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1. Introduction
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1.1

1.2

Purpose and Scope

This application note is intended to give a practical guide to design and dimension
antennas and RF parts for contactless reader as well as NFC devices. The application
note will provide the required understanding to design application specific antennas and
dimensioning RF parts to achieve the best performance for a communication according
to the different communication schemes of the ICs.

The RF part covers the required matching circuit to match an application specific antenna
coil to the output driver of the MFRC522/MFRC523/PN51x/PN53x as well as the
receiving circuit in order to detect a received RF signal.

MFRC52x/PN51x/PN53x features

The MFRC522/MFRC523/PN51x/PN53x devices are designed to communicate in three
different operation modes:

1. Reader/Writer mode to communicate to an ISO/IEC14443A, MIFARE card up to
100 mm depending on the antenna size and tuning. (MFRC52x /PN51x/PN53Xx).

2. Reader/Writer mode to communicate to a ISO/IEC14443 B card up to 100 mm
depending on the antenna size and tuning (MFRC523/PN51x/PN53x).

3. Reader/Writer mode to communicate to a FeliCa card up to 100 mm depending on
the antenna size and tuning (PN51x, PN53x).

4. NFCIP-1 mode to communicate to another NFC devices up to 100 mm depending on
the antenna sizes and tuning (PN51x, PN53x).

5. ISO/IEC14443A, MIFARE card or FeliCa card mode to communicate to
ISO/IEC14443A, MIFARE or FeliCa reader up to 100 mm depending on the
generated external field strength. (PN51x, PN53Xx)

The MFRC52x/PN51x/PN53x’s overall functionality can be separated into three
functions:

6. Generate the RF field: The generated magnetic field has to be maximized within the
limits of the transmitter supply current and general emission limits.

7. Transmit data: The coded and modulated data signal has to be transmitted in a way,
that every card and MFRC52x /PN51x/PN53x device is able to receive it. The signal
shape and timing according to relevant standards has to be considered.

8. Receive data: The response of a card or MFRC52x /PN51x/PN53x device has to be
transferred to the receive input of the PN51x/PN53x considering various limits, e.g.
maximum voltage and receiver sensitivity.

The operating distance for the MFRC52x/PN51x/PN53x depends on
¢ the matching of the antenna,
¢ the sensitivity of the receiving part,
¢ the antenna size of the device,
¢ the antenna size of the communication partner and

o external parameters, such as metallic environment and noise.
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Note: MFRC52x devises are Reader/Writer devises only. So these are not able to
operate in target mode.

2. How to use this document
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The application note is intended to give a practical guide to choose the matching
topology, to design antennas and calculate the matching components for the
MFRC52x/PN51x/PN53x RF part. It gives a guideline starting with the recommended RF
matching circuitry description as well as a dedicated description of the transmitter
matching resistance and matching procedure in each chapter. The appendix of this
document provides an introduction in the overall antenna design theory for the system.

Depending on the target applications, different design decisions can be made in order to
optimize the antenna topology. The environmental constraints of a device/antenna are
the influencing detuning parameters for the RX-path and have to be investigated.
Conditions for a detuning are determined by the type of an application and housing, e.g.
peer-to-peer mode, card mode, metal or composite plastic housing. These effects can
cause large voltage drops at the RX-site and therefore may affect demodulation of the
signal.

The user needs to follow the selection guide in chapter 3 to choose
the appropriate antenna topology!

This application note is outlined as followed

Antenna Selection Guide

Antenna Topology |

Antenna Topology I

Adoptions of Antenna Topology | or I
Antenna Topology Il

I T o

Appendix

a. The appendix includes information describing the calculation of the
inductance of an antenna coil and gives basic hints on symmetry and
environmental influences. The calculation of the equivalent circuits and an
overview of all relevant formulas are give as well as Tips and hints to check the
antenna and RF part design.

Each Antenna Topology provides information about

a. The RF part block diagram. It shows a recommended circuitry design with all
relevant components required to connect an antenna to the PN51x/PN53x. It also
ensures the transmission of energy and data to the target device as well as the
reception of a target device answer.

b. The TX matching resistance Rnach is €xplained which is required to calculate the
remaining components and to optimize PN51x/PN53x power consumption.
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. Formulas to calculate the EMC filter and the matching circuit
. Antenna tuning procedure

. Design and calculation of the receiving part

S a o

Example calculations

Note: This application note does not replace the relevant datasheets referenced in
chapter 9.

“Card” in this document means a contactless smart card according to the
ISO/IEC14443A (or MIFARE) or a contactless card according to the FeliCa
scheme. Design hints on how to place the components on a PCB are not included.

Tuning and measurement of the antenna has always to be performed at the final
mounting position to consider all parasitic effects, e.g. metal influence on quality
factor, inductance and additional capacitance.

All topologies and design methods described in this document assume
antenna and tuning components are not accessible to end user. Therefore
no additional ESD protection methods are described. In case antenna wiring
is accessible from device housing or after user removable parts are
detached, additional ESD protection has to be evaluated. Methods described
here are then no more generally valid.

Increased RF output power and communication distance could be achieved
by integrating the RF amplifier for NXP’s contactless Reader IC’s ([13]).
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3. Selection Guide
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The following flow chart describes a selection guide for different antenna topologies. The
user needs to start from the top rectangle going downwards. Due to different detuning
effects on the antenna only one of the following topologies may apply to the type of
reader integration.

. This is the starting point of the selection
MIFARE, Type-A/B, FeliCa, guide. This means, all indicated
Peer-to-Peer

protocols can be supported by the
following antenna topologies.

VAN

Antenna TOpOlogy | It is recommended to start with Antenna
Topology | since this is the basis for

possible further adoptions.

2\
NN

Verify detuning at RX-Path
according to chapter 4.6
“Receiver Circuit Design”

If communication problems occur, that

can not be resolved by adjusting register

settings or RX-path dimensioning,

Antenna Topology Il needs to be
applied.

TN
N

Antenna Topology Il resolves strong
detuning effects on the matching
circuit.

Antenna Topology Il

A\

Asymmetric antenna tuning If Antenna Topology | and Il cannot

counteract communication errors in
certain distances, the EMC filter and
matching circuit has to be adjusted
according to chapter 6

according to chapter 6

Antenna Topology Il has the same
physical constraints as the asymmetric
tuning of the recent topologies. Antenna
Topology Il requires less matching
components.

Antenna Topology Il

AN
N NN
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4. Antenna Topology |
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The RF block diagram in Fig 1 shows a recommended circuitry design with all relevant
components required to connect an antenna to the MFRC522/MFRC523/PN51x/PN53x.
It also ensures the transmission of energy and data to the target device as well as the
reception of a target device answer.

Crx
RX - 1|
LJRs R;
Vmio: . T
— Cvmip
[
TX - — . t H { }
PN51x/ ™ C1 Ra
PN53x
Col=— Cz J
TVSS . . .
l ™ |
- Col == C,
’ o |
TX2—— — . 1| . L
EMC Filter Matching Circuit Antenna
Fig 1. Block diagram of the complete RF part

Note: Fig 1 shows only the RF part and the related power supply (TVDD and TVSS). For
a proper operation the analog and digital supplies and the host interface have to
be connected too.

Note: Topology | is the preferred RF part topology for MFRC522 and MFRC523

Although some of theses blocks may contain only a few passive components, it is
important to consider all these blocks and all their functionality to guarantee the proper
working of the complete device.

The EMC filter reduces 13.56 MHz harmonics and performs an impedance
transformation.

The Matching Circuit acts as an impedance transformation block.

The antenna coil itself generates the magnetic field.

The receiving part provides the received signal to the
MFRC522/MFRC523/PN51x/PN53x internal receiving stage.

Basically this complete RF circuitry consists of at least 8 capacitors (max. voltage ~50V
types), 2 inductors, 2 resistors (the part size determines the maximum power which the
resistor can withstand) and the symmetrical antenna coil as shown in Fig 1.
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Equivalent circuit

The following subchapters describe the matching procedure. It starts with the
determination of the antenna parameters and ends with a fine tuning of the antenna
circuitry.

Determination of series equivalent circuit

The antenna loop has to be connected to an impedance or network analyzer to measure
the series equivalent components.

Note: The equivalent circuit (see Fig 2) must be determined under final environmental
conditions especially if the antenna will be operated in metal environment or a
ferrite will be used for shielding.

X—
Ra
C,=/ Antenna
La
X—
Fig 2. Series equivalent circuit

Typical values:

L, =0.3..3 pH
C,=3..30 pF
R,=0.3..8Q

Calculation of antenna quality factor damping resistor Rq

The quality factor of the antenna is calculated with

w-L, (1)
R

a

Qa

If the calculated value of Q, is higher than the target value of 35, an external damping
resistor Rq has to be inserted on each antenna side to reduce the Q-factor to a value of
35 (£x10%).

The value of Rq (each side of the antenna) calculates as

_ @
R, =0.5-(“’ L —Raj
35

Determination of parallel equivalent circuit

The parallel equivalent circuit of the antenna together with the added external
damping resistor Rq has to be measured. The quality factor should be checked again to
be sure to achieve the required value of Q=35.
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Note: The equivalent circuit (Fig 3) must be determined under final environmental
conditions especially if the antenna will be operated in metal environment or a
ferrite will be used for shielding.

Cpa:: Rpa [] Lpag 4 Antenna

Fig 3. Parallel equivalent circuit

The following formula applies

A 3
Lpa =3 (3)
C o = C,

2~ (a).lla)2
" R, +2-R,

4.2 EMC filter design

The EMC filter circuit for the MFRC522/;MFRC523/PN51x/PN53x fulfills two functions:
the filtering of the signal and impedance transformation block. The main properties of the
impedance transformation are:

e Decreasing the amplitude rise time after a modulation phase
¢ Increasing the receiving bandwidth

The EMC filter and the matching circuit must transform the antenna impedance to the
required TX matching resistance Zicn(f) at the operating frequency of f = 13.56 MHz.

Lo i : C}l J; IRQ I n
Co C, Rmaten/2 » |
AnEE) g | ' L]  Zmatch(13.56MHz) )
= | /
“T | . T Reaen/2 ||
Lo i Ra
J ‘
EMC Filter Matching Circuit Antenna

Fig 4. Impedance transformation

When splitting the circuit between EMC Filter and Matching Circuit the following applies if
instead of the IC two resistors with the value Ran/2 would be applied:
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{1}
C1 Ra
Co—
\T Z" Z" |: [ * Lant I
Co—
Cq Ra
[ i 3
EMC Filter Matching Circuit Antenna
Fig 5. Definition of transformation impedance Z,
- ; 4)
Ztr - er + ]Xtr
Ztr = Rtr - thr (5)

EMC filter general design rules:
Lo=390nH -1 pH
Filter resonance frequency fo = 14.1 MHz ...14.5 MHz, => C,
1 (6)

O
(2 T fro) L,
The EMC filter resonance frequency fo has to be near the upper sideband frequency

determined by the highest data rate (848 kHz sub carrier) in the system to achieve a
broadband receiving characteristic.

Example:
Lo =560 nH
fo = 14.3 MHz

Co = 221.2 pF => chosen: 220 pF

A recommended value of 560 nH for L, is chosen to calculate the capacitance Cy. The
following formulas apply for Z, = Re(Z,n)+Im(Z,q) and are needed to calculate the
matching components.

RmalC 1
R, = : )

tr R 2
(1—a)2.L0‘c0)z+(a)-’"2m.c0)
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R 2
Lo'(l_wz‘l’o'co)_%mh’co
X =2-w- ®)

2
(l—a)z-LO-CO)2+(a)-R’”2‘”"h-C0j
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4.3 Matching circuit design
4.3.1 Component calculation

The following formulas apply for the series and parallel matching capacitances:

C = ! 9)
- RW’RP“ +Xtr
\ 4 2
1 1
C, = - -2-C
oL, R, R v (10)
a) a). v pa
2 4

Finally, a fine tuning of the matching circuit is often necessary, since the calculated
values are based on simplified equations and the equivalent circuit values can not be
determined 100% correct.

4.4 Tuning procedure

The matching circuit elements C4 and C, must be tuned to get the required matching
resistance Rmaten (Xmateh = 0) at the PN51x/PN53x TX pins. The matching impedance
Zmatch = Rmaten + [ Xmaten IS measured with an impedance or network analyzer. The Zaten
point between TX1 and TX2 as shown in Fig 6 is the probing point for the network

analyzer.
X1 ¥ -
L R
= Tl =
Co C2
PN51x/  Tyss| .
PN53x Lan ]
G ©s-
r T - T Ba
TX2 S H . 1 F
EMC Filter Matching Circuit Antenna

Fig 6. Measurement of matching impedance

The following Fig 7 shows a simulation example for the matching impedance Z,,ich.
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Re(Zmatch(f))

Im(Zmatch(f))

1.2:10° 1.25.10' 1.3-10' 1.3510' 1.4-10° 14510’ 1.5-10'

Fig 7. Calculation of matching impedance

Fig 8 shows the smith chart simulation for Zyaten / 2:

—

Chart Zo=
50R

Impedance

23.4R
+0.22R
Admittance

0.045
-402.01uS

||@’§ |.'I.'.T..|E|\l/l7']\ "{:ﬂ| () AutoMatchI

‘--"""_-—______‘—_____—-_"'"--,

Series
Equivalent

23.4R
2.59nH

Parallel
Equivalent

23.41R
29.21uH

Start: |1 OMHz ISUU points

Stop: |20MH2

[=13.555MHz  |@ 0.4 [@179.4Deg [ 4]

_ M

Fig 8. Smith chart for matching impedance
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Conditions for the tuning:
- Rmaten CUrve symmetric around the operating frequency

- Xmatch CUrve conjugate complex symmetric around the operating frequency

Note: All tuning and measurement of the antenna always has to be performed at the final
mounting position to consider all parasitic effects like metal influence on quality
factor, inductance and additional capacitance.
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4.41 Tuning of series matching capacitance C,
The smith charts in Fig 9 show the matching impedance Z .. / 2 vs. frequency.

BlaEecom ala| v 28| o s

! T Series
- | Equivalent
234R
2.59nH
Parallel
7/ Equivalent
Chart Zo= /
50R { 2341R
[E— / 29.21uH
Impedance f‘
23.4R |
+0.22R f
Admittance ‘\!
0.045 \
-402.01uS y
Start: [10MHz 500 points Stop: [20MHz
[(-13555MHz  [@0.4 [@179.4Deg  [«] ] o
a. Optimum C1
B & Eood Llal bt 8| o awmah B &Eeo @ nlu| bt 8| o s
1 T Series 1 T Series
z | ~ Equivalent = . Equivalent
& 51 : - @ 51 7 o
€521 . ]
B \ 95.34nH 870.760F
522 P Paralel
Equivalent Equivalent
Chart Zo= Chart Zo=
sR / 16.43R 50R :g ;gn .
mpedance ” ZABH  fpedance 5
9.45R | 81R
+8.12R \\ 13487
[Admittance \ (Admitance
0085 \ 0035
0.055 \ +0.055
Start: |10MHz 500 points S ,—ZUMHZ Start: [10MHz 500 points o [
(<13555MHz (@07 [®@T60%Des  [] ] Hy BT [®-14310eg  [<] | o7
b. C4too low c. C4too high

Fig 9. Smith charts for C4 tuning

C, changes the magnitude of the matching impedance. After a change of C, the
imaginary part of Z,,cn must be compensated by adjusting C,.
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4.5 Tuning of parallel matching capacitance C,

The smith charts show the matching impedance Z,.cn / 2 vs. frequency.

B aEoomlalal vt o8| o AuMun
! 7.77;'/,__——«—y———__n_x\%

@ 51
521
1512
1522

Chart Zo=
50R

Impedance

234R
+0.22R

Admittance

0.045
-402.01uS

Series
Equivalent

234R
2.53nH

Parallel
Equivalent

2341R

29.21uH

Start: |1EIMHz 500 points Stop: IZUMHz

Fig 10. Smith charts for C; tuning

[-13555MHz (@04 [@179.4De0 [« N oY
d. Optimum C2
B &Boom eim| L0t 208 © Ak BB om la LLr 208 ® auhsch
[— - fy —— =
—al Equivskert = [Equivakent
Zo ) 1418 20l - 140
PR 7l \ 43790H A 74 | B22nF
(W o . Poatel (et // 4 ool
i“"‘z’ / / Equrvalert e / |Equivalent
1288 | s / |5
Impedance . 3 L) Ingpedance { ) [ATE
1415 f f \ 14 ( \
WBTR I - e RER 1 m— St
[ere \ ‘ f \ !
nxns #0325 ¢ !
8
Stat. [100H7 500 ports Stoge [20MHz Sta: [109H: 500 piees Slop [2MHz
[3sE: ~ [e0s CALE I | | iz [FIaEE: | (@09 [®azeoey o] i | o)
e. C,too low f. Cztoo high

C, changes mainly the imaginary part of Zach-
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4.5.1 Tuning flow chart
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START

f

Zmax

> 13.56 MHz

NO

Yes

A Decrease C2 NO Increase C2
Zmax = 40 - 50 Ohm
NO Yis
) |2(13.56 MHz - Af)| =
v Zmax < 40 - 50 Ohm 1Z(13.56 MHz + Af)|
Yes
Increase C1
NO
NO
< KDecrease C1
TUNING OK
\ 4
|2(13.56 MHz - Af)|
A Increase CO Yes <

|Z(13.56 MHz + A f)|

Fig 11. Tuning flow chart

Decrease CO
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4.6 Receiver circuit design

4.6.1

Next step, after matching and tuning the transmitting antenna, is the design and tuning of
the receiver circuit. The investigations need to be carried out for initiator and target
mode.

Fig 12 shows the relevant components for the receiver circuit. R; and R, form a voltage
divider which has to be adjusted according to the incoming voltage levels at Ug,. Both,
Initiator and target mode of the device have to be investigated, since detuning effects on
the RX path behave differently.

Receiver Circuit
CRX
RX |
UR‘ Rz
Vol .
—— Cvmip
|

PN51x/ TX1 — e— 4-‘\ +
PN53x Lo \Ueo

TVSS! *I

7 |
TXO ——
EMC Filter

s

Fig 12. Receiver Circuit

Initiator mode

Step 1:

Predefined components:

Crx = 1 nF: DC blocking capacitor

Cymia = 100 nF: Vg decoupling capacitance

R1 =1 kQ: Predefined part of the voltage divider
Step 2:

The transmitter must be switched on in continuous wave mode and the voltage on the
EMC filter capacitance Uy has to be measured with a low capacitance probe (< 2 pF).
Typically low capacitance probes are terminated with 50 Ohm, thus the scope
configuration has to be set correctly!

Step 3:
The voltage divider resistor R, can be calculated by:
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Antenna design guide for MFRC52x, PN51x and PN53x

1
RzZRl-(g“—l] (1)

RX

with the target value of Ugrx = 1 V,, (antenna not detuned)

Step 4:

After inserting the determined resistor R, the voltage on RX pin Ugx must be measured
with a low capacitance probe (< 2 pF) for continuous transmitting mode.

The voltage Ugx must not exceed the maximum value Urxmax €ven when the antenna is
detuned by a target or passive card.

Target mode

Step 5:

The device must be placed in the test setup according to NFCIP1 test method standard.
The magnetic field has to be increased continuously and the voltage on RX checked
against the level Urxmax-

URX < URXmax forH<=7.5A/m

If the voltage level on RX gets higher than the maximum value for field strength below
7.5 A/m, the resistor R, must be increased to a value that meets the specification.

Example

As an example the antenna of the PN51x/PN53x evaluation board Rev. 1.1 will be
matched to the transmitter output.

Fig 13. PN51x/PN53x evaluation board antenna

The external RF components should be tuned to a value, that I+ypp ~ 50mA.
Recommended Rpaich * 50 Ohm

The series equivalent circuit of the antenna results to:

R, =1.9 Ohm
C,=11pF
L,=2.9 puH

The calculation for the external damping resistor results to Rq = 2.57 Ohm. The chosen
value for Rq is 3.3 Ohm and results in a Q-factor slightly below 30.
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The parallel equivalent circuit of the antenna including quality factor damping resistors Rq
= 3.3 Ohm is determined with the following values:

Rpa = 7148 Ohm

Cpa=11pF

Lpa=2.9 uH

The EMC filter is determined with:
Lo =560 nH

Co =220 pF

Calculation of Zy:

Ry =217 Ohm

X = -58 Ohm

Calculation of the matching parts C,, C,:
C,=19.8 pF -> 18 pF

C, = 54.1 pF ->56 pF

For further component calculations please refer to the Excel-Worksheet “Antenna
Topology I” in AN1444xx ([9]).
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Simulation result:

Re(Zmatch(f))

Im(Zmatch(f))

I I L I I
12107 125107 13107 135107 14-107 1.45-107 15107
f

Fig 14. Example: Zmatch Simulation

Measurement result:

28 Apr 2004 @7:51:15
[CHI] s11 1UFS 1: 49.543 ¢ -5.2363 ¢ 2.2415nF 13.560 868 MHz
»:

#*
PRm
Del

Hld

START 1.080 0888 MHz STOP 3Q.800 866 MHz

Fig 15. Example: Zmatch measurement
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5. Antenna Topology Il

This chapter introduces a capacitor split in the matching circuit to improve large voltage
drops at the RX-path. The modifications in the antenna topology are show in Fig 17. The
capacitor C, at the TX1 pin from Antenna Topology | is replaced by two capacitors Cg4
and Cs,. The RX-Path is then connected in the middle of Cgq and Cgy, which results in a
more constant voltage behavior. The fine tuning of the circuit is equivalent to Antenna
Topology |. Please refer to chapter 4.4 for fine tuning details.

5.1 Component calculation

In order to calculate the values of the two capacitors, all other matching calculations have
to be done before. To put it more precisely, the capacitor C1 has to be determined before
changing the parts. The number of matching parts will not increase since Crx in Fig 17
can be removed after the performing the split of C1.

RX————
AYR‘
Vo | . LR'
T CVMIO
l
PNS1 N T t aml 1 -
PN53x 2 \ Cis = Cas / g
Co = "' & z
TVSS * . *
j l L]
Co Cz
Lo By T Ra
TX2[ | — i} —
EMC Filter Matching Circuit Antenna
Fig 16. C1 Split Topology

Note: All tuning and measurement of the antenna always has to be performed at the final
mounting position to consider all parasitic effects like metal influence on quality
factor, inductance and additional capacitance.

Please also refer to the Excel-Worksheet “Antenna Topology II” in AN1444xx ([9]) for
further component calculations.

To start changing the matching parts, first measure the voltage at Vant and Vgyc of the
Antenna Topology | with and without a target load. Place a 1k MIFARE card in the middle
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of the final mounted antenna and use a low capacitance probe for the measurements.
Refer also to Fig 17 on where to place the measurement probes.

Crx
RX * [
_R’ R2
Vmio . )
— Cvmio
[
PN51x/ tx1 T . I} o -
PN53x > | e | T
o0 = e F]
TVSS I L i ‘~  ¢ / LanlI
N Co == ==
LO C1 RQ
TX2 | — — . ]
EMC Filter Matching Circuit Antenna
Fig 17. Measurement points for C1 Split

Fig 18 shows the visualization of the voltages Vant and Vegyc with and without a
target/detuning. The aim of a C4 split is to reduce the detuning at the RX-path, thus
getting smaller voltage drops at the RX-site. Therefore, the intersection point V,,4 of the
two lines has to be calculated.

Ve =V
Vavg = = L : (VEMC D =V eme )+ Ve

VANT D VANT - VEMC7 p T VEMC

(12)

with

Vant ... Voltage at antenna without target
Vant b ... Voltage at antenna with target
Veumc --- Voltage at EMC point without target
Veme o ... Voltage at EMC point with target

According to the point V,4, the separation factor Sc, for the capacitor values C4s and Cys
will be calculated as:
Vavg - VEMC

Soy=—7"—"" S¢,...Percentage Seperation of C1 (13)
VANT - VEMC
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30,00

25,00 1
20,00 +
= 15,00 1

10,00

5,00

0,00

——U EMC
—e—U ANT

w ithout detuning

w ith detuning

Fig 18. Detuning at Vemc and Vant

(1) The intersection point is calculated with Vayg

The values for the two capacitors derived from the original C1 is:

Cl
C1s =
Ser

(14)

Table 1 gives an example of the above made calculations with a value of 18 pF for C1.

(15)

Cl1

Cos=—"7—

1-S,
Table 1. Example of C1-Split
Measurements Values
Uemc without detuning 510V
Uemc with detuning 10,80 V
Uant without detuning 24,14V
Uant with detuning 4,60V
Vavg 9,39V
Percentage seperation of C1 22,58 %
Cis 79,71 pF
Coas 23,25 pF

All information provided in this document is subject to legal disclaimers.

Rev. 1.2 — 11 October 2010
144512

© NXP B.V. 2010. All rights reserved.

24 of 65

HANSHOW-Ex. 1031
Hanshow Am. Inc. v. SES-Imagotag Inc.
IPR2024-00189



NXP Semiconductors AN 1 445

AN1445_12

Application note
PUBLIC

Antenna design guide for MFRC52x, PN51x and PN53x

Now choose appropriate values for C4s and Cos, such that the back transformation to a
series capacitance gives C1 again. Thus, always check if

ClS 'Czs
CIS + Czs

Otherwise the antenna will be mismatched. Replace only the capacitor C4 in the
TX1-path as shown in Fig 17.

C1 (16)

1

As an example, 78 pF for C45 and 23 pF for Co5 has been chosen, which gives a total
series capacitance of 17.76 pF for C1.

Note that the decoupling capacitor Crx was removed in the C1-split topology. See also
Fig 17 on how to setup the C1-split.

Fig 19 shows the results by measuring again the voltages Vrx and Vant with and without
a load. It can be seen that the voltage swing on Vgx with/without target load is much
smaller than on a single C1 topology.

30,00

2500 f---------@ssaCos oo s B R

2000 F---"-"-"""""7-""""N" - -
: —— U _RX
= 15,00 [ R e A jm========= -
| —o—U_ANT
10,00 | S —_— —A URX 960 -
U_R?<; 9,50 1 \. U_ANT; 7,00
500 f--------- Peoo o I o
0,00
w ithout detuning w ith detuning
Fig 19. The voltage at RX is more stabilized
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5.2 Features and hints of using antenna topology I

By using the antenna topology Il it is possible to counteract very strong voltage level
variations on the RX-path in reader mode. Although there is no disadvantage in regard to
communication constraints when using antenna topology ll, it is trickier to tune it. In the
worst case this means when using the antenna topology I, at least one more capacitor
has to be reserved for the parallel capacitor C1. Remember, that both paths TX1 and
TX2 have to be equal in component value. Thus, to retrieve full equivalence in the
matching circuit, C1S combined with C2S needs to be equivalent to C1. The capacitance
value of C1S and C2S can not always be achieved by a standard value. Mostly, a
second capacitor placed in parallel to C1 (see Fig 20) or in parallel to both capacitors
C1S and C2S has to be considered to get full symmetry.

RX—————
|- R1
Vo | ° L,.RZ
Cvmip
|
[ | | [l 0o I
PNsT T 1 =
PN53x Y Cis Cas Q
Co =— © J
TVSS * . *
I — Lo
= C1 parallel
Co 77/ 1 ‘ Cz
|
Lo \ C1 / T RQ
TX2 | — — = .
EMC Filter H o >Matching Circuit Antenna
Fig 20. Parallel capacitor to C1
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6. Asymmetric tuning of antenna topology | or Il

The antenna topology | and Il was tuned to have a matching of around 50 Ohms and
an impedance curve symmetric around the operating frequency. When loaded with a
target, the 13.56 MHz point shifts close to the short circuit point of the Smith Chart when
strong detuning of the antenna occurs. Detuning effects arise when target(s) are placed
above the reader device and load the reader antenna. The symmetric impedance curve
of the antenna matching circuit may cause undesired communication failures.

One possibility to anticipate the effect of a short circuit at the real part of the impedance
network is to tune the antenna matching asymmetric around the operating frequency
(see Fig 21). The two resonance points of 13.56 MHz and 14.1 MHz still needs to be on
the real axis of the smith chart but the crossing section moves up to the inductive part.

In order to move up the intersection point to the inductive part the capacitance C, of the
EMC filter has to be increased by about 50 pF when using the values as recommended
in the example matching in chapter 4.7.

Fig 21 shows the smith chart of Z.en Vs. frequency of Antenna Topology | or Il

Series
Equivalent
B7.12R
11.14nH
¢ \ Parallel
f‘/_/' s s Equivalent
Chart Zo= A - S / - :
50R /’ RS [ N 67.13R
— < \ \\ [ e NN 55.6uH
Impedance AT \ N
67.12R
+0.95R / %
Sdmittance \ / 3
001s \/
-210.87uS
- ﬂ;ji,,
R
|
e 1 =i
Start: |11MH2 500 paints Stop: |17MHz
lf=13 574MHz (@2710ea |4 i 7
Fig 21. Asymmetric tuning of antenna topology | and I
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6.1 Tuning of series matching capacitance C,

The smith charts in Fig 22 shows the tuning effect on the impedance curve by adjusting

C1.

B & Beom alaldbdt 28| o atomin
1 Series
Equivalent
672128
11.140H
Parallel
Equivalent
B7.13R
55.60H
67120
+H0.95R /
/
Admittance /
0015 ‘
2108708
\\
N /
. f
S ko
- S | _
-
Start: |11MHz 500 points Stop: [17MHz
(-13574MHz (@015 [@2710ea [ ] =l
Optimum C1
The Gih Ty Grghlmt Sebp Toewncas Todk Optirs 1 Fe Grogh Typn  Gregh Unk Setw)  Tokeorces Toch  Ootiorn He
B gBeom=al bhet MRS _Anmwn B apeomi=lalLhat B o, aomsh
f Sever | e
T Equvdent e =T Equvaent
& T — L — —
: e ., o . =
5 S [1asem Pa = AL = N -
Ot Zom : ‘ | fiah Sace / i ;
) \ / 403m ! \_! ‘?‘33"";'"
; MU0 ::“ ] “l
EL - i
%:vm sham= ‘
1 Advitwnce \
mﬂ ‘J \ e . 13.56 MHz |
sl [ | . ! o [ f |
r o< i , —
\ ,/ | /
o 500 ports (ETra—
St [1001z [Foupon: — Sop [ ’:zm‘m 807 [®168%0e [ | e llxj
135 (@05 OB ¢ _J _-J &1 — s
C1 too low C1 too high
Fig 22. Smith charts for C tuning
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6.2 Tuning of parallel matching capacitance C,

The smith charts in Fig 23 shows the tuning effect on the impedance curve by adjusting

B aBeod Llaldhat 28| o sk
1 Series
Equivalent
B712R
11.14nH
522 Parallel
W Equivalent
50R B7.13R
E— 55.6uH
Impedance
67.12R
+0.95R
Admittance
00s
2108765
Start: m‘z_ 500 points Stop: [17MHz
[F13574MHz @015 [@2710es  [4] Il 2z
Optimum C2
Ple GachTyse Gaph i Setip Towances Took Ot Help B ASeom Slal bt RO AnMah
& BEOR G|t NI S s i ‘ T G
B g = ot
— Equect gl g5 = 535
e S ::Tm ; P ~ ‘3«05«
c -~ N - £ -~ AR —
X & - iy | o Feme
- B R | e
/ \ 1 ——y { x‘. Ll
e / |l 41386 Mz [s53 |
i \ f i / J
/ 4 Eluxs [ 1
:ﬁ / lans | !
| —t =
. - | —— i/
N g o [ S [io: e Fo
i 80k oumw L4 | o] Frason: @08 (ewzie 4 | >l
C1 too low C1 too high
Fig 23. Smith charts for C; tuning
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7. Antenna Topology lli

Crx
RX 7‘*4{ ’—,_

R2
R1 T

Vo

Ra

*
Lo ]

C1 RQ
i

Lo
TX2—— e— 1

[EMC Filter] Matching Circuit | Antenna

Fig 24. Block diagram of the complete RF part

Note: Fig 24 shows only the RF part and the related power supply (TVDD and TVSS).
For a proper operation the analog and digital supplies and the host interface have
to be connected too.

Although some of theses blocks may contain only a few passive components, it is
important to consider all these blocks and all their functionality to guarantee the proper
working of the complete device.

The EMC filter reduces 13.56 MHz harmonics and performs an impedance
transformation.

The matching circuit acts as an impedance transformation block.

The antenna coil itself generates the magnetic field.

The receiving part provides the received signal to the PN51x/PN53x internal receiving
stage.

The complete RF circuitry consists of at least 6 capacitors (max. voltage ~ 50V types),
2 inductors, 4 resistors (the part size determines the maximum power which the resistor
can withstand) and the symmetrical antenna coil.
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Table 2. Component list for a basic RF Design

Abbreviation Explanation

Ra External damping resistors to adjust the quality factor. The power
dissipation has to be considered.

Co, C1 Typically 0402, 0603 or 0805 SMD parts with low tolerance (< +2%). NPO
dielectric is required for temperature stability reasons. The voltage limits
has to be considered as well.

Cumid, Crx X7R capacitor (< £10%)

Lo Typically a small inductance with high Q factor for general applications.
The frequency range and the maximum allowed current have to be
considered. This inductance may be magnetically shielded.

R1, Rz 0402, 0603 or 0805 SMD parts
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7.1 Features and hints of antenna topology lll

The antenna topology in this document introduces some major advantages w.r.t. to
power consumption, detuning effects on the RX-path and the type and amount of targets
in the RF field.

The power consumption within the antenna topology described in chapter 4 “Antenna
Topology I” is around 60 mA at TX-path. By changing to antenna topology Il and tuning
the resonance point around 70 Q the power consumption becomes lower. The real and
imaginary part of Z,acn change from symmetric to asymmetric around the operating
frequency. The asymmetric impedance anticipates the detuning effect such that the
magnitude of Z,,.ch Stays closely constant when tags are in the field.

The detuning effect of the antenna topology Il is shown in Fig 25. The figure contains the
voltage at the RX-path (U_ANT) and the EMC-Filter (U_EMC) with and without a target
load. The voltage at the RX-path decreases with the number of targets in the field. This
can cause communication errors when the specified voltage limits at the RX-path are
exceeded. The antenna topology Il introduces a matching circuit to reduce the voltage
peaks shown in Fig 25.

3,0E+01

2,5E+01

2,0E+01

1 sEv01 >< —+—U_EMC
’ / . —=— U ANT

1,0E+01

5,0E+00

0,0E+00

without detuning with detuning

Fig 25. Detuning effects of old antenna topology

The presented topology suggests slightly lower field strengths where the performance in
short reading distances increases with certain type of cards.

Note: The modulation index may be adapted in the register settings of the device. Refer
to the data sheet of the device for further information.

Please also refer to the excel worksheet “Antenna Topology II” in ANxxx for further
component calculations.

AN1445 12 All information provided in this document is subject to legal disclaimers. © NXP B.V. 2010. All rights reserved.

Application note Rev. 1.2 — 11 October 2010 32 of 65

PUBLIC 144512
HANSHOW-Ex. 1031
Hanshow Am. Inc. v. SES-Imagotag Inc.
IPR2024-00189



AN1445

Antenna design guide for MFRC52x, PN51x and PN53x

NXP Semiconductors

7.2 Transmitter matching resistance Rnatch

The transmitter (TX) matching resistance R,qcn defines the equivalent resistance at the
operating frequency present between the transmitter output pins TX1 and TX2 of the
PN51x/PN53x. Different equivalent resistive loads lead to different transmitter current
consumption.

7.2.1 Test circuit

The following schematic in Fig 26 shows a possible configuration to investigate the
optimum transmitter matching resistance Ryaich. The setup measures the available RF
power P, and the TX supply current ltypp at different matching resistance values.

Urvoo —lTxﬁ Ca
L /ﬂ Balun
TVDD . 0 M 41 Pant
. I(I: . 50 Ohm Spectrum
PN51x/ c, 7_cpv s 1 Analyzer
PN53x  tvss L LR 1 200 Ohm .
C —éc
L P 7] Py G,
e e [
[l
Al
CS,V
Fig 26. Test circuit for Rmatch

TX supply current vs. matching resistance

Fig 27 shows the TX supply current on the y-axis vs. the matching resistance on the x-
axis in dependency on different supply voltages TVDD. An increase in Rpach results in a
lower current flow from TX and thus leads to a lower magnetical field generated by the
antenna.

140,00

~

~

120,00 =

~
Sa
100,00

N
N
. N
N, Seo
N, S
. So
~ b

So
~. ~
~ ~
.. -
~. e
~. ~-.

80,00

[mA]

60,00

40,00

20,00

Rumaten

——UTVDD = 2.5V —#—UTVDD = 3.0 V —+—UTVDD =35 V]

Fig 27. Transmitter supply current vs. matching resistance

RF power vs. matching resistance
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Fig 28 shows antenna power (H-field) dissipation in relation to the matching resistance.

180,00

160,00

140,00

120,00

[mW] 100,00

Pant

80,00

60,00

40,00

20,00

0,00

Rmatch

‘—O—UTVDD =25V —#=UTVDD=3.0V —&=UTVDD=3.5V

Fig 28. RF power vs. matching resistance

Power added efficiency @ 3V

Fig 29 shows the power added efficiency curve at different matching resistances of the
antenna circuit.

Pan=f(Rmatch) / PAE=f(Rnatct) / Irvoo=f(Rmatch)

140,00

120,00

100,00

[mW]/ PAE [%] / ITVDD [mA]

by

0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0
Rmatch

——Pant —=—PAE ——Itvdd

Fig 29. Power added efficiency @ 3V
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Conclusion

A higher matching resistance results in less power consumption but only slightly less
available RF power output compared to the maximum available RF power output. A good
compromise between available RF power and TX power consumption can be reached by
a matching resistance Ra.n between 60 and 80 Ohm. The example matching circuit in
chapter 7.7 has been tuned to 73 Ohm.

Optimal Rpatch = 60 - 80 Ohm

7.3 Matching circuit design

7.3.1 Calculation of matching components
The impedance Ziv/2 of the matching network in Fig 29 is given by:

1 (17)
Zmatch/zzj'a)'LO—'_ 1
jro-C,+ ] . I
L'F;‘FJ.'Q)’CA ]COCI
R, joL,
Note: The

calculation for the remaining matching components requires only half of the
antenna. This means that the series equivalent parameters are obtained by first
measuring at both ends of the antenna. These values have then to be divided by
two for inductances and resistances and doubled by two for capacitances for
equation (17).

X1 — . i {R )
L ‘
0 C1 Q
Co2>
PN51x/ tvss-, & e ol
PN53x E | a
G
Lo 1 ﬁé RO
TX2 — . i )
Matching
EMC Filter Circuit Antenna
Fig 30. Measurement of matching impedance

The EMC filter circuit for the PN51x/PN53x fulfills two functions: the filtering of the signal
and impedance transformation block. The main properties of the impedance
transformation are:
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¢ Decreasing the amplitude rise time after a modulation phase
e Increasing the receiving bandwidth

The EMC filter and the matching circuit must transform the antenna impedance to the
required TX matching resistance Z.ich at the operating frequency of f = 13.56 MHz.

The matching components Cy and C; are determined by first measuring and then
calculating the antenna impedance Z,.

The following formulas apply for Z,n = Re(Zant)HImM(Zany):

S
Re(Z,,)="——3 : ;
1 +[a)~CA—lj (18)
R, oL,
1 -0-C,
oL,

In order to solve the two unknown variables Cy and C,in equation (17), the real part of
the impedance network Z,.«ch is set to the matching resistance Rpaen = 73 Ohm and the
imaginary part of Z,h is set to 0. This is accomplished by extending the fraction in (17)
with its complex conjugate, which is due to simplification reasons not carried out in this

document.
Re(Z,,) (0 L)’
73Re(Z ,)+ e( am‘) (CU 0) _Re(Z ,)2
a) . LO + an 73 an
2 . 2 = R Z . . L 2
73" +(w- L) 73-Re(Z, )+ e(Z,,) (oL
C - 73
a) .
1
C = -
Re(Z,, ) (w-L
o-Im(Z,,)to- \/ 73-Re(Z,,, )+ L )73( ) _ Re(Z,,)’
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Note: Due to simplification of the formulas and tolerances of the measured equivalent
antenna circuit values, a final tuning of the matching circuit is necessary to achieve
the required matching resistance at the transmitter output pins.

7.4 Tuning procedure

The matching circuit elements C, and C; must be tuned to get the required matching
resistance Rpatch (Xmateh = 0) at the PN51x/PN53x TX pins. The matching impedance
Zmatch = Rmaten + [ Xmateh IS measured with an impedance analyzer or network analyzer.

The following Fig 31 shows a simulation of the matching impedance Z4ch.

50 T T

T T T
13.56.10° 141-10°

30

R._Zmatchif)
— 20
I_Zmatch(f)

-10 | 1 | 1 1
7 7 7 7 i T 7
120 12510 1310 13510 1.4-10° 14510 1510

Fig 31. Simulation of matching impedance

Note: All tuning and measurement of the antenna has always to be performed at the final
mounting position to consider all parasitic effects like metal influence on quality
factor, inductance and additional capacitance.
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The smith chart in Fig 32 shows the antenna simulation based on the example values

used in chapter 7.7.

B aEoemE Ll Lt 28| © awMach
I1 Series
Equivalent
B35R
8.65nH
Parallel
Equivalent
Chart Zo=
50R B351R
—_— 76.9uH
Impedance
B35R
+0.74R
Admittance:
0015
-152.54uS
Start: |10MHz ISUU paints Stop: I—18MHZ
(=13567MHz  [@0.2 |@1.8Deg [« _I 2l él
Fig 32. Smith chart for matching impedance
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7.4.1 Tuning of EMC matching capacitance C,

The smith charts in Fig 33 show the matching impedance Z,,.n Vvs. frequency.

BaApcom /Al 4Lt NN S Aniwh
— =
& nsod
° e
[Dwzen = :f:.,,
|50 A Ch)
Ingmduce T
:65!
|
258
14.22 MHz 1356 1z l|
. T . . .‘.-»‘
f
Stae [Tz 500 oot o
NG (@02 e [4] | 3
Optimum CO
B aeEomElE $hcr NN © Anven B agEom Sl Ihc T NN © k|
o e o s
[ Cguvaert.
(:s" Py ﬁsn - R
pe 24 i S 19
= B = 5
“on 1060 o Hom
[ — 246 [~ T
|en |zn
(o200 I
o N ol Tty
| \
| f
o ] ) L ) T S
MM (@04 o 4 | 2l 3w (@02 eiRe (4 | i
Co too low Co too high
Fig 33. Smith charts for Co tuning
Cy changes the magnitude of the matching impedance. After a change of C, the
imaginary part of Z,.cn Needs to be compensated by adjusting C;.
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7.4.2 Tuning of series matching capacitance C,

The smith charts in Fig 34 show the matching impedance Z,a.ch 2 vs. frequency.

BlaApcod /Al 4Lt NN S Aniwh
\ Senmn
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ES" :3:“
£ Pkt
[DwnZen - Eaumert
e - o
"
0 \
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152545
14.22 MHz 1356 1z ‘I
3 . . : o]
|
e o o
AN (902 eitom (4 | 3
Optimum C1
Baneom =@ $h 1 MR O s BagEom S Vi1 N © A |
b v e 7=
s fiteed s - ‘:’""
: - SO ,/ =
c Pk 5 i 020
(oot zo e [Owizos Lot
“on nin “on e
Lt A=
|amn |m
2 90 nom
e/ arce
oo | 00as
oo oo
\ \
|
S o B o o P T o
MM (@06 onww  [1 | >l AEMHE (@04 CEEZ k| 4 ]
C1 too low C1 too high
Fig 34. Smith charts for C4 tuning
C, changes mainly the imaginary part of Zatch.
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7.4.3 Tuning flow chart

START

f

Zmax

> 13.56 MHz

NO Yes

y Decrease C1 NO Increase C1

Zmax = 60 - 80 Ohm
NO Yes

} !

Zmax < 60 - 80 Ohm Phase(|Z(14.1 — 14.4 MHz )|)=0
Yes
Yes
Decrease CO
NO
NO
< ccrease co
TUNING OK
y
A Increase LO Yes Phase(|Z(14.1 — 14.4 MHz )|)<0
NO
Decrease LO
Fig 35. Tuning flow chart
Note: The initial value of Ly has been set to 0.33 pH.
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7.5 Receiver circuit design

Next step, after matching and tuning the transmitting antenna, is the design and tuning of
the receiver circuit. The investigations need to be carried out for initiator and target
mode.

Fig 36 shows the relevant components for the receiver circuit. R; and R, form a voltage
divider which has to be adjusted according to the incoming voltage levels at Ug,. Both,
Initiator and Target mode of the device have to be investigated, since detuning effects on
the RX path behave differently.

Receiver Circuit
Cr
RX| |t [ ‘
v,R' R>
Vo . ’
‘ CVM\D
PNS1x/ TX1}
PN53x Lo oo
Co — '
/
A
TVSSt I
< ot
Lo
TX2
EMC Filter
Fig 36. Receiver circuit

7.5.1 Initiator mode
Step 1:
Predefined components:
Crx = 1 nF: DC blocking capacitor
Cymia = 100 nF: V,,,q decoupling capacitance
R1 =1 kQ: Predefined part of the voltage divider

Step 2:

The transmitter must be switched on in continuous wave mode and the voltage on the
EMC filter capacitance Uc has to be measured with a low capacitance probe (< 2 pF).
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Typically low capacitance probes are terminated with 50 Ohm, thus the scope
configuration has to be set correctly!

Step 3:
The voltage divider resistor R, can be calculated by:
R =R | ey (21)
URX

with the target value of Ugrx = 1 V,, (antenna not detuned)

Step 4:

After inserting the determined resistor R, the voltage on RX pin Ugx must be measured
with a low capacitance probe (< 2 pF) for continuous transmitting mode.

The voltage Ugx must not exceed the maximum value Urxmax €ven when the antenna is
detuned by a target or passive card.

7.6 Target mode

Step 5:

The device must be placed in the test setup according to NFCIP1 test method standard.
The magnetic field has to be increased continuously and the voltage on RX checked
against the level Urxmax-

URX < URXmax forH<=7.5A/m

If the voltage level on RX gets higher than the maximum value for field strength below
7.5 A/m, the resistor R, must be increased to a value that meets the specification.
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7.7 Example

As an example the antenna of the MFRC52x/PN51x/PN53x evaluation board Rev. 1.1
will be matched to the transmitter output (see Fig 37).

Fig 37. MFRC52x/PN51x/PN53x evaluation board antenna

The external RF components should be tuned to a value I+ypp * 50mA. The matching
resistance has been set around 70 Ohm.

Rmatch ® 70 Ohm

The series equivalent circuit of the antenna results to (see chapter 8.2.1):
R, =1.1 Ohm

C,=9.8pF

L,= 3.1 uH

The calculation for the external damping resistor results to Rq = 3.668 Ohm. The value
for Rq is 3.3 Ohm, which results in a Q-factor of approximately 35.

The parallel equivalent circuit of the antenna - including quality factor damping resistors
Rq = 3.3 Ohm - is determined with the following values:

Rpa = 9650 Ohm

Cpa =9.7 pF

Lpa=3.3 uH

The EMC coil Ly is chosen with an initial value of 0.33 uH.

Note: The following calculation requires only half the values R, Cpa, Lya Since only
Znaten/2 of the matching circuit is calculated.

With equation (18) the antenna impedance is given with:
Re(Zant) =6.977 Q
Im(Zant) = 183.387 jQ

The series capacitance C1 calculates from the solution from the quadratic equation (19)
and (20) of the EMC capacitance CO.

C1_1 =57.63 pF
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(:12 =71.95 pF

The EMC capacitances Cy 1 and Cy , are determined for the values of C 1and C4 ,:
Co 1 =-417.62 pF
Co 2 =618.20 pF

The correct values for the matching components are C; , and Cg ».
Refer to Fig 31 for a simulation of the magnitude and phase of the final antenna circuit.

The smith chart in Fig 38 was captured with a network analyzer showing a matching at
72 Ohm with the given values above.

CH1 AR/R FScl 1 U 72.175 a -2.9329 a 4.8825 nF
SELECT
13.56 MHz PERRER
tor SPACE
BACK
SPACE
ERASE
Hid TITLE
DONE
STOR DEV
[DISK]
IF Bl 18 kHz PONER © dBm SHP#_935.6 msec CANCEL
START 1 MHz STOP 25 MHz
Fig 38. Zmatch Simulation
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8.1.1

8.1.2
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Antenna design
Antenna inductance

The following two sub-chapters 8.1.2 and 8.1.3 show required formulas to estimate the
antenna inductance in free air.

Note: Sophisticated simulation software is required to calculate the antennas parameters
to estimate antenna values in environments containing metal (such as shielding
planes or batteries in devices).

Circular antennas

Fig 39 shows the profile a typical circular antenna.

v

Fig 39. Circular antenna

The inductance can be estimated using the following formula:

24.6-N,*-Dlcm] (22)
SI_CWLJ
D[cm]

L,[nH]=

1+2.75-

D Average antenna diameter
s Antenna width

N, Number of turns

Al information provided in this document is subject to legal disclaimers. © NXP B.V. 2010. All rights reserved.

Rev. 1.2 — 11 October 2010 46 of 65

144512
HANSHOW-Ex. 1031
Hanshow Am. Inc. v. SES-Imagotag Inc.
IPR2024-00189



NXP Semiconductors AN 1 445

Antenna design guide for MFRC52x, PN51x and PN53x

8.1.3 Rectangular antennas

Fig 40 shows a typical rectangular antenna.

< aavg »!
< aO >
by | Daw
w g

Fig 40. Rectangular antenna
Variables:
Ao, bo Overall dimensions of the cail
Aavg, Davg Average dimensions of the coil
t Track thickness
w Track width
g Gap between tracks
N, Number of turns
d Equivalent diameter of the track
The inductance can be calculated by:
L _Ho . [x, +x, —x, +x,]-N,"* (23)

T
With:
2-(t+w
L2+ w)
T
aavg:ao_Na.(g_{—w) bavgzbo_Na'(g_l_W)
2.a b 2-a, -b,,
x, =a,, In R x,=b,, -In wic S

B PR A 2ip 2
: avg+ aavg + avg
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8.1.4 Number of turns

Depending on the antenna size, the number of turns has to be chosen in a way to
achieve an antenna inductance between 300 nH and 3 pH.

The parasitic capacitance should be kept as low as possible to achieve a self-resonance
frequency > 35 MHz.

A typical the number of turns will be in the range
N,=1-6,
which is suitable for various applications and antenna sizes.

Due to the coupling coefficient, a low number of turns are preferred. The lower the
numbers of turns, the lower is the influence of coupled devices (e.g. 2" NFC device,
Card, Reader) to the 1% device. This also means that the detuning effect on the 1% device
is minimized when reducing the distance between the two devices. The overall
performance loss due to low number of turns is negligible.

8.1.5 Antenna symmetry
The symmetry in antenna design is absolutely necessary with respect to tuning and EMC
behavior (see Fig 41). Otherwise common mode currents are generated due to parasitic
capacitances from the antenna to ground. These currents can cause emissions that hurt
the EMV regulations

Fig 41. Ground current compensation

The following Fig 42 shows an example of a symmetric 4-turn antenna design. It can be
seen that the center tap of the antenna is connected to ground. Basically, we do not
recommend grounding the center tap, but leaving it floating. This has the advantage of a
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virtual ground point which is floating to achieve symmetry of the antenna. Refer also to
Fig 41 where center tap is not connected.

TVSS

Fig 42. Example symmetric 4-turn antenna

8.1.6 Ferrite shielding

The benefit of a ferrite is to shield an antenna against the influence of metal. A metal
plane could be part of the housing of the device or a ground plane of the device PCB
itself, which has to be connected very near to the antenna. If metal is placed very near to
the antenna the alternating magnetic field generates eddy currents in the metal. These
eddy currents absorb power, and lead to detuning of the antenna due to a decreased
inductance and quality factor. Therefore, it is necessary to shield the antenna with ferrite
for proper operation in close metallic environment.

The following examples should give an estimation about the influence of ferrite to the
distribution of the magnetic field.

A circular antenna has been used to simplify the simulation. A circular antenna is
rotational symmetric to the x-axis. Therefore, the simulation can be reduced to a two
dimensional mathematical problem. The simulation estimates the field distribution of a
non-disturbed antenna. It has been assumed an antenna radius of 7.5 cm with 1 turn and
a copper wire of 1mm thickness.

Fig 43 shows the two-dimensional magnetic field of the circular antenna.

The right part shows the field distribution. The highest field strength is generated in the
area of the coil.

The left part shows the magnitude of the field strength H over the distance d. The
minimal field strength of Hyy = 1.5 A/m defined by ISO/IEC 14443 is marked with doted
vertical line.

Note: The shielding effect of the ferrite strongly depends on the ferrite material and the
distance between antenna and influencing material. The shielding effect may be
negligible if the antenna is very near to interfering material (metal, battery) and the
ferrite has low permeability (foils usually pr<10).
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Fig 43. Non disturbed field distribution of a circular antenna

Fig 44 shows the field distribution of the defined antenna but a metal plane near to the
antenna. The magnitude of the field strength has decreased compared to the disturbed
field which leads to a decreased operating distance.

d
Field strength
: color map
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Fig 44. Field distribution of a circular antenna with a metal plane
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Fig 45 shows a ferrite plane (ugr=40) which is positioned between the metal plane and the
antenna coil itself. The field strength very near to the ferrite increases, but the increasing
magnitude does not necessarily result in an increase of the operating distance at Hyy
value (vertical doted line).

Field strength
color map
/ B,
- o, 0
/ . O
\‘ D
é—-—_——--———- - |O
; O
! |
|
= :
Minimum field strength |
Hmin=1.5 A/m ferrite plane metal plane
« | |

6 4

Fig 45. Ferrite shielded field distribution of a circular antenna

The simulation shows that the use of a ferrite reduces the generated eddy currents in a
metal plane. The ferrite generates an additional field component, which results in a fixed
detuning of the antenna itself.

Antenna quality factor

The quality factor is a determining constraint to design and tune an antenna. Fig 46
shows an excerpt of a typical 100% ASK modulation. The maximum timing limit of 3us
(as defined in the ISO/IEC14443) for a modulation pause is taken to calculate the quality
factor.

T=3 s

Fig 46. Pulse width definition
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The bandwidth B —pulse width T product is defined as:

B-T>1
(24)
With the bandwidth definition
B= L (25)
0

the B-T product results to

o<f-T
0 <13.56MHz -3us

0 <40.68
Note: The recommended antenna quality factor is Q, = 35.
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8.2 Equivalent circuit

8.2.1 Determination of series equivalent circuit

The antenna loop has to be connected to an impedance analyzer to measure the series
equivalent components.

Note: The equivalent circuit (see Fig 47) must be determined under final environmental
conditions especially if the antenna will be operated in metal environment or a
ferrite will be used for shielding.

K—
Ra
C,=/ Antenna
La
K—
Fig 47. Series equivalent circuit

Typical values:

L, =0.3..3 pyH
C.=3..30 pF
R,=0.3..80

8.2.2 Calculation of antenna quality factor damping resistor Rq

The quality factor of the antenna is

_w-L,
R

a

0,

(26)

If the calculated value of Q, is higher than the target value of 35, an external damping
resistor Rq has to be inserted on each antenna side to reduce the Q-factor to a value of
35 (£10%).

The value of Rq calculates as:

w-L
— . a _
R,=0.5 ( s Ra) (27)
AN1445 12 All information provided in this document is subject to legal disclaimers. © NXP B.V. 2010. All rights reserved.
Application note Rev. 1.2 — 11 October 2010 53 of 65
PUBLIC 144512

HANSHOW-Ex. 1031
Hanshow Am. Inc. v. SES-Imagotag Inc.
IPR2024-00189



NXP Semiconductors AN 1 445

Antenna design guide for MFRC52x, PN51x and PN53x

8.2.3 Determination of parallel equivalent circuit

The parallel equivalent circuit of the antenna together with the added external

damping resistor Rq has to be measured. The quality factor should be checked again to
be sure to achieve the required value of Q=35.

Note: The equivalent circuit (Fig 48) must be determined under final environmental

conditions especially if the antenna will be operated in metal environment or a
ferrite will be used for shielding.

CoaT R [] Lpag < Antenna

Fig 48. Parallel equivalent circuit

The following formula applies:

L,=L,
a 28
Cp =G, (28)
2
. (@L,)
pa
R,+2-R,
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8.3 Equivalent circuit measurement

8.3.1 Impedance analyzer with equivalent circuit calculation

Impedance analyzers like Agilent 4294A or 4395A can determine directly the series or
parallel equivalent circuit by measuring the magnitude and the phase of the impedance
of the connected antenna.

Note: The antenna has to be at the final mounting position to consider all parasitic
effects like metal influence on quality factor, inductance and additional
capacitance.

The antenna needs to be connected to the analyzer by using an appropriate test fixture
that does not influence any antenna parameters.

The analyzer has to be calibrated (open, short and load compensation at the calibration
plane) and the test fixture needs to be compensated (open, short compensation at the
connection points) before each measurement. Please refer to device manual on how to
carry out these steps.

Settings: |Z , 0
Start frequency: 1 MHz

Stop frequency: above self-resonance frequency of the antenna

Advantage:

o Fast and simple method

Disadvantages:

e Additional equipment required
e Low accuracy of the measurement which especially results from the loss resistance
for high quality factor coils (Qy > 60).

8.3.2 Network analyzer

This section briefly describes the determination of the antenna equivalent circuit using a
network analyzer without any equivalent circuit functionality.

Note: The antenna has to be at the final mounting position to consider all parasitic
effects like metal influence on quality factor, inductance and additional
capacitance.

The antenna needs to be connected to the analyzer by using an appropriate test fixture
that does not influence the antenna parameters.

The analyzer has to be calibrated (open, short and load compensation at the calibration
plane) and the test fixture needs to be compensated (open, short compensation at the
connection points) before each measurement. Please refer to device manual on how to
carry out these steps.

Settings:S11,
Chart: Smith Z
Start frequency: 1 MHz
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Stop frequency: above self-resonance frequency of the antenna

8.3.3 Series equivalent circuit

The following characteristic circuit elements can be determined by measurements at
characteristic points (see also Fig 47 for series equivalent circuit).

R Equivalent resistance at f = 1 MHz
L, Equivalent inductance atf =1 MHz
R, Equivalent resistance at the self-resonance frequency

f.a Self-resonance frequency of the antenna

The antenna capacitance C, can be calculated with:

1
@z f,NL, (29)

a

The following Fig 49 shows simulation results to determine the characteristic circuit.

B & BEeomalal Yt 68| o AtMach B2 Heom el ddt %8| o AtMach
e Ssvi.es Series
— \‘ Equivalent Equivalent
< o 082R 17.97kR
& A 2.99uH 378pF
- / Parallel - / ’ Parallel
CharZos ) Equivalent ChanZo- ‘Jc‘ Equivalent
50R / 431.93R 50R i 18.08KR:
| / 3uH = / 24.29F
Impedance | [ Impedance } }
0.82R ‘\ ‘\ 7akR | \
1881R \ 1 44kR \ \ -
Admittance ‘c“’ e ! /
232m3 —f 55.3u8
0.055 ; | +d.45uS
~ e
{ /
— 1
St Mz 500 points Sop: | St e 500 points stop: |
1Mz (@1 [@13880eg |4 o [reg1azmH: (@1 |®-0Deg [« ] |
g. Rs=0.820hm, Ly =2.99 yH h. Rp =18 kOhm, i = 29.14 MHz
Fig 49. Simulation results for characteristic circuit

The series equivalent resistance of the antenna (see Fig 50) at the operating frequency
fop = 13.56 MHz can be calculated out of the characteristic circuit with:

AN1445_12

Application note
PUBLIC

All information provided in this document is subject to legal disclaimers.

Rev. 1.2 — 11 October 2010
144512

© NXP B.V. 2010. All rights reserved.

56 of 65
HANSHOW-Ex. 1031

Hanshow Am. Inc. v. SES-Imagotag Inc.

IPR2024-00189



NXP Semiconductors AN1 445

Antenna design guide for MFRC52x, PN51x and PN53x

Fig 50. Series equivalent resistance calculation

+(2‘7T'ﬂp'La)z

R, =R, n (30)
P
The parallel equivalent circuit always has to be calculated by means of the series
equivalent circuit using equation (28).
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8.4 Pulse shape check

The following pulse shape checks are a quick way for investigating the shaping of
the generated RF-field. The figures in 8.5 always relates to the latest ISO/IEC18092
specification.

The correct measurement techniques needs to be carried out in ISO/IEC 22536
(NFCIP - RF Interface Test methods) and/or ISO/IEC 10373-6 (Identification cards —
Test methods) and ISO/IEC14443!

The Q-factor can be checked by using the fact that the Q-factor has a direct influence on
the edges of the modulation shape.

An oscilloscope with a bandwidth of at least 50 MHz has to be used to carry out the
module shape measurements (Fig 51).

Reader
Terminal

Antenna

Fig 51. Setup to check the Q-factor

CH1: Use a loop with the ground line shortcut at the probe to enable inductive signal
coupling. Hold the probe loop closely above the antenna.

CH2: Used as trigger signal by using Sigout (See [1]-[4] for reference documents)

It is recommended to check the pulse shape according to the values given in Fig 52 and
Fig 52.

Note: The absolute measured voltage in CH1 depends on the coupling (= distance)
between the probe loop and the reader antenna.

The influence of the coupling on the shape can be neglected.

The complete antenna tuning and Q-checking is done without any card.

Al information provided in this document is subject to legal disclaimers. © NXP B.V. 2010. All rights reserved.

Rev. 1.2 — 11 October 2010 58 of 65

144512
HANSHOW-Ex. 1031
Hanshow Am. Inc. v. SES-Imagotag Inc.
IPR2024-00189



NXP Semiconductors AN 1 445

AN1445_12

Application note
PUBLIC

8.5
8.5.1

Antenna design guide for MFRC52x, PN51x and PN53x

Pulse shape according to ISO/IEC 18092
Bit rate 106kbps

Envelope of carrier amplitude

110% 4

100%
90%

60%

5%
5%

60%

90%

100% t4
—>

110%

< PP

Fig 52. Pulse shape according to ISO/IEC 18092, 106 kbps

The time t1-t2 describes the time span, in which the signal falls from 90% down below
5% of the signal amplitude. As the pulse length of PN51x/PN53x is accurate enough,
only the time t2 has to be checked: the signal has to remain below 5% for the time t2.
The most critical time concerning rising carrier envelope is t4. It must be checked that the
carrier envelope at the end of the pause reaches 60% of the continuous wave amplitude
within 0.4 pus.

Table 3. Pulse shape definitions according to ISO/IEC18092, 106 kbps

Pulse length t1 [ps] t2 [ps] t3 [ps] t4 [ps]
Condition
(Condition) (t1<0,5) (t1>2,5)
Maximum 3,0 t1 1,5 0,4
Minimum 2,0 0,7 0,5 0,0 0,0
Al information provided in this document is subject to legal disclaimers. © NXP B.V. 2010. All rights reserved.
Rev. 1.2 — 11 October 2010 59 of 65
144512

HANSHOW-Ex. 1031
Hanshow Am. Inc. v. SES-Imagotag Inc.
IPR2024-00189



NXP Semiconductors AN 1 445

Antenna design guide for MFRC52x, PN51x and PN53x

8.5.2 Bit rate 212 kbps and 424 kbps

Fig 53. Pulse shape according to ISO/IEC 18092, 212 and 424 kbps

Envelop of carrier amplitude

T P A

i hf

»

Table 4. Table 8-1: Pulse shape definitions according to ISO/IEC18092, 212 and 424 kbps

212 kbps 424 kbps
tf 2,0 ys max 1,0 ys max
tr 2,0 us max 1,0 us max
y 0,1 (a-b) 0,1 (a-b)
hf, hr 0,1 (a-b) max 0,1 (a-b) max
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