High-Q, Over-Coupled Tuning for Near-Field RFID
Systems

Mohsen Shahmohammadi, Matt Chabalko, and Alanson P. Sample
Disney Research
Pittsburgh, PA 15213
Email: mohsen.shahmoh@disneyresearch.com
Email: matt.chabalko@disneyresearch.com Email: alanson.sample @disneyresearch.com

Abstract—Commonly, near field RFID is used in situations
where a tag is brought close to some device that is to read the
identity of the tag thereby enabling some action: unlocking a
door, reading payment information at a merchant’s register, or
sharing social information between enabled devices. In all these
cases, the ergonomics of the physical reading process can be
hindered if read range requires a user to awkwardly maneuver
the tag near the reader until a read is achieved. One way
to facilitate an extended and reliable read range borrows on
knowledge from the wireless power transfer community where
it is known that increasing the Quality factor of the reader or
tag coil will increase power transfer. However, RFID engineers
have typically limited maximum coil Q factor to about 10-20 due
to the need for maintaining a system bandwidth that is broad
enough to support the necessary communication data rates. To
meet this challenge, this paper introduces a method of impedance
matching high Q reader coils to the source known as “over-
coupling” the source to the system input. On one hand, the
use of high Q coils extends the range where the tag receives
sufficient power to turn on, while it is over-coupling that slightly
damps the system resonance, producing an effective system Q
factor that simultaneously supports a bandwidth wide enough
to accommodate necessary data rates. This work will show both
theoretically and through experimentation that using high Q coils
in the over-coupled regime supports extension of read range in
near field RFID systems by 81% or more compared to the next
best impedance matching strategies.

I. INTRODUCTION

Recent advances in wireless power transfer (WPT) utilizing
magnetic coupled resonance has shown significant improve-
ments in range compared to traditional inductive coupling
using high-Q, resonant coils operating in the low megahertz
frequency range. Applications typically focusing on power
consumer electronics [1], [2], medical implants [3], [4],
robotics [5], [6], and electric vehicle charging [7], [8].

One of the key advantages of magnetic coupled resonance
is that, given proper tuning techniques, it is possible to
achieve near constant power transfer efficiency as a function of
distance and orientation for transmitter to receiver separation
up to approximately one coil diameter [9]. This increase
in performance is largely due to the fact that these high-Q
systems operate in the over-coupled regime, meaning that the
two inductive coils share more magnetic flux than is needed
to support the load. This results in frequency splitting and
multiple modes of operation.

Since many wireless power systems based on magnetic cou-
pled resonance operate on the same physical layer as near-field

RFID (i.e. the 13.56MHz ISM band) there is the opportunity
to apply these techniques to RFID reader and tag coil designs;
thereby increasing read range, ease of use, and overall system
reliability. However, near-field RFID antenna designers face
an inherent tradeoff between increasing coil quality factor
(to improve range) verses maintaining the bandwidth needed
for communication. Conventional wisdom from industry states
that tag and reader coils should have a Quality factor no
greater then 10 or 20 in order to have enough bandwidth for
communication [10]-[13].

While traditional techniques focus on ensuring there is a
conjugate impedance match between the RFID reader and
antenna in order to maximize power transfer (i.e. ensuring that
they are critically coupled). This paper draws upon the lessons
learned from the wireless power community and employs
a novel tuning method based on over-coupling the RFID
reader to the coil. This method allows the antenna designer to
simultaneously increase the coil quality factor (> 125) while
maintaining the bandwidth necessary for communication, thus
resulting in longer read ranges.

Section II provides background information and shows how
increasing the coil quality factor can increase the range at
which an RFID tag can be powered and also describes the
effect of increased Q on bandwidth. Section III describes how
this bandwidth limitation can be over come via over-coupled
tuning. In addition, a mathematical model is presented that
shows how to optimize the systems read range as a function
of both reader coil Q factor and over-coupling ratio. Section
IV presents measured results showing that a Texas Instruments
TRF7970A RFID reader development board can be modified
to improve the read range of commercial stock RFID tags by
19% to 77%, simply by changing the impedance matching
network such that the antenna is over-coupled and its Q is
125. While the primary focus of this paper is on improving
the reader range by modifying the reader coil; section V
presents measured results showing the improvements that can
be achieved by applying the high-Q and over-coupled tuning
techniques to both the reader and tag coils. Finally concluding
remarks are discussed in section VI.

II. OVERVIEW OF RFID COUPLING STRATEGIES

This section will describe how read range of near field RFID
systems can be increased using coils with high Q-factors. Con-
ventional near field RFID designs will be discussed first, with
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Fig. 1. Circuit schematic showing tuning circuit for reader and tag antennas
and also the RFID chip lumped model

a focus on how traditional systems are impedance matched for
maximal read range. Then, an alternative impedance matched
strategy using over-coupling (OC) on the reader side will
be introduced that shows how high Q coils used in this
regime can simultaneously allow for greater wireless power
transfer to the tag, while maintaining sufficient bandwidth for
communication. Taken together these two elements ultimately
yield extended read range.

A. Background on Near Field RFID Impedance Matching

The circuit model for a typical near field RFID system, and
the one to be analyzed throughout this section is shown in
Fig. 1. It is a pair of coupled coils with transmitter (Port 1,
reader) inductance and self-resistance, L; and Ry, respectively,
and a receiver (Port 2, tag) inductance and self resistance of
Ly and Rjy. Their coupling is captured through the coupling
coefficient, k, where k is related to the mutual inductance, M,
of the coils by M = k+/LjL,. The transmitter has a source
resistance of R; = 50€). The capacitors C, C5, are used in
impedance matching the source to the network input. On the
tag (load) side, resonance results from the parallel combination
of the parasitic capacitance of the chip, C'r, and the RFID coil
inductor, Lo.

In near field RFID, to maximize read range, a major concern
is ensuring that enough power reaches the RFID chip for
operation. It is well known in the WPT and circuit commu-
nities that maximum power transfer is achieved between the
source and the load by ensuring a conjugate match is achieved
on the transmitter (and optimally also receiver) end(s) of the
system [14]-[16]. This statement is likewise true in near-field
HF RFID applications.

Thus, in a standard near field RFID system, the approach
is to match the input impedance of the reader coil (as seen at
Port 1), to the source impedance, s, when is isolated from the
tag. This is known as critical coupling (CC) which maximizes
the amount of the power leaving the reader. When the tag
coil is brought from very far away, closer and closer to the
reader coil, k goes from effectively O (completely decoupled)
to very small values (e.g. £ = 0.005). Fig. 2(a) shows a plot of
the system input impedance for two CC coils (red and black
curves) when k£ = 0.005. Note that for small k£ the red and
black curves meet the center of the smith chart, indicating that
they are impedance matched to the source and minimal power
is lost to input reflections.
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Fig. 2. (a) Smith chart illustrating impedance variation over frequency for

OC and CC resonators, with high and low Q values.(b) Magnitude of the
transmission coefficient, |S21| corresponding to the impedances plotted in
panel (a). In this example, the coupling coefficient, k = 0.005. The blue
square, red asterisk (*), and black triangle indicate the frequency at which
f =13.56 MHz on each curve for the Q = 125 OC, Q = 10 CC, and
@ = 125 CC cases, respectively.

Since small k represents distances at which the reader coil
and tag coil are farthest apart, the result is that, for the CC
regime, the system is optimized for best efficiency at large
separations.

In near field RFID applications, however, it is not sufficient
to only optimize for maximum WPT. Another consideration is
ensuring that the system bandwidth is sufficient to support the
transfer of data between reader and the tag. The conventional
view of near-field RFID systems places a limit on the max-
imum Q-factor of the reader antenna of about 10-20 [10]-
[13]. Higher Q-resonators have smaller bandwidth since the
Q-factor is related to the bandwidth by Q = f./Af, where
fe is the center frequency, and Af is the bandwidth. Thus,
the Q-factor cannot be increased indefinitely without making
the system such an effective filter such that the transmission
coefficient (we use S-parameters in this work, and thus the
transmission coefficient is S21) rejects all frequencies outside
of a very small band around the center frequency.

On the other hand, as the next subsection will show,
coils with larger Q-factors can provide more power at longer
distances than coils with low Q. What follows will address how
higher Q coils can be used to increase the power received by
the tag without sacrificing bandwidth.

B. Impedance Matching Approaches

In this work, impedance matching is implemented in one of
two regimes: either the input of the system (Port 1) is critically
coupled (CC) to the source at 13.56 MHz, or Port 1 is over-
coupled (OC) to the source at 13.56 MHz. It is the latter OC
case that will be shown to be beneficial in increasing near-
field RFID read range. This is in contrast to the traditional
CC case of the last subsection. Figure 2 shows a typical smith
chart plot illustrating how the impedances of the OC and
CC cases vary with frequency. Note the CC case has zero
reflection coefficient at resonance, but the OC case has a non-
zero reflection coefficient in the same frequency range.

As alluded to, WPT is increased for coils with higher Q
since the figure of merit for maximum power transfer of a
system is proportional to k2Q1Q. [17], where @, and Q-
are the quality factors of the transmitter and the receiver
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Fig. 3. (a) Power transfer efficiency for the circuit of Fig. 1 as the distance
between transmitter and receiver is varied for an OC transmitter with Q = 125,
a CC transmitter with Q=10, and a CC transmitter with Q=125.(b) Bandwidth
versus reader to tag coil separation for same Q and OC/CC combinations of
panel (a).

coils, respectively. While higher Q does increase WPT, it is
simultaneously necessary to ensure that the bandwidth of the
system is sufficient to support communication. To boost WPT
while meeting bandwidth constraints, this work proposes using
a reader coil with higher Q-factor that is over-coupled to the
source. This is because over-coupling damps the resonance
of the high Q resonator, thus broadening bandwidth, but not
to such a degree that WPT efficiency is sacrificed. The next
subsection will elaborate on this via an example.

To enable quantitative comparison, this work uses a param-
eter to distinguish between over-coupled (OC) and critically
coupled (CC) circuits. This will be especially relevant in later
experimental sections. Thus, an “overcoupling coefficient”, g,
will be used as defined in [18]: ¢ = Q/Q., where @ is
the unloaded quality factor of the RLC' tank, and Q. is the
external quality factor of the resonator (R — R;). Defining g
this way yields 3 cases: 1) g < 1, for the under-coupled case,
2) g = 1, for the CC case, and 3) g > 1 for the OC case.

C. Model and Results

Here, an example of increasing read range via OC high
Q caoils is lastly introduced. Figure 3 shows the calculated
WPT efficiency to the load (R; = 100052, C';, = 17 pF; this
approximates a commercial tag) for the circuit of Fig. 1 at
the center frequency f.= 13.56 MHz for three cases: a CC
transmitter with () = 10, a CC resonator with Q = 125, and
an OC resonator with @@ = 125. The results are for reader
to tag coil separations of 0 to 20 cm. ! Also shown is a
black line indicating the minimum efficiency necessary to turn
the tag on, assuming a 200 mW input, as in this work. All
other circuit parameters for these three cases are shown in
Table I. Note the choice of C; and Cs are the mechanism by
which OC or CC are achieved. It is clear that the transmitter
coils with larger Q factor can meet the minimum required
power threshold at greater distances than the low Q factor
transmitter. Also important is that the OC and CC resonators
meet this threshold at about the same transmitter to receiver
separation. For OC resonators, this phenomenon appears often

IThese distances mirror those of the experimental data of later sections.
Computation of k at each distance was done using a numerical algorithm
that solves the field equations of a coupled coil system and generates mutual
inductance via extraction of the coupled flux.
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Fig. 4. |S21], between the transmitter and load (RFID chip), for varied
separations between transmitter and receiver from 3.8 to 6.8 cm. Note that,
due to overcoupling, the resonance of the OC case is damped compared to
the CC case, yielding a desirably larger bandwidth.

throughout the literature on WPT [2], [19], and designs are
often optimized using OC topologies.

Figure 3(a) shows that either the @ = 125, CC or OC can
increase read range if only considering power received by the
tag. However, bandwidth must also be considered. Fig. 3(b)
shows the bandwidth vs. separation for the same circuit and
setup as in (a). This bandwidth is computed as the full
width half maximum (FWHM) bandwidth of the transmission
coefficient, | S21|. The figure also shows the minimum required
forward link bandwidth (load modulation bandwidth will be
discussed later on) of 212 kHz (green line) for the tags used
in this work, which are 14443 type A standard and have a
bit rate of 106 kb/s. The low Q (Q=10) CC transmitter has
the largest bandwidth at all distances, but it is much larger
than what is necessary. The high Q resonators have similar
bandwidths versus transmitter to receiver separation, but of
the two, it is only the OC resonator that maintains sufficient
bandwidth across all separations.

The reason for the above effect on system bandwidth can be
seen in Fig. 4. Shown here is a plot of |Sa1| versus frequency
for several example reader to tag coil separations. It can be
seen that for the same separations, the over-coupled (OC)
transmitter maintains a broader transmission spectrum than
in the critically coupled (CC) case. This is due to the fact
that OC the system effectively damps the resonance increasing
the FWHM bandwidth; the system behaves effectively as one
with lower quality factor. If it were not for the fact that the
overcoupling of the source in isolation leads to a damped
resonance, then, as seen in the CC case of Fig. 3(b), the read
range would be limited to about 3.3 cm due to insufficient

TABLE I
READER PARAMETERS FOR SIMULATION
Parameters Low Q Tx, CC High Q Tx, CC High Q Tx, OC

Ly 1.5 uH 1.5 uH 1.5 uH
Q 10 125 125
Ch 51 pF 13 pF 23 pF
C 45 pF 79 pF 69 pF

OC coeff. (g) 1.01 0.98 3.12




bandwidth at greater distances, even though the chip receives
more power than required at these distances, Fig. 3(a). Thus,
via this example it has been demonstrated how using higher Q
coils can increase read range due to increased WPT, without
limiting read range due to insufficient bandwidth.

ITI. EFFECTS OF INCREASING Q-FACTOR AND
OVERCOUPLING ON SYSTEM PERFORMANCE

The following analysis investigates the effects of using high
Q-factor coils and over-coupling on the reverse link modu-
lation (tag to the reader), the forward link data transmission
(reader to tag) and the read range. First, it is discussed that the
main limitation on increasing the Q-factor of the reader is the
forward link budget. This restriction is relaxed by leveraging
over-coupled tuning. Then, the key limitations imposed by
reader and tag are combined to derive the read range as a
function of over-coupling coefficient and Q-factor.

A. The Reverse Link Bandwidth

Typically, increasing the Q-factor results in narrower system
bandwidth. To have a better understanding of this effect, a
typical HF RFID spectrum is shown in Fig. 5. The reader
command is carried in the sidebands of the carrier and
the load modulation is carried in the sidebands of the two
subcarriers shown in the blue triangles. The green line shows
the magnitude of the scattering parameter (|Sa1|) for a low
Q reader and the pink line shows |Ss1| corresponding to a
high Q-factor reader. It can be seen that with increasing Q-
factor, bandwidth shrinks and the result is more attenuation
at the subcarrier frequencies. In other words, if the received
carrier power remains the same, the return signal will become
smaller due to increased attenuation. This raises the concern
that despite activating the tag, the return signal will be smaller
than the reader sensitivity and the reader cannot decode the
load modulation.

To evaluate the impact of the bandwidth on the reverse link
with more scrutiny, the return signal power must be computed
based on the circuit model introduced in Fig. 1. First, the
power delivered to the tag is calculated using

Py = Py GT(f(,) (1)

where Gr(f.) and P,, are the transducer gain (which is the
same as actual received power) at the carrier frequency and
the available power of the reader, respectively. G is defined
based on the Z-parameters of the circuit diagram in Fig. 1 as

4 Rs Rp|Zo1|?
[(Z11+ Zs)(Zaz + Z1) — Zo1 Z12|?

Gr = (@)

where Zg and Zj are the impedance of source and load
respectively, and Rg and Rj, are their real parts. Second, the
power of the signal modulated with the subcarrier is2computed.
The load modulation power is equal to P, = "= Py [20].
Finally, the modulated signal will return to the reader at the
subcarrier frequency and the returned power received at the
reader is equal to
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Fig. 5. A typical spectrum of an HF RFID system illustrating the reader
command and the load modulation. The impact of increasing the reader Q-
factor on the bandwidth and the load modulation is shown.

Pbs = Pm GT(fsub) (3)

where Gr(fsup) is the transducer gain at the subcarrier
frequency. Equations (1)-(3) are used to calculate the return
power from the load (R; = 10002, Cp = 17 pF for a
typical HF RFID chip) to the source (Rg = 50f2) for the
circuit of Fig. 1. The computed return signal is plotted in
Fig. 6. The reader and the tag coils are tuned to resonate
at the center frequency f.= 13.56 MHz. The Q-factor of the
reader coils is varied from 10 to 300 while the Q-factor of
the tag coil is fixed at 30. Then, the frequency is swept
from 12 MHz to 15 MHz and the return signal power of
the subcarrier frequency fq,, = 14.04 M Hz is computed
from Egs. (1)-(3) for a number of values of the overcoupling
coefficient (9 = @Q/Q.). It shows that for a given over-
coupling coefficient by increasing Q-factor, the return signal
power that reaches the reader increases. In other words, if
the reader can detect and resolve the return signals for low
Q-factor coils, it will be able to resolve the load modulation
for higher Q-factor coils as well. Typically, the return signal
can be detected if it lies above 110 dB below the level of the
transmitter carrier signal [13]. This figure also shows that by
increasing the over-coupling coefficient of the reader coil, the
return signal gets stronger due to the increased bandwidth and
after a certain point by increasing the overcoupling coefficient,
the the return signal gets smaller which is due to increased
input power reflection at the reader.

Another important interpretation of Fig. 6 is that the band-
width of high Q-factor HF RFID systems is not limited by the
reverse link. In other words, the required bandwidth is defined
mainly by the limitation on the forward link. Therefore, to find
the Q-factor upper bound on the reader coil, the bandwidth
required by the forward link must be taken into account.

B. The Forward Link Bandwidth

It is necessary to understand the relationship between
increasing Q-factor and the forward link bandwidth before
discussing the impact of overcoupling on the bandwidth. As
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Fig. 6. The calculated return power vs. transmitter Q-factor for various over-
coupling ratios (g), for Qrz = 20, and k = 0.01). It shows that increasing
the Q-factor increases the load modulation power that reaches the reader. The
dashed line shows a typical value for the sensitivity of the reader chip.

shown in Fig. 5, the link from the reader to the tag is a
bandpass filter and the reader command is modulated at the
center frequency of this filter, f.. The 3 dB bandwidth of this
filter decreases with increasing reader Q-factor. As long as,
this 3 dB bandwidth covers the the forward link data, shown
in gray in Fig. 5, the tag will be able to decode the command,
provided that the tag is turned on. In other words, the minimum
bandwidth of the HF RFID system is equal to the bandwidth
of the forward link.

The bandwidth of the forward link is the bandwidth of the
modulation sidebands of the carrier and is dependent on the
modulation scheme used by the reader. Typically, HF RFID
readers use amplitude-shift keying (ASK) as the modulation
scheme. The signal bandwidth for ASK modulation is esti-
mated by B = 1/T;, where T}, is the effective bit length [13],
[20]. For instance, the bit length for 106 kb/s 14443 type A
protocol is equal to a pulse width of up to 3 us and therefore
the effective bandwidth is approximately 330 kHz [20].

As described in the overview section, over-coupled readers
enjoy higher bandwidth because over-coupling damps the res-
onance. Fig. 7 shows that the calculated bandwidth increases
with over-coupling coefficient. The circuit model in Fig. 1 is
tuned for a number of values of over-coupling coefficient at
13.56 MHz and the resultant bandwidth is calculated when the
Q-factor of the reader is swept from 10 to 300; the reader is
coupled to a typical RFID chip load as in Section II. C, for
k = 0.01. It is important to note that with increasing Q-factor,
the reader must be more over-coupled to the source in order to
provide enough bandwidth for the forward link. In other words,
for higher Q-factor readers, the distance between the reader
and the tag must be decreased to have enough bandwidth.
This is an important insight because it shows the effect of
the bandwidth on the range of the RFID reader. In the next
subsection, we will combine this effect with the minimum
power for activation of the tag to calculate read range.

Bandwidth (MHz)
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Fig. 7. The calculated bandwidth vs. reader Q-factor for various over-coupling
coefficients (g) for Qrz = 20, and k = 0.01. The grey dotted-line shows
the minimum bandwidth required for a 14443 type A with 106 kb/s bit rate
discussed earlier as an example. Over-coupled tuning increases the bandwidth
and enables use of higher Q reader antennas.

C. Read Range

The tag read range is the most prominent performance
characteristic of an RFID system. The read range is dependent
on many parameters, mainly, the sensitivity of the tag, the
bandwidth of the system and the sensitivity of the reader.
Generally, the read range is not limited by the reader sensitivity
for RFID systems [21]. This leads to two conditions based on
the tag sensitivity and the bandwidth as follows

Pd:Pa/u GT(fc)ZPth (4)
BW > 1T, )

Where P, is the tag sensitivity and is defined as the
minimum received power at the tag to activate the RFID chip.
As discussed earlier, T} is the effective bit length. The circuit
model in Fig. 1 is simulated for a typical HF RFID chip load
(R, = 100082, C;, = 17 pF) over a wide range of values
for the Q-factor of the transmitter, over-coupling coefficient
(9) and distance (i.e. the coupling factor, k). For each set of
values for Q7., g, and d, the Z-parameter of the circuit is
calculated and then the delivered power to the tag is computed
using eq. (1) and eq. (2) and then the conditions of Eq. (4)
and (5) are checked to be true for P, = —7 dBm (a typical
RFID chip sensitivity) and minimum bandwidth of 300 kHz
(this is an example for 106 kb/s, as in 14443 type A tags).
Then the maximum reading distance (d,,q;) is extracted for
each pair of (Qr., g), and the resulting surface is plotted in
Fig. 8.

From Fig. 8, it can be seen that for a given over-coupling
coefficient, e.g. ¢ = 1 [the blue line in Fig. 9(a)], the read
range increases as the Q-factor increases up to the point where
the bandwidth becomes smaller than the minimum required
bandwidth of the forward link [Eq.(5)], the point where read
range starts shrinking with increasing the Q-factor. At this
point, by increasing the over-coupling of the reader to the
source, the Q-factor increment still can lead to read range
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improvement. To observe this effect clearly, the read range is
depicted vs. Q-factor of the transmitter for different values of
g in Fig. 9(a). The read range vs. over-coupling coefficient
for different transmitter Q-factors is shown in Fig. 9(b). It
shows that for a certain Q-factor of reader, there is a minimum
value of over-coupling coefficient, g,,;,, to ensure enough
bandwidth for the forward link is provided. However, for over-
coupling coefficients larger than g,,;,, due to increased power
lost to reflections at the input port, the read range decreases.

IV. EXPERIMENTAL RESULTS FOR OVER-COUPLED
READER

Fig. 10 shows the experimental setup used to validate the
effectiveness of over-coupling for high-Q coils in improving
the read range. In this work, TRF797A development kit is used
as the RFID reader. The reader consists of a 4-turn 55 mm x
39 mm printed circuit rectangular coil with trace width of
1.3 mm and spacing of 0.5 mm. The inductance and self-
resistance of the reader coil are 1.5, H and 1 €2 as measured by
a vector network analyzer (VNA). The reader position is fixed
while the tag is mounted on a plastic pole on a positioning
stage with an accuracy of 0.076 mm.

The tuning circuit shown in Fig. 11 (a) is implemented on
the TRF7970a board using the parameter values of Table I for
three cases: a CC with () = 10, a CC with Q = 125, and OC

Reader coil

Wi
ranslation stage

Fig. 10. Photograph of the experimental setup for measuring the read range.
The RFID reader is TRF7070 A development Kit.
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Fig. 11. (a) Circuit diagram of the antenna and tuning circuit (b) The Smith
chart shows the measured S7;1 for 3 design cases considered in this work:
CC, Q=10; CC, Q=125; and OC, Q=125.

with @ = 125. To bring the Q-factor of the reader down to
@ = 10 for first case, TRF7970A stock configuration uses a
resistor parallel to the reader coil, R; = 1.2 k2. This resistor
is removed from the board for the high-Q cases. All readers
are tuned to resonate at f.=13.56 MHz. Fig. 11(b) shows the
measured reflection coefficient (S71) when looking into Port 1
when the reader is in isolation (i.e. no reader to tag coupling.)

The designed readers are tested by 9 off-the-shelf commer-
cial proximity and vicinity tags. 14443 and 15693 standard
tags are used in this work as they are the most common tags
used in HF RFID applications. The measured read ranges for
all of the tags are summarised in Table II. The read range is
increased by using High-Q over-coupling tuning technique for
all the cases. The read range is improved from 18% to 81%
for these tags. The reason for the variation of the improvement
percentage is that the readers are not designed for a specific
tag. Note that the read range is dependent on the Q-factor
and also the size of the tags. The Q-factor of these tags are
typically low and the size of tag coils and number of turns are
generally determined by the application form-factor restriction
as well as RFID chip parasitic capacitance. In addition, the
loaded Q-factor of the tags are normally less than 10 due to
the loading effect of the RFID chip (assuming Ry = 1 k(2).
To better represent the tag Q-factors, the unloaded Q-factor of
the tags are measured by magnetically coupling into the tags
using the method described in [22]. The results show that with
increasing the Q-factor of the tag, the read range increases
for all the readers. To show the power of the over-coupled



TABLE II
READ RANGE OF ANTENNAS USING COMMERCIAL TAGS

ment a tuning circuit before the RFID chip thereby also tuning
the tag coil to operate in the over-coupled regime. To apply

Standard MFG PN Bit rate Tag coil size Unloaded Q-tag LQ-CC HQ-CC HQ-OC
14443A NA 106 kbp/s 7 x 4.1cm 53 9.3 cm 10.6 cm 11.6 cm (+24%)
14443A NA 106 kbp/s 7.2 X 3.9cm 32 7.2 cm 7.8 cm 8.6 cm (+19%)
14443A NA 106 kbp/s 6.5 X 2.4cm 23 4.4 cm 7.1 cm 7.8 cm (+77%)
14443A MN63Y3212N4 106 kbp/s 3 X 3ecm 30 4 cm 6 cm 7 cm (+75%)
14443A MIKROE-1475 106 kbp/s 2 X 2cm 28 4.8 cm 6.8 cm 8 cm (+66%)
14443A MFOMOA4U10 106 kbp/s 7 x 4.1cm 53 4.8 cm 7.2 cm 8.7 cm (+81%)
15693 RI-102-114B-01 1.66 kbp/s 7.6 X 4.5cm 38 11.3 cm 13.8 cm 15.2 cm (+34%)
15693 RI-I11-114A-01 1.66 kbp/s 4.5 x 4.5cm 33 10 cm 11.8 cm 13.2 cm (+32%)
15693 RI-103-114A-01 1.66 kbp/s 3.8 X 2.25cm 28 7.2 cm 8.8 cm 9.9 cm (+37%)
tuning for high Q coils, in the next section, the over-coupled Tag Tag
impedance matching method is used on a high Q tag coil as  antenna tuning circuit Load
well as on the reader coil. | 1Cs ! & |
| 1 1
V. HIGH-Q OVER-COUPLED TUNED READER AND TAG | ! . ;
| ] ]
To increase the read range farther, it is desirable to imple- i |
1 1Cr, RisS Vi!
| | |
I I ]
| 1 I
| ! !

over-coupled tuning method for the tag coil, a printed circuit 6-
turn spiral coil with outer diameter of 39 mm, inside diameter
of 16 mm, and trace width of 1.3 mm with I mm spacing
between the traces is fabricated on FR4 material. Fig. 12 (b)
shows the designed tag coil with an SMA connector on it. For
the read range measurement, a 14443 type A chip is soldered
to an SMA connector and is mounted on the tag coil.

Fig. 12 (a) shows the diagram of the tuning circuit used to
over-couple the tag coil. The way that the tuning circuit works
is by reducing the voltage drop across the load using a capac-
itive voltage divider. If the impedances of the capacitors, C's
and Cy + Cp, are less than Ry at the resonance frequency,
the ratio between the voltage across the tag coil and the load,
n = VL/‘/C()iZ’ will be

Cs

n_C3+C4+CL ©

Normally, capacitors have very high Q-factors on the order
of 1000 at NFC operating frequency, i.e. 13.56 MHz, and can
be considered to be lossless. Therefore, the capacitive voltage
divider simplifies to a voltage transformer. The capacitors
can be used to create resonance with the coil inductance at
fe =13.56 MHz by using

fo= ! ™

[+ Cs3(C4+CL)
2my/ Lo C§+é4+c%L
In this case, the impedance seen through port 2 will then
be equal to

Rin =1n*(1+ Q3)Rp2 ®)

where Q5 is the Q-factor of the coil. At resonance, the over-
coupling coefficient g reduces to g = Ry, /R;, [18] and is thus
a function of the ratio n. By decreasing n, RR;,, decreases and
the coil is more over-coupled to the load (i.e. g increases).
The spiral coil tag shown in Fig. 12 (b) was tuned for 4
different over-coupling ratios, g, by varying n from 0.3 to 1
(from critically coupled, g = 1, to highly over-coupled, g =

Fig. 12. (a) Shows the circuit diagram of the receiver side b) shows the
receiver antenna and tuning circuit (Chip is soldered to an SMA connector to
be attached to antenna)

10). The read range is reported in Table III. The fourth column
of this table shows that even for Low Q (LQ), CC transmitters,
the read range is extended when the tag g ~ 2-3. Thus, over-
coupling the tag has benefits itself. However, looking at the
last column, which is for high Q (HQ) OC reader coils, the
benefits are even more dramatic than using an OC tag alone
where read range is improved by up to 88%. This improvement
is between the conventional near field tuning approach (shaded
in gray in the fourth column) where no tuning is done on the
tag and the reader is a low Q, CC coil, and the case where both
the tag and reader are over-coupled to a near optimal degree
(this case is also shaded in gray in the sixth/last column). For
those cases in Table III with two values, the reader is not able
to read the tag at distances closer than the smaller of the two
values due to the frequency splitting effect [2], and cannot
read at distances farther than the large of the two values due
to insufficient power transfer.

The red asterisks in Fig. 13 show the measured read range
in Table III, plotted together with the calculated read range,
blue circles, using the model presented in Section III. C. The
blue line shows the read range estimate for the case when the
reader and the tag coils have the same Q-factors, as Q-factor
varies from 1 to 300. Fig. 13 shows a good agreement between

TABLE III

READ RANGE FOR VARIED 1 OF TAG Z-MATCHING CIRCUIT

n Tag LQ-CC HQ-CC HQ-OC

& | Quoaded | Tx (em) | Tx (em) | Tx (cm)

0.99 10 11 6 6.5 9.6

0.5 2.9 | 36 7.2 1.6-9.4 11.3

0.4 1.8 | 55 7.3 2.2-9.9 1.9-11.5
0.3 1 65 6.9 2.8-9.4 2.1-10.8




Read range(cm)

Calculated with Qtx=Qrx :
O Calculated for Table III reader and tag pairs

2 +  Measured with Table III reader and tag pairs 1
0 ] 1 1 1 1
0 50 100 150 200 250 300
Q-factor

Fig. 13. Maximum reading distance versus quality factor. For Q¢z # Qrz,
Q is defined as the geometric mean of Qr; and Qtz. Measurement is the
actual reading range using TRF7970A development Kkit.

the measured and calculated read range, illustrating the utility
of the model to predict the read range and aid in optimizing
NFC RFID systems.

VI. CONCLUSION

This work has shown how to achieve increased read range
and increased read reliability in near field RFID systems via
the introduction of high Q coils that extend the distances over
which the tag receives adequate power to tun on, while over-
coupling is used to maintain sufficient system bandwidth. This
OC topology has been contrasted with traditional impedance
matching strategies in near-field RFID where standard prac-
tices require critically coupling the source to the input.

Additionally, it has been shown experimentally and theo-
retically how the Q factor of transmitter antennas need not
be strictly limited to values of 10-20, but that by leveraging
the overcoupled tuning technique, higher Q coils can be
successfully used. The results presented here show that high
Q OC reader antennas can outperform low Q, CC antennas by
almost a factor of 2 in some instances. Even when comparing
high Q coils with critical coupling to high Q coils in the over-
coupled regime, the improvements are considerable. The focus
of this work has been on 106kb/s 14443A, and 15693 standard
RFID tags. Note that much more significant improvements are
achievable for higher bit-rates where restrictions on Q-factor
are tighter. This strategy of over-coupling is straightforward
and can be implemented quite easily into many existing near
field RFID systems, and so the benefits of this approach can be
immediately reaped without extensive system re-engineering,
ultimately leading to systems with increased range and relia-
bility that is noticeable to a real world user.
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