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Abstract—This work presents an approach for the measurement The voltage increase is due to increase causeldebyuality

of mutual inductance on near field inductive congli The mutual
inductance between inductive circuits allows timeutation of energy
transfer from reader to tag, that can be used ilDR#d powerless
implantable devices. It also allows one to predis maximum

factor Q of the series resonant circuit, which iplits the
voltage generator ¥ The reader circuit alone can be modeled
as (1).

voltage in the tag of the radio-frequency system. . .1
Z=Ry+( e ) (1)
Keywords—RFID, Inductive Coupling, Energy Transfer, !
Implantable Device At the resonant frequency:
|. INTRODUCTION W = 1 (2)
. L . 1 :
HE demand for Radiofrequency — RF applications is 1
constantly increasing. Particularly, Radio-Freqyenc

Identification — RFID systems finds applications safety,
transportation and most recently in health, amathgroareas.
Therefore the Near-Field Communication is becomingely
used, thus demanding full knowledge of the behawnd
interactions of tuned circuits. As a result, thizrkvpresents an

approach to measure the mutual inductance betwhken t

magnetically coupled circuits. Based on the muindlictance
of near inductors it is possible to obtain the agé at the
passive tag and to predict the range of the ragigdiency
system. Fig. 1 presents the simplified couplingveein reader
and tag [3] [7] [8] [10] [11] [12] [15] and [16], kere the
power is sent by the reader to the tag by RF cogplihis
configuration was chosen to raise the voltage edpto the
inductor, since its voltage is higher than the geatoe voltage
V4, at the resonant frequency.

The voltage increase is due to increase causelkebyuality
factor Q of the series resonant circuit, which iplits the

voltage generator ) The reader circuit alone can be modeled

as (1).

@Vl L L,y TG

Fig. 1 Simplified coupling between reader and tag
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Therefore the impedance Z becomes resistive andl®t
R, which represents the inductor series resistdncis way,
the current at the reader circuit presented in Eigyill be
dependent on resistance R1, and the voltage ainthetor

will be given by (3).
: -V : 3
E =jlal, = J%= jQV;.

At this point it is important to define the qualifgctor
Q=wL,/R; of resonant circuit, which represents the ratio
between the stored and dissipated energy at arctmdiihis
result shows that the reader efficiency is incrdase the
primary series resonance. Consequently, the rezffleiency
is optimized by using series resonance.

& |=v o @

Il. MUTUAL INDUCTANCE MEASUREMENTMETHOD

According to [1] and [2], the mutual inductance vietn
two inductors can be measured as presented nexisidgp
two circuits linked by inductork; andL, as shown in Fig. 2.
The inductance seen on the generator is given as:

Li'=L +Mp+ My, 5)

Fig. 2 Circuits linked by inductors
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Thus the total inductance seen at the generatonirtals is

the inductance df; plus the mutual inductance of the inductor = R * T
1 on inductor 2 plus the mutual inductance of tigictor 2 on 2 | R o
inductor 1. T — -

Now, considering the series association presemédg. 3,
the inductance is given by (6).

Fig. 5 Capacitive equivalent circuit

Li=Li+ L+ My + My, (6) . ) .

In order to find equivalence between the seriespardllel
representation, the real and the imaginary parteach one
must be the same [4] [5]. Therefore:

] —_ yp :Gp+ JC‘Cp (11)
Fig. 3 Series inductors .
P e (12)
Therefore, according to [1] and [2], if the induatasL, s sz +(013p)2

and L, are placed in series as shown in Fig. 3, the tiagul F 12) th | ) dthe i ) .
inductance is the sum of the individual inductanpks the h r.om (12), the real part is;Rnd the imaginary part is;C
mutual inductances. If the measurement is perforazeshown thus:

in Fig. 4, where one inductor inverted, the seifekictance R = Gy

will be given as. s~ 2 2 (13)
Gp” +(aCp)
'[ And
-—
MI_ _\I_ GPZ +(a£p)2
Com———— 14)
s 2
wC,
Fig. 4. Series inductors with inverted terminals

1
“ Gp=— (15)

L =L+L-Mp-My (7) P Ry

That approach allows taking the tag load gs dtice the
quality factor of the capacitor is very high. Oh&enlso that
the capacitor value is frequency dependent. Basedhis
approach, the obtained equivalent circuit is showFig. 6.

By subtractind_s fromLs " one can obtain:
L+ +Mp+ My —L -+ Mp+ My = L= (8)

By consideringV;,=M,;=M, then:

Lo-L™ -LQ R - 1R R

M= ) /;u)- 5 © 'f - sc2 |

kr/ ¢ i bsa Coa |
By obtaining M and knowing the values of L1 and bage L, »~~
can calculate the coupling factor as 1 “l “l

K = M
- /Lle (10) Fig. 6 Equivalent circuit modified to inductive dea-tag coupling
lll. TAG VOLTAGE SIMULATION

The circuit presented in Fig. 6 can be equated §$3]

Once the mutual inductance M is known, the readdrthe R.'=R. . +R (16)

. . . C gy . s2 SL2 sC2

tag equivalent circuit can be evaluated, as indatan Fig. 1.

Observe that the tag circuit is formed by the paral Lo =L 17

connection of L2, C2 and R2. Nevertheless the aismbtan be C.=C (18)
s2 T 2

greatly simplified by using the series equivaleintwdt. Thus

the quality factor of the inductor can be expredsetgrms of V, = (R + jody + 1 )=1,jaM 19)
inductive and resistive parameters, as indicatdedgn5. aCy
Therefore, the transformation of a parallel circimto a
series is indicated in Fig. 5. 0= 1 jaM + 1, (R, +jal, + 2 ) (20)
2
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From (20): It was used a network analyzer along with the aanil
) support shown in Fig. 7 to conduct the measureméftis
I joM (21)  series resistance was measured by the network zamalgs

Rs=1.14) and R=2.2Q at 13.56 MHz.

Ry tal, +

jaC
g TABLE |

. SIMULATION MEASUREMENTS
Voltage over capacitor Gs:

Measurement Distance betweeniand L, M
_ 1 (22) Le=10.0 puH
Vv, =1, oG, Lo=6.33 jH 5mm 0.917 puH
, , _ Ls=9.48 uH 10mm 0.692 pH
By replacing (21) into (19), results in: Ls=6.71 pH
st2_9.13 uH 15mm 0,532 pH
V1= 1(Ry + jaly + 1 ) - l(jeM)® |I__SL_87.73,L:1T-|
- 1 . s=0-
jaC, (R,+jad, +— 1 ) (23) Lo=7.26 iH 20mm 0.370 uH
jaCy Le=8.55 pH X 0.287 pH
Le=7.40 pH Smm
Vl
= 1 (aM)?
(Rs1+ja‘-l+jaq)+ (24)
(R'*jady +——)
jaCy

Thus the voltage over capacitop €an be obtained from
(22) and (24) as:

v, = IyjaM

(25)

(R +jal, + )jaCy

2

Now, by replacing (24) into (25) results in:

- M
Vo= 1 1
[(@M)? +Re+iadbo +— Ry +ids +—IC, (26
i, jofy (26)
It can be observed from (26) that once the mutual Fig. 7 Mutual inductance measurement
inductance M between reader and tag and the gdatitgr of
L1 and L2 are known, the voltage on the tag caaliained. The former results were obtained by MATLAB simubati

Once the load resistance B known, the equivalent loss Of equations (13), (14) and (26). The simulatiosufts are
resistance of capacitor,@an be found by replacingsRvith ~ shown in Fig. 8.

R., and by using the relatio®,=1/R,. Therefore, by using
(13), the equivalent loss resistance can be found.

Thus, by considering only the resonance frequenty
13.56 MHz [14] [17], then total series equivalensistance
will be the loss of @and the series resistance of inducter L
Therefore, it is taken, as a first approximatidmttthe loss
resistance of capacitor,@ constant with frequency. Observe ¢
also that the value of capacitos @ill be modified as given by 2
(14), thus the equivalent capacitance will vary hwithe
frequency. Consequently, the simulation will coesidhis
frequency variation in £
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IV. COMPARISON OF SIMULATION AND MEASUREMENT

It was used the measurement method shown in Seldfion iz 19 id 15 B i o

Frequency id

with inductors L1=1.77 pH and L2 =5.4 puH, and tesuits Fig. 8 Simulation in MATLAB
are summarized in Table I.
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It can be observed that the voltage at the tag is
approximately 1V. Nevertheless, the resonating frequency
varies along with the mutual inductance. Therefore, for each
mutual inductance, capacitors C; and C, can be adjusted for
the maximum voltage at the tag.

As can be observed from Table Il, the maximum error
decreases to 4.5% for distances smaller than 15 mm. The error
also increases as the distance increases, since the magnetic
field at the inductor scatters.

TABLEII
COMPARISON RESULTS OF SIMULATION AND MEASUREMENT
Distance M easured Simulated M
25mm 769mV 1001mvV 0.287uH
20mm 943mV 1061mV 0.370 pH
15mm 1038mV 1063mV 0.532 pH
10mm 1026mV 1055mVv 0.692 pH
5mm 1007mV 1052mv 0.917 pH

The inductor assembly may present small result deviations
since the cables are subject to tiny influence through the
magnetic field. Another factor is the inductor series resistance.
This resistance varies with the frequency, and it is not taken
account in the MATLAB simulation. The measurement set up
isshowninFig. 9.

Fig. 9 View of measurement set up

V.CONCLUSIONS

By using the proposed method to measure the mutual
inductance between reader and tag, it is possible to calculate
the maximum voltage at the tag of an RFID system. That
information is useful to evaluate the need of high voltage
protection or to evaluate the maximum distance between tag
and reader. The maximum error is a 4.5 % on the tag voltage
for distances of up to 15mm. For 20mm, the total error

increases to approximately 30%. Therefore, the method does
not work properly for large distances and it is not possible to
determine precisely the maximum voltage in the tag, but it may
provide arough estimate.

It is very important to know the maximum voltage in the tag,
mainly for implantable devices, so that the designer can take
the proper precautions. We are now conducting a research on
the influence of scattered magnetic field and the series
resistance variations in the inductors.

ACKNOWLEDGMENT

The authors acknowledge CAPES, CNPq and FAPEMIG
for their financial support.

REFERENCES

[1] TESLA Q-METRO Model BM 409 Service manual.

[2] Frederick Emmons Terman and Joseph Mayo Pettit - Electronic
M easurements — M cGraw-Hill 1952 Page 113

[3] K. Finkenzeller, RFID Handbook — Fundamental and Application in
Contactless Smart Cards and Identifications, 2003, John Wiley & Sons.

[4] K. Kenneth and T. Donald, Communication Circuits Analysis and
Design, 1971

[5] W. E. Everitt e G. E. Anner — Communication Engineering-MacGraw-
Hill, 1956

[6] Simon Haykin and Barry Van Veen- Signas and Systems, John Wiley
& Sons,Inc 1999

[71 Johnson I. AgbinyaNitthya Selvaraj, Arthur Ollett, Stephane Ibos,
Yasmin Ooi-Sanchez, Mark Brennan and Zenon Chaczko — Size and
Characteristics of The Cone of Silence In Near Field Magnetic
Communications, MILCIS, Canberra, 10-12 November 2009

[8] Harald Witschnig, Walter Winkler and Erich Merlin — Characterization
of detunig Effectsin Multilabel Scenarios

[9] André Kurs, Aristeidis Karalis, Robert Moffatt, J. D. Joannopoulos,
Peter Fisher and Marin Soljacic — Wireless Power Transfer via strongly
Couplet Magnetic Resonances- Sience Vol 317, 6 of july 2007

[10] C. Patauner, H. Witsching, D. Rinner, A.Maier, E. Merlin, E. Leitgeb —
High Speed RFID/NFC at the Frequency of 13,56 MHz

[11] Santini Arthur Gambini — RFID Conceitos, Aplicabilidade e Impactos,
Editora Ciéncia Moderna LTDA, 2008.

[12] Carlos Peres Quevedo, Claudia Quevedo-Lodi — Ondas Eletromgnéticas
— Person Education do Brasil, 2010.

[13] Filipe Ramos, Michel Santana, Rémulo Volpato, Robson L. Morreno
and Tales Pimenta- Font end Front-End of an Implantable Medical
Device- Wireless Systems International Meeting, May 26 — 28, 2010,
Campina Grande, Brazil.

[14] ISO/IEC 14443-1-ldentification Cards — Contactless integrated
circuits-Proximity cards- Part1: physical characteristics -1999.

[15] Contactless RFID Tag Resonance Frequency Measurement- Bode 100
Application Note — Omicron Lab.

[16] K. Finkenzeller, RFID Handbook — Fundamental and Application in
Contactless Smart Cards and Identifications, 2010, John Wiley & Sons.

[17] 1SO/IEC 14443-2—dentification Cards — Contactless integrated circuits-
Proximity cards- Part2: Radio frequency power and signa interface -
1999.

[18] ISO/IEC 14443-2-|dentification Cards — Contactless integrated
circuits-Proximity cards- Part3: Initializantion & anticolision -1999

394



