m to up to 0.1 m depending
on the transmit power. With a bandwidth of 1.696 MHz, it
allows the maximum quality factor of 8. On the other hand,
ISO/IEC15693 provides a maximum range of 0.1 m with
normal antenna, and up to 13 quality factor of coils with a

bandwidth of 1.022 MHz. It can theoretically go up to 1.5 m,
but in reality there is no such product commercially available.
The hardware complexity of these two protocols is low and
their application is restricted only to short distance passive
NFC tagging due to their extremely short range.

For fair comparison, we selected a commercially available
FEIG’s module ID LR(M)5400 with extended range. However,
it is designed for different intended application of logistics, li-
brary, and industrial management [29]. It provides a maximum
range of 2 m with adjustable transmit power of 1 W to 8 W.
The complexity of device is relatively high as it comprises of
multiple RF ports and antennas. The technique proposed in
our paper can provide up to 0.9 m range with high quality
factor of 98 and 1 W transmit power, making it ideal for IoT
applications. Note that we can also achieve the range of 1.3 m
with increased transmit power of 10 W, as shown in Section
IIT (B). The hardware complexity of our design is normal as it
does not require multiple Tx/Rx ports. It just relies on taking
the advantage of high Q coils.

V. CONCLUSION

In this paper, we analyzed two approaches for extending
the range of existing NFC for ultra-dense IoT applications.
First, the use of high Q coils including transmit, receive,
and tag coils. Second, relay coils that are embedded in the
environment are used to extend the communication range. We
also presented the effect of mutual coupling in tags due to their
close vicinity in ultra-dense IoT scenarios. Results suggest that
the distance between two tags must be close to or greater
than the tag coil radius. It is shown that by using high Q
transmit/receive and tag coils, and with the introduction of
relay coil, the communication range of existing NFC systems
can be significantly enhanced to 0.9 — 1.3 m for transmit power
ranging from 1 W to 10 W. This makes HF NFC an attractive
tagging and identification solution for IoT technologies.

APPENDIX

A. Derivation of Tag Coil Voltage in the Presence of a Relay
Coil

In previous analysis, we considered that the transmit-
ter/receiver coil and the tag coil are loosely coupled, i.e., the
reflected impedance is not considered. This approximation is
effective when the communication range is larger than the coil
size. However, the relay coil is close to the tag coil and its
size can be much larger than the distance between the two
coils. Thus, it is not effective to consider they are loosely



coupled. Therefore, we use the exact analysis based on the
circuit model in Fig. 2 and the illustration in Fig. 5a. We can
obtain the following equations

lo — lsc —1s =0 (18)
Ryio + jWLoio + isc/jWCs = Vs (19)
Roio + jWLoio + jWLsis + Ryis + jWMstit + jWMslil = Us

(20
JwMgis + Ry + (jwLi + 1/(jwCh))i + jwMyip =0

(21)
Jw]\.[gflg + jUJMltil + jWLtit + Rtit/(ijth + 1) = 0,

(22)

where i, is the current in R,, is. is the current in Cs, ig
is the current in the transmit coil Lg, 4; is the current in the
relay coil with resistance Ry, coil self-inductance is L;, tuning
capacitance is Cj, and ¢, is the current in the tag coil. The
receiver is not included in this problem since its impact on the
relay coil and tag coil is negligible due to its small current.
The above equations have five unknown current parameters,
i.e., %o, %sc, ls, %, and %;. Since we have five equations,
the unknown parameters can be found by solving the linear
equations. Moreover, since the relay coil can be much larger
than the tag coil, the mutual inductance approximation is not
accurate. According to [30], the accurate mutual inductance
between a coaxial coil 1 and a coil 2 can be written as

Mgl = UTN1N2T1T2 fooo Jo(Sp)Jl (67‘2) Jl (STl)

exp (—s|z2 — z1]) ds, 23)

where p is the perpendicular distance separating the coil axes,
|z2 — 21| is the vertical distance separating the coil planes,
Jn(-) is the n'* order Bessel function, n; (i={1,2}) is the
number of turns of coil, and r; (i={1,2}) is coil radius, and
s is the variable of integration. Then, the voltage of the tag
load is

V¢ = |itZt2| . (24)

B. Derivation of Receiver Coil Voltage in the Presence of a
Relay Coil

The tag performs load modulation by using subcarrier
signals and we assume the mixed signal amplitude is the same
as the carrier signal. Since the transmitter and the receiver have
different resonant frequencies, we only use the relay, tag, and
receiver circuits to obtain the receiver current. The equations
can be expressed as

Ryiy + (jws i + 1/ (jwsC) )it + jwsMyiy =0 (25)
JwMyis + jwMyi; + jws Lyt

+ Rty ) (jwCiRy + 1) + jwsMysip = 0 (26)
Jws My 4 jws My + (Zy + Zpo )iy = 0, (27)

The ¢4 and 7; are obtained from Eqn. (18) to Eqn. (22). Using
the above three equations, we can obtain the currents of the
tag it relay 2, and receiver 2,. The induced voltage in the
receiver coil is

Oy = [irZya). (28)
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