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Abstract—Distance-based impedance matching networks for a
tunable high frequency (HF) system are presented in this paper for
the improved performance. The transmitting antenna for a HF system
with an operating frequency of 13.56 MHz consists of a two-turn loop
and three channel impedance matching networks corresponding to
the distance of the receiving antenna. FEach impedance matching
network maximizes the system performance such as uniform power
efficiency and reading range at specific distance between a transmitting
and a receiving antenna. By controlling the distance-based matching
networks, the power efficiency of the proposed antenna improves by up
to 89% compared to the conventional antenna system with the fixed
matching (FM) condition for distances, and the reliable reading range
according to the impedance matching conditions is also increased. The
proposed technique is applicable for near field communication (NFC),
radio frequency identification (RFID), or wireless power transfer
(WPT) devices.

1. INTRODUCTION

With the development of mobile devices such as smart phones, wireless
pads, and laptops, data and voice communications become more
prevalent. Furthermore, the efficiency of RF systems is vital to wireless
communications, and becomes even more critical when the antenna
efficiency is changed by the neighboring environmental factors [1-5].
In particular, the antenna efficiency is highly sensitive in NFC
or HF RFID systems because it is related to the coupling factor
proportional to the distance between the transmitting and receiving
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antennas [6-9]. Also, good impedance matching for efficient power
transfer is essential for wireless power transfer technology since high @
resonant coils are widely used [10-15].

By reducing the mismatch in the RF front end systems
through properly used impedance matching circuits, the transfer
power efficiency or reading range is improved so that high quality
communication can be achieved. Since the impedances of the reactive
components in the matching circuits are frequency dependent, the
impedance can only be perfectly matched at a single operating
frequency or a limited band of frequencies. Therefore, tunable
impedance matching networks can provide an advantage over fixed
impedance matching networks by controlling lumped elements that can
be optimally tuned for desired frequencies to overcome any potential
impedance variations.

Due to the complicated nature [9,16] of manual impedance
matching, an adaptive impedance matching module and control
algorithms [17,18] that find the optimal conditions including the
neighboring factors for the desired frequency are required to implement
the system with tunable impedance matching circuits.

The tunability of adaptive impedance matching modules is
controlled by the following: the L network [19, 20] consisting of a series
LC and a parallel LC network; the capacitance array [21-25] configured
by parallel switched capacitors; and the tuning transformer [26]
based on the nonlinear properties of the ferromagnetic core material.
However, these circuits have intolerably high loss and are not suitable
for portable communication devices. Therefore, low loss tunable
matching circuit would be useful for many applications, especially, for
portable wireless communication devices.

In this paper, in order to improve system performance such
as extended reading range and high efficiency in power transfer, a
simple tunable antenna with switchable impedance matching networks
operating at a specific distance is presented.

2. SWITCHABLE IMPEDANCE MATCHING
NETWORKS

In this section, the proposed switchable impedance matching networks
that operate at a specific distance between the transmitting and
receiving antennas are discussed. After introducing the configuration
and operating principles of the proposed matching networks, the
equivalent circuit analysis of the proposed matching networks has been
carried out.
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2.1. Operating Principle

In NFC using the inductive coupling, besides magnetic field, the mutual
inductance and the coupling factor between two devices are important
parameters since the system performance is related to the function
of distances between the transmitting and receiving antennas. As the
value of coupling factor related to the antenna distance is increased, the
resonant frequency splits resulting in the degradation of S3; magnitude
due to the impedance mismatch [14].

Figure 1 shows the overall block diagram of an antenna system
with the proposed impedance matching networks consisting of single-
pole triple-throw (SP3T) switches and capacitors. The configuration
of the proposed impedance matching networks, such as H1, H2, and
H3, can be designed by series and shunt capacitors. At the specific
distance (dj, da, d3) between the transmitting and receiving antennas,
in order to reduce the impedance mismatch, the capacitances of the
proposed matching networks are determined.

As shown in Fig. 2, the arrangement between transmitting and
receiving antennas is depicted according to the distance of dy, do, and
ds. As the receiving antenna in the concentric axis approaches the
transmitting antenna, the mutual inductance increases and causes the
antenna mismatch. As a result, the power efficiency or the reading
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Figure 1. (a) Geometry of the designed antenna system with
switchable impedance matching networks in the transmitting and
receiving antennas. (b) Overall blocks of the switchable impedance
matching networks which consist of SP3T switches and capacitors. H1,
H2, and H3 are the impedance matching networks operating a specific
distance between the transmitting and receiving antennas.
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Figure 2. Arrangement between transmitting and receiving antennas
having the distances of dy, ds, and ds.
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Figure 3. Equivalent circuit model for the proposed antenna with an
impedance matching network in any distance.

range is drastically reduced. In case of the high @ systems with
limited bandwidth, this phenomenon is observed even more clearly.
To solve this problem, we present an effective matching technique
by switching the determined impedance matching networks according
to the matching distances. The proposed technique does not require
automatic matching algorithm and various matching networks but has
high power efficiency within the operating distance because of the
proposed matching networks.

2.2. Equivalent Circuit Analysis

This work concentrates on the system using the 13.56 MHz frequency
band for HF RFID and NFC applications that are currently aimed for
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mobile phones. The configuration of the transmitting and receiving
antennas is depicted in Fig. 1. The proposed matching networks
are simply modeled by the equivalent circuit model in Fig. 3. The
transmitting and receiving antennas are modeled by series resistors
(Ry, Ry) and inductors (L, L), respectively. Impedance matching
circuit is implemented by series and shunt capacitors. By inserting the
additional shunt resistor (R,) in the receiving antenna, it makes the
quality factor lower, and increases the bandwidth of system, resulting
in a higher possible transmission rate. Both the input and output
impedances are considered to be Zj, 50 ().

The mutual inductance between two loops with a single turn is
given by the double integral Neumann formula (1):

M12—w12 j{j{ dly - dl2 (1)

where pg is the magnetic constant (47 x 10~ 7H/m); c1 and ¢y are the
curves spanned by the loops; r12 is the distance between two points.

Based on the simultaneous conjugate matching (SCM) condition
at a certain distance (d) between two antennas, the simultaneously
matched transfer efficiency (|921]?) and loaded @ at z cm are calculated
by the Thevenin equivalent circuit and the definition of the S
parameter. Vi, Vs, I;, and Iy as shown in Fig. 3 can be expressed
as

. %3
Vi=V¢ X L =1 - 1
s &)
Va
Vo=VE —iX, ¢ Ih,=1% — .
2 2 JArsly 2 2 jer

As shown in Fig. 3, Vlc and VQC must be satisfied with
VI« = (Ry + i Xa)I{ = (Ras + jXan)I5
V¢ = —(Rar + jXan)IE + (RL, + § X)) IS,

in which
X2
=Ry+ —=
Ry
2 ()
' — R r 4
rl
RP
XMXrl
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M Rp

In the case of the SCM condition at d cm in the operating
frequency (fo, 13.56 MHz), Si1 and S22 should be set to zero.
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Equivalent resistance, R; g s, and R, 4 s, toward the source and load
from antennas can be simplified as (5), respectively:

Ria o ~ Ry g o/ 1+ Qira s,
Ry fo = Ry g\ /1 + Qa4

XMd, fo

(6)
Ry .50 Bt g

The (|S21]2 ,) at d cm distance with the SCM conditions at fo
can be derived as

()

where

/
Qi fo =

1+ X](\jjfg

|S21 ’325,]‘0 = : (2,d) (7

M, f
(e
M,d, fo

X2 - X2
X](VI[:% — M.z, fo M.,d, fo ) (8)

where

2
XNr.d.fo

At matching distances such as dj, da, and ds cm, (7) can be
simplified to (9). It means that |So1|? (transfer efficiency) reaches 100%
if the reactance due to the mutual inductance increases to infinity.
On the other hand, the transfer efficiency in the distance away from
the matching distance is reduced as shown in (7) due to the mutual
inductance.

‘521‘37.][0 ~

<\/1+QMdf0+\/QMdfO> (9)

The loaded @ between two devices can be calculated by analyzing
the S21 characteristic with regard to the frequency. After searching for
the 3 dB bandwidth from the |S2; |i,d,f’ which can be obtained from the
S parameter definition, the QQjpudeq can be determined by the resonant
frequency over 3dB bandwidth in (10) if Q/M, d.f, 18 much larger than 1.
This leads to a decrease in the Qjpqdeq because the mutual inductance
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increases and vice-versa.
( / Q'
tl,d,fovrl, fo

/ QMdf
\/5 /]\247d7f0 <1 + 4 O>

Qloaded ~ (10)

Q! /
tld, fo %l fo

1.29 (1 + 0.55@324@,]00)

it Qg < 1,

where
X, f p X g,
Qirafe = 0 Qi = =5 11
,d, fo Ritl,d,fo rl, fo R;l o ( )

In a practical case, the receiving antenna has been matched
regardless of the transmitting antenna. The transmitting antenna has
the proposed matching networks within the operating range. In this
case, (5) is changed by

Xira.s
' D! 0
By a,py = Rud,fo + 2R, (12)
T, Jo

/ ~ D/
Ry a o = By gy

Also, the transfer efficiency in (7) and (9) can be given by (13)
and (14), respectively.

X(zd)
/ M
Sl = 5 o T
,d
2(” 7 )[”2(” f ) Xﬁ’fo}
M.d, fo M.d, fo
1
(14)

/
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From (14), the maximum transfer efficiency (|S21|?) is —3 dB although
the mutual inductance approaches to infinity.
The Q) ,404 Using the transmitting antenna with the proposed
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Table 1. Antenna parameters of equivalent circuit models.

Antenna | Parameter ‘ Value
R, 0.382
X L, 1.01 uH
unloaded Q¢ 226
R, 2.34 Q)
R, 20 k<2
RX L, 5.30 uH
unloaded Q) 36

matching networks can be simplified to

,
v Qv 1o @i fo

. /
2 48 i Qg > 1
4( 1+ 2 - Q/4

M7d7f0 M7d7f0

ngaded ~ ( 1 5)
Qt1.d,5,@rt, 1o

1.29 <1 + 0.43@’]3[,d,f0>

if Q/]\/Ivdvfo << 1.

3. PRACTICAL DESIGN AND EXPERIMENTAL
RESULTS

Figure 1(a) shows the transmitting antenna designed by using the
proposed matching networks, whereas the receiving antenna follows
the inlay model of the TI Tag-it HF-I Transponder [27]. In order to
enhance the reproducibility, the proposed design is implemented by
a printed circuit board (PCB) using an FR4 substrate with 1 mm
thickness. Using a vector network analyzer, the physical antenna
parameters of the equivalent circuit models are measured in Table 1.
The unloaded @ factors of the transmitting and receiving antennas are
calculated by their equivalent circuits, the series R and L.

Table 2 shows the component values of the proposed matching
networks at prearranged matching distances of d; (3cm), di (6cm),
and d3 (9cm). For the receiving antenna having the fixed value of
matching circuit (C.s and C), the antenna impedance is 50 {2 matched
at the operating frequency of 13.56 MHz. In order to have a maximum
transfer efficiency between the transmitting and receiving antennas
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Table 2. Component values of the proposed networks at a matching
distance.

Antenna .Matchmg Elements Value (pF) .
distance (cm) Calculated ‘ Designed

4 =3 Cis,1 105 121

Cipa 38 43

TX dy = 6 Cis,2 40.5 43
Cip2 97 102

ds =9 Cis,3 21.9 20.3

Cip3 114.7 124

RX i Crs 54 47
Crp 406 300

in (13), the proposed matching networks (Cisi|i=1~3 and Cypili=1~3)
of the transmitting antenna are determined at di, do, and d3. The
transmitting system using the proposed matching networks searches
for the maximum value from the received signal by switching the three
channel impedance matching networks.

Based on the SCM condition of the transmitting and receiving
antennas in Section 2, the So; (related to the efficiency) can be depicted
as shown in Fig. 4(a). According to the matching distance, the
maximum value of the expected So; decreases due to the degradation
of the mutual inductance. However, by reducing the equivalent
series resistances (R; and R,) or by increasing the quality factor for
the transmitting and receiving antennas, the expected So; can be
improved. On the other hand, the maximum difference of the expected
Sa1 is approximately 8 dB within the operating range (0 cm—12 cm) and
causes significant damage to the receiving system since it is about six
times higher than an induced voltage level.

As shown in Fig. 4(b), the expected loaded @ in SCM conditions
is proportional to the loop distance and is lower in close vicinity to
the transmitting antenna. That is, a wide impedance bandwidth for
robust and reliable communication can be achieved.

Using Table 2, the expected S21 and loaded @ is calculated as
shown in Fig. 5(a) and Fig. 5(b), respectively. Due to the detuning
effect in the receiving antenna, So; and ) are nearly uniform within
the operating range. In Table 3, we summarize the comparison of
the FM conditions having a 3 cm matching distance, SCM conditions,
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Figure 5. Calculated (a) S21 and loaded @, (b) for the proposed

networks.

Table 3. Comparison to the Ss; between the matching scheme against

the matching distance.

Distance | FM conditions | SCM conditions | Proposed networks
(cm) (dB) (dB) (dB)
3 —2.76 —0.72 —2.76
6 —5.88 —1.81 —3.02
9 —11.8 —-3.94 —4.25

and the proposed networks in terms of the Ss; in the transmitting and

receiving antennas. The maximum

difference of the proposed networks

is less than 1.5dB within the matching distance.
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Figure 7. (a) Measurement of Sy between transmitting and receiving
antennas in any distance using a vector network analyzer. (b) Expected
So1 and loaded @ for the matching distance in the measurements.

The S21 corresponding to frequencies is depicted in Fig. 6. From
the 3dB bandwidth, the tighter the spacing between the transmitting
and receiving antennas, the lower @ is obtained.

As shown in Fig. 7(a), So1 is measured by fixing the distance and
using a vector network analyzer. Fig. 7(b) shows the expected S2; and
loaded @ for the matching distance in the measurements. In order
to avoid the distance error between the transmitting and receiving
antennas, the measurement is performed at the intervals of 1cm. An
excellent agreement between the calculated and measured data in Fig. 8
is obtained in the strongly coupled region. However, in the loosely
coupled region where the distance is larger than the loop radius, the Q
of the measured data is lower than that of the calculated data because
a parasitic capacitor in the receiving antenna lowers the additional
shunt resistor (R)).
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In order to compare the power transfer efficiency between the FM
condition at d; and the proposed networks, voltage levels receivng from
the transmitting antenna are measured. The transmitting antenna is
connected to the signal generator with a 30 mWatt magnitude and
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Figure 8. Comparison to the expected S2; and loaded ) for the SCM
condtions and proposed networks between the calculated and measured
results.

Table 4. Voltage levels and normalized results receiving from the
transmitting antenna.

Distance Voltage Levels (V) Normalized Results*
(cm) FM at dy ‘ Prop. networks | FM at d; | Prop. networks
1 2.42 2.42 0.90 0.90
2 2.67 2.67 0.99 0.99
3 2.70 2.70 1.00 1.00
4 2.48 2.66 0.92 0.99
) 2.00 2.75 0.74 1.02
6 1.66 2.62 0.61 0.97
7 1.38 2.50 0.51 0.93
8 1.07 2.46 0.40 0.91
9 0.88 2.32 0.33 0.86
10 0.70 2.03 0.26 0.75
11 0.57 1.71 0.21 0.63
12 0.51 1.54 0.19 0.57

* Based on the voltage level with a FM condition at d; (3 cm).
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Figure 9. The signal waveforms of (a) the power transmission from
the transmitting antenna with a FM condition and (b) the proposed
networks.

pulse modulation (pulse period = 16us, pulse width = 8us) at
13.56 MHz.

The signal waveforms of the receiving antenna are measured using
an oscilloscope. The voltage levels with regard to each distance can be
obtained as shown in Table 4. In case of a power transmission having
a FM condition at dj, voltage levels are gradually decreased within
the operating distance. However, voltage levels at proposed networks
are unfading by controlling the impedance matching networks with
regard to the distance. Figs. 9(a) and 9(b) illustrate the voltage levels
obtained from the receiving antenna according to the transmitting
antenna with a FM condition or the proposed networks. If the received
powers with a FM condition at 3 cm normalize those of the proposed
networks, a power tranfer efficiency rating of 89% results at 12 cm in
the proposed networks.

4. CONCLUSION

In this paper, switchable distance-based impedance matching networks
for a tunable high frequency system is presented, which improve system
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performance by switching the predetermined impedance matching
networks in the operating range, regardless of automatic control
algorithms and complicated matching networks. Easy tunability is
achieved simply by checking the received signal level of the three
channel impedance matching networks. Moreover, NFC and RFID
systems require uniform S characteristics in order to prevent the
excessive voltage of the transponder IC when further increasing the
coupling factor and to use wide bandwidth in communications. This
means that the @) of these systems must be kept low. The proposed
design technique offers low @) and uniform Ss; characteristics through
the proper selection of impedance matching networks. In the operating
range (0cm-12cm), it is less that 5dB variation of Ss1, and provides
improved efficiency of a maximum of 89%. Due to the attractive
characteristics of the proposed networks, the proposed technique can
ensure more reliable and robust system designs for wireless power
transfer and data communications.
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