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Application note

How to design a 13.56 MHz customized antenna 
for ST25 NFC / RFID Tags

Introduction

The ST25 NFC (near field communication) and RFID (radio frequency identification) tags 
extract their power from the reader field. The tag and reader antennas are inductances 
mutually coupled by the magnetic field, similarly to a voltage transformer (see Figure 1). 

The efficient transfer of energy from the reader to the tag depends on the loop antenna 
tuned to the carrier frequency (usually 13.56 MHz).

The purpose of this document is to give a step-by-step procedure to easily design and 
optimize a customized tag antenna for the products listed in Table 1.

          

Figure 1. RFID tag coupled to a reader magnetic field

Figure 2. Tag antenna design example

Table 1. Applicable products

Type Applicable products

ST25 NFC / RFID Tags ST25TA, ST25TB, ST25TN and ST25TV series NFC tags

MS43915V1

Tag

Reader

MS43916V1

Antenna

Chip

www.st.com

http://www.st.com
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1 NFC / RFID tag and antenna equivalent circuit

Figure 3 shows the equivalent electrical circuit of an NFC / RFID tag chip and its antenna.

The NFC / RFID chip is symbolized by a resistor Rchip representing its current consumption, 
in parallel with a capacitor Ctun representing its internal tuning capacitance and internal 
parasitics. 

Figure 3. Equivalent circuit of a chip and its antenna

The equivalent model of the antenna involves three components in parallel:

 Cant: overall stray capacitance of the loop antenna

 Rant: resistive loss of the loop antenna

 Lant: self inductance of the loop antenna

The resulting antenna impedance is given by Zant = Cant // Rant // Lant.

MSv43928V1

Rchip Ctun RantCant Lant

Chip External antenna

Zant

A

B
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2 Inlay equivalent circuit

For products delivered in package, the schematic described in Figure 3 is applicable.

For parts delivered in die and assembled on inlays, the equivalent schematic is the one 
shown in Figure 4, which takes into account parasitics generated by the connections 
between chip and antenna:

 R1con and R2con: equivalent parasitic resistances

 Ccon: equivalent parasitic capacitance

The parasitics due to assembly depend upon the process and the antenna material (copper, 
aluminum, conductive ink).

Figure 4. Equivalent circuit of a chip, its antenna and connections

MS43918V1

Rchip
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3 Antenna design procedure

The design starts with the simplified model shown in Figure 3.

For a given antenna, Rant, Cant and Lant are constants but the resulting impedance Zant 
(Rant // Cant // Lant) is frequency dependent. At self-resonance frequency (fself_res) the 
imaginary part of the antenna impedance is null and the antenna is purely resistive. Below 
the self-resonance frequency, the imaginary part of the antenna impedance is positive and 
the antenna behavior is inductive.

Figure 5 shows the equivalent model of an NFC / RFID tag in presence of a magnetic field. 
The loop antenna model includes:

 Voc: open circuit voltage delivered by the antenna, depends upon the magnetic field 
strength, the antenna size and the number of turns

 LA: equivalent inductance defined by LA = XA / ω, where XA is the antenna reactance.

The NFC / RFID chip model includes:

 RS: representing the equivalent power consumption

 CS: serial equivalent tuning capacitance.

Figure 5. Equivalent model of an NFC / RFID tag in presence of a magnetic field

Basic equations

At low frequencies (f < fself_res / 10), the stray capacitance Cant is negligible, LA = Lant and 
the antenna reactance is given by XA = j Lant ω.

At 13.56 MHz, Cant value gets in the range of some pF and LA > Lant.

The antenna impedance is Zant = RA + j LA ω.

The NFC / RFID chip impedance is ZS = Rs + j / CS ω.

For the equivalent RLC circuit, the total impedance is Ztot = Zant + Zs and the resonant 
frequency is given by the condition LA CS ω

2 = 1.

Optimum antenna tuning

At resonant frequency the total impedance reaches its minimum value Ztot = RA + RS. The 
current in the antenna and the voltage delivered to the NFC / RFID chip are maximized, as 
the energy transferred to the device.

MSv43917V1

RA

AC0

AC1

Antenna

Cs

LA

VOC VAC0-AC1

Rs

NFC / RFID chip
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If the resonant frequency is close to the reader carrier frequency (13.56 MHz), the power 
transfer between reader and tag as well as the communication distance are maximized.

Table 2 gives examples of some NFC / RFID devices and antenna inductance calculation.

          

Figure 6 describes an easy and reliable method to design and fine tune an antenna in few 
steps, which can be summarized as:

 manufacture three antennas centered on the theoretical equivalent inductance LA

 characterize and validate the performance of these antennas

 launch a second run with fine-tuned LA values to get the optimized antenna.

Table 2. Antenna coil inductance for different Ctun values vs. tuning frequency

Product Ctun (pF) Tuning frequency (MHz) Antenna coil inductance (µH)

ST25TA series
50.0

14.00
2.58

27.5 4.70

ST25TB series 68.0
13.56 2.00

14.40 1.80

ST25TN series 50.0 14.00 2.58

ST25TV series
23.0

13.56
5.95

99.7 1.38
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Figure 6. Antenna design procedure

MSv43920V2

Run 1

Run 2

Fix the f0 target

Select a Ctun value
(see available values in product datasheet)

Select an NFC / RFID product

Compute LA based on Ctun and f0

Define antenna mechanical dimensions

Define the antenna matrix

Design matrix (LA, LA + 5%, LA - 5%)

Make coil prototypes

Characterize coil prototypes

Select the bast coil parameters

Define parameters for the second run

Define the antenna matrix

Design matrix (LA, LA + 2%, LA - 2%)

Make coil prototypes

Characterize coil prototypes

Select the bast coil parameters
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4 Designing the antenna coil

A 13.56 MHz antenna can be designed with different shapes, depending on the application 
requirements. As explained previously, the main parameter is the equivalent inductance LA 
of the antenna around 13.56 MHz. The stray capacitance is generally in the range of a few 
pF for typical NFC / RFID products.

For the most common antenna shapes, Section 4.1, Section 4.2 and Section 4.3 give useful 
formulas to calculate the self inductance Lant.

Section 4.4 presents a calculation tool called antenna design to calculate the equivalent 
inductance of rectangular antennas, taking into account an approximation of the stray 
capacitance.

Lant 0 N
1.9

r r
r0
----- 
 ln=

4.1 Inductance of a circular antenna

, where:

Lant 31.33 0 N
2


2a

8a 11c+
-----------------------=

 r is the mean coil radius in millimeters

 r0 is the wire diameter in millimeters

 N is the number of turns

 µ0 = 4 π · 10–7 H/m

 L is measured in Henry

4.2 Inductance of a spiral antenna

, where (see Figure 7):

 a = (rin + rout) / 2 (the average radius, in meters)

 c = rout - rin, in meters

 µ0 = 4 π · 10–7 H/m

 L is measured in Henry

Figure 7. Spiral coil

MS51744V1

rout
c

rin



Lant K1 0 N
2

 d
1 K2 p+
-------------------------=

AN2866 Rev 5 11/20

AN2866 Designing the antenna coil

19

4.3 Inductance of squared antennas

, where (see Figure 8):

 d = (dout + din) / 2 (the average diameter, in millimeters)

 p = (dout – din) / (dout + din) in millimeters

 K1 and K2 depend on the layout (refer to Table 3 for values)

Figure 8. Square coils

          

Table 3. K1 and K2 values according to layout

Layout K1 K2

Square (left side of Figure 8) 2.34 2.75

Octagonal (center of Figure 8) 2.25 3.55

Hexagonal (right side of Figure 8) 2.33 3.82

MSv43922V1

din

dout

din din

dout dout
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4.4 eDesignSuite antenna design tool

Refer to the antenna design tool, part of the eDesignSuite tool available from www.st.com to 
compute the main parameters of rectangular antennas at 13.56 MHz.

This tool uses parameters related to the PCB material, the antenna dimensions, and 
estimates its equivalent inductance. Figure 9 shows an example of antenna computation.

Figure 9. User interface screen of the planar rectangular coil inductance calculator

The user provides the following parameters:

Antenna geometry parameters

 Turns: number of complete turns (four segments per turn)

 Antenna length in mm

 Antenna width in mm

 Number of layers (1 by default)

Conductor parameters (copper is used by default)

 Width of tracks in mm

 Spacing between turns in mm

 Thickness of the conductor in µm

Substrate parameters

 Thickness in mm

 Dielectric permittivity
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Once the antenna equivalent inductance is calculated, a prototype is produced. The 
antenna design is validated by measuring the antenna impedance (using an impedance 
analyzer, a network analyzer or an LCR meter) or by measuring the tuning frequency of the 
tag by a contactless method (see Section 5).
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5 Antenna tuning contactless measurement method

The following parameters impact the tuning frequency of the NFC / RFID tag:

 the precision of the antenna equivalent inductance computation

 the length of the connexion between the chip and its antenna in the application

 the antenna environment (metal surface, ferromagnetic material).

It is important to check the actual resonant frequency in the final application, using one of 
the methods described in Section 5.1 and Section 5.2.

5.1 Antenna measurement with a network analyzer

The tuning frequency of the prototypes can be measured with a network analyzer with a 
loop probe, which generates the RF electromagnetic field to the output of the network 
analyzer, which is set in reflection mode (S11 measurement).

The loop probe either comes from the market or is a self-made single turn loop (using a 
coaxial connector and a copper wire twisted at the end). Building the loop probe like this 
makes it possible to adjust the size of the loop to the size of the tag antenna for a better 
coupling during the measurement.

Figure 10. Measurement with a network analyzer

This equipment setup directly displays the resonant frequency of the system.

Instructions

Here is an example of instrument setup:

 start frequency: 10 MHz

 stop frequency: 20 MHz

 S11 or reflection mode

 display format: log magnitude

 output power: -10 dBm

The frequency sweep can be adjusted as needed.

Network analyser Loop probe Antenna prototype with the NFC / RFID chip
(represented as a capacitor)

MS43923V1
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Figure 11. Resonance traces of the prototype at different power levels

5.2 Antenna measurement with standard laboratory tools

Another method of measuring the tuning frequency is to use standard laboratory equipment:

 a signal generator

 an oscilloscope 

 two loop antennas

Experimental setup

 Connect an ISO 10373-7 standard loop antenna (see Figure 12) to the signal generator

 Connect the second ISO 10373-7 standard loop antenna to the oscilloscope (see 
Figure 13) using a standard oscilloscope probe (1 MΩ or 10 MΩ input impedance) or 
by means of a 50 ΩBNC cable (oscilloscope input set to 50 Ωin this case).

Note: The ISO 10373-7 standard antennas can be replaced by self-made antennas.

Figure 12. ISO standard loop antenna
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Figure 13. Measurement with standard laboratory equipment

Experiments

 Place the tag in front of the loop antenna connected to the signal generator. In 
presence of a magnetic field a current flows into the tag antenna. This current 
generates a magnetic field, captured by the second loop antenna connected to the 
oscilloscope. At the tag resonant frequency, the current flowing into the tag antenna is 
maximum, as the magnetic field generated by the tag antenna and the voltage 
amplitude displayed by the oscilloscope.

 Place the prototype coil in the transmission loop probe (with the reception loop probe at 
about 0.5 cm from the prototype coil).

 Generate a signal (13.56 MHz sine wave) at a voltage of 0.25 V. 

 Vary the transmission frequency to obtain the highest possible signal level on the 
reception side.

 Use the oscilloscope to determine the signal level and the resonant frequency.

Figure 14 shows two signal waveforms at different transmission frequencies.

Figure 14. Oscilloscope views

ai15819b
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Signal generator
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Transmission: 0.2 V sine (13.56 MHz)
Reception:      0.1 V sine (13.56 MHz)

Transmission: 0.2 V sine (14.3 MHz)
Reception:      0.2 V sine (14.3 MHz)

Transmission Reception
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Figure 15 summarizes the measurements obtained by plotting characteristic points for 
different frequencies. Each resonance trace represents a synthesis for a defined voltage 
transmission.

Figure 15. Synthesis of resonance traces for different voltages

Note: Without any tag, the scope trace must be as flat as possible. This is the reason why the 
antenna connected to the generator cannot be tuned at 13.56 MHz.
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6 Frequency versus application: recommendations

When designing a tag antenna, it is important to know the frequency of the application:

 Long-range products (ST25TV series) are tuned between 13.6 and 13.7 MHz (for 
distance optimization).

 Standard short-range products (ST25TA and ST25TN series) are tuned between 13.6 
and 14.0 MHz (for distance optimization).

 Short-range products (ST25TB series), used as transport tickets, are tuned between 
14.0 and 15.0 MHz (for stack optimization).

The frequency shift due to the final label material and environment must be taken into 
account. In the example of a sticker tag with a paper label, the paper and adhesive 
decrease the inlay antenna frequency by about 300 kHz. It is therefore necessary to tune 
the initial inlay at about 13.9 MHz instead of the specified 13.6 MHz.
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7 Revision history

          

Table 4. Document revision history 
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04-Feb-2019 3

Updated Section 4.2: Inductance of a spiral antenna and Section 4.3: 
Inductance of squared antennas.

Updated Figure 6: Antenna design procedure and Figure 7: Spiral coil.

Updated Table 2: Antenna coil inductance for different Ctun values vs. 
tuning frequency.
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03-Dec-2020 4
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inductance for different Ctun values vs. tuning frequency.

Updated Section 6: Frequency versus application: recommendations.
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Updated Section 6: Frequency versus application: recommendations.
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IMPORTANT NOTICE – PLEASE READ CAREFULLY

STMicroelectronics NV and its subsidiaries (“ST”) reserve the right to make changes, corrections, enhancements, modifications, and 
improvements to ST products and/or to this document at any time without notice. Purchasers should obtain the latest relevant information on 
ST products before placing orders. ST products are sold pursuant to ST’s terms and conditions of sale in place at the time of order 
acknowledgment.

Purchasers are solely responsible for the choice, selection, and use of ST products and ST assumes no liability for application assistance or 
the design of Purchasers’ products.

No license, express or implied, to any intellectual property right is granted by ST herein.

Resale of ST products with provisions different from the information set forth herein shall void any warranty granted by ST for such product.

ST and the ST logo are trademarks of ST. For additional information about ST trademarks, please refer to www.st.com/trademarks. All other 
product or service names are the property of their respective owners.

Information in this document supersedes and replaces information previously supplied in any prior versions of this document.

© 2021 STMicroelectronics – All rights reserved
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