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INTRODUCTION

Passive RFID tags utilize an induced antenna coil
voltage for operation. This induced AC voltage is
rectified to provide a voltage source for the device. As
the DC voltage reaches a certain level, the device
starts operating. By providing an energizing RF signal,
a reader can communicate with a remotely located
device that has no external power source such as a
battery. Since the energizing and communication
between the reader and tag is accomplished through
antenna coils, it is important that the device must be
equipped with a proper antenna circuit for successful
RFID applications.

An RF signal can be radiated effectively if the linear
dimension of the antenna is comparable with the
wavelength of the operating frequency. However, the
wavelength at 13.56 MHz is 22.12 meters. Therefore,
it is difficult to form a true antenna for most RFID appli-
cations. Alternatively, a small loop antenna circuit that
is resonating at the frequency is used. A current
flowing into the coil radiates a near-field magnetic field
that falls off with r2. This type of antenna is called a
magnetic dipole antenna.

For 13.56 MHz passive tag applications, a few
microhenries of inductance and a few hundred pF of
resonant capacitor are typically used. The voltage
transfer between the reader and tag coils is accom-
plished through inductive coupling between the two
coils. As in a typical transformer, where a voltage in the
primary coil transfers to the secondary coil, the voltage
in the reader antenna coil is transferred to the tag
antenna coil and vice versa. The efficiency of the
voltage transfer can be increased significantly with high
Q circuits.

This section is written for RF coil designers and RFID
system engineers. It reviews basic electromagnetic
theories on antenna coils, a procedure for coil design,
calculation and measurement of inductance, an
antenna tuning method, and read range in RFID
applications.
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REVIEW OF A BASIC THEORY FOR
RFID ANTENNA DESIGN

Current and Magnetic Fields

Ampere’s law states that current flowing in a conductor
produces a magnetic field around the conductor. The
magnetic field produced by a current element, as
shown in Figure 1, on a round conductor (wire) with a
finite length is given by:

EQUATION 1:

n
By = ——(COSaL, — COS0Ly)

2
i (Weber/m")

where:

| = current
r = distance from the center of wire

pg = permeability of free space and given
as4nx107 (Henry/meter)

In a special case with an infinitely long wire where:
oq = -180°
ap = 0°

Equation 1 can be rewritten as:

EQUATION 2:

=
~

d (Weber/mz)

B¢=

N
a
~

FIGURE 1: CALCULATION OF MAGNETIC
FIELD B AT LOCATION P DUE TO
CURRENT I ON A STRAIGHT
CONDUCTING WIRE

Wire

B (into the page)
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The magnetic field produced by a circular loop antenna FIGURE 2: CALCULATION OF MAGNETIC
is given by: FIELD B AT LOCATION PDUE TO
CURRENT I ON THE LOOP
EQUATION 3:
_ nINd
z 2(a2 4 r2)3/2

2
INa
= HUT (13) for r2>>a>

7

where
1 = current
a = radius of loop V=V sinor
r = distance from the center of loop
po = permeability of free space and given as

-7
4mx 107 (Henry/meter) FIGURE 3: DECAYING OF THE MAGNETIC

FIELD B VS. DISTANCE r

The above equation indicates that the magnetic field
strength decays with 13, A graphical demonstration is B
shown in Figure 3. It has maximum amplitude in the
plane of the loop and directly proportional to both the
current and the number of turns, N.

Equation 3 is often used to calculate the ampere-turn
requirement for read range. A few examples that
calculate the ampere-turns and the field intensity
necessary to power the tag will be given in the following
sections.
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INDUCED VOLTAGE IN AN ANTENNA
COIL

Faraday’s law states that a time-varying magnetic field
through a surface bounded by a closed path induces a
voltage around the loop.

Figure 4 shows a simple geometry of an RFID applica-
tion. When the tag and reader antennas are in close
proximity, the time-varying magnetic field B that is
produced by a reader antenna coil induces a voltage
(called electromotive force or simply EMF) in the closed
tag antenna coil. The induced voltage in the coil causes
a flow of current on the coil. This is called Faraday’s
law. The induced voltage on the tag antenna coil is
equal to the time rate of change of the magnetic flux V.

EQUATION 4:
- _ N
V N T
where:
N = number of turns in the antenna caoil

Y

magnetic flux through each turn

The negative sign shows that the induced voltage acts
in such a way as to oppose the magnetic flux producing
it. This is known as Lenz’s law and it emphasizes the
fact that the direction of current flow in the circuit is
such that the induced magnetic field produced by the
induced current will oppose the original magnetic field.

The magnetic flux ¥ in Equation 4 is the total magnetic
field B that is passing through the entire surface of the
antenna coil, and found by:

EQUATION 5:

y = [B-dS

where:

s3]
I}

magnetic field given in Equation 2
surface area of the coil

“
I

inner product (cosine angle between two
vectors) of vectors B and surface area S

Note: Both magnetic field B and surface S
are vector quantities.

The presentation of inner product of two vectors in
Equation 5 suggests that the total magnetic flux y that
is passing through the antenna coil is affected by an
orientation of the antenna coils. The inner product of
two vectors becomes minimized when the cosine angle
between the two are 90 degrees, or the two (B field and
the surface of coil) are perpendicular to each other and
maximized when the cosine angle is 0 degrees.

The maximum magnetic flux that is passing through the
tag coil is obtained when the two coils (reader coil and
tag coil) are placed in parallel with respect to each
other. This condition results in maximum induced volt-
age in the tag coil and also maximum read range. The
inner product expression in Equation 5 also can be
expressed in terms of a mutual coupling between the
reader and tag coils. The mutual coupling between the
two coils is maximized in the above condition.

FIGURE 4: A BASIC CONFIGURATION OF READER AND TAG ANTENNAS IN RFID APPLICATIONS

Tag Coil
\

1 = Iysin(ot)

Reader
Electronics

| Tuning Gircuit

V = Vgsin(ot)

Tag

B = Bysin(wt)

Reader Coil
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Using Equations 3 and 5, Equation 4 can be rewritten
as:

EQUATION 6:
a¥y
V=- N, —dt” - NZ%(IB~dS)
. 2
d K,iqNqa
-
dt JZ(a2+r2)3/2

PLON1N2a2(nb2) }dq

3/2 dar
2(a2 . rz) dt
B di,
- ar
where:
V' = voltage in the tag coil
i1 = current on the reader coil
= radius of the reader coil
b = radius of tag coil
r = distance between the two coils
M = mutual inductance between the tag
and reader coils, and given by:
EQUATION 7:
2
{uonN1N2(ab) }
M= |2
2 2.3/2
2(a” +r")

The above equation is equivalent to a voltage transfor-
mation in typical transformer applications. The current
flow in the primary coil produces a magnetic flux that
causes a voltage induction at the secondary coil.

As shown in Equation 6, the tag coil voltage is largely
dependent on the mutual inductance between the two
coils. The mutual inductance is a function of coil
geometry and the spacing between them. The induced
voltage in the tag coil decreases with 3, Therefore, the
read range also decreases in the same way.

From Equations 4 and 5, a generalized expression for
induced voltage 7, in a tuned loop coil is given by:

EQUATION 8:
Vo = 2nfNSQB cosa
where:
f = frequency of the arrival signal
N = number of turns of coil in the loop
S = areaofthe loop in square meters (m2)
Q = quality factor of circuit
B, = strength of the arrival signal
o = angle of arrival of the signal

In the above equation, the quality factor Q is a measure
of the selectivity of the frequency of the interest. The O
will be defined in Equations 43 through 59.

FIGURE 5: ORIENTATION DEPENDENCY OF
THE TAG ANTENNA

\/Bfield _+

The induced voltage developed across the loop
antenna coil is a function of the angle of the arrival
signal. The induced voltage is maximized when the
antenna coil is placed in parallel with the incoming
signal where o. = 0.
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EXAMPLE 1: CALCULATION OF B-FIELD IN
A TAG COIL

The MCRF355 device turns on when the antenna
coil develops 4 VPP across it. This voltage is rectified
and the device starts to operate when it reaches 2.4
VDc. The B-field to induce a 4 VPP coil voltage with
an ISO standard 7810 card size (85.6 x 54 x 0.76
mm) is calculated from the coil voltage equation
using Equation 8.

EQUATION 9:
V, = 2nfNSQB, cosa = 4

and

4/(J2)

B _ 2
o = ZRNSQGosG. 0.0449 (pwbm )

where the following parameters are used in the
above calculation:

Tag coil size = (85.6 x 54) mm? (ISO card
size) = 0.0046224 m?
Frequency = 13.56 MHz
Number of turns = 4
Qoftagantenna = 40
coil
AC coil voltageto = 4 VppP
turn on the tag
coso. = 1 (normal direction, o = 0).

EXAMPLE 2: NUMBER OF TURNS AND
CURRENT (AMPERE-TURNS)

Assuming that the reader should provide a read
range of 15 inches (38.1 cm) for the tag given in the
previous example, the current and number of turns
of a reader antenna coil is calculated from
Equation 3:

EQUATION 10:

2 2.3/2
2B (a” +7r
(NI) = Z(—)

rms 2

na

_ 2(0.0449 x 10 %)(0.1% +(0.38)*)*"?

(47 x 1077)(0.1%)

= 0.43(ampere - turns)

The above result indicates that it needs a 430 mA
for 1 turn coil, and 215 mA for 2-turn coil.

EXAMPLE 3: OPTIMUM COIL DIAMETER
OF THE READER COIL

An optimum coil diameter that requires the minimum
number of ampere-turns for a particular read range
can be found from Equation 3 such as:

EQUATION 11:
3
2, 22
NI = K(_a__iz_”__l_
a
K 2B,
here: n

By taking derivative with respect to the radius 4,

1/2 3/
IND _ 3/2(a®+ 1) " “(2d°) - 2a(a®* + )¢
da 4

a

2 2., 2, 2172
:K(a -2r )((; +7r7)

a

The above equation becomes minimized when:

The above result shows a relationship between the
read range versus optimum coil diameter. The optimum
coil diameter is found as:

EQUATION 12:
a=2r
where:
a = radius of call
r = read range.

The result indicates that the optimum loop radius, 4, is
1.414 times the demanded read range r.

© 2003 Microchip Technology Inc.
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WIRE TYPES AND OHMIC LOSSES

DC Resistance of Conductor and Wire
Types

The diameter of electrical wire is expressed as the
American Wire Gauge (AWG) number. The gauge
number is inversely proportional to diameter, and the
diameter is roughly doubled every six wire gauges. The
wire with a smaller diameter has a higher DC
resistance. The DC resistance for a conductor with a
uniform cross-sectional area is found by:

EQUATION 13: DC Resistance of Wire

1

2
oS ona

Rpe (Q)

where:

~
1

total length of the wire

= conductivity of the wire (mho/m)

cross-sectional area = r r2

2 O QA
1]

= radius of wire

For a The resistance must be kept small as possible for
higher Q of antenna circuit. For this reason, a larger
diameter coil as possible must be chosen for the RFID
circuit. Table 5 shows the diameter for bare and
enamel-coated wires, and DC resistance.

AC Resistance of Conductor

At DC, charge carriers are evenly distributed through
the entire cross section of a wire. As the frequency
increases, the magnetic field is increased at the center
of the inductor. Therefore, the reactance near the
center of the wire increases. This results in higher
impedance to the current density in the region. There-
fore, the charge moves away from the center of the
wire and towards the edge of the wire. As a result, the
current density decreases in the center of the wire and
increases near the edge of the wire. This is called a
skin effect. The depth into the conductor at which the
current density falls to 1/e, or 37% (= 0.3679) of its
value along the surface, is known as the skin depth and
is a function of the frequency and the permeability and
conductivity of the medium. The net result of skin effect
is an effective decrease in the cross sectional area of
the conductor. Therefore, a net increase in the AC
resistance of the wire. The skin depth is given by:

EQUATION 14:

1
Nrfpo

5 =

where:
f = frequency
p = permeability (F/m) = pp,
Lo = Permeability of air=4 = x 107 (h/m)
p, = 1 for Copper, Aluminum, Gold, etc

4000 for pure Iron

o = Conductivity of the material (mho/m)
= 5.8 x 107 (mho/m) for Copper

3.82x 107 (mho/m) for Aluminum

4.1 x 107 (mho/m) for Gold

= 6.1 x 107 (mho/m) for Silver

1.5x 107 (mho/m) for Brass

EXAMPLE 4:

The skin depth for a copper wire at 13.56 MHz and
125 kHz can be calculated as:

EQUATION 15:
1

" Jrf(4nx 107)(5.8 x 107 )

_ 0.0661
Jf

= 0.018 (mm)

(m)

for 13.56 MHz

= 0.187 (mm)  for 125 kHz

As shown in Example 4, 63% of the RF current flowing
in a copper wire will flow within a distance of 0.018 mm
of the outer edge of wire for 13.56 MHz and 0.187 mm
for 125 kHz.

The wire resistance increases with frequency, and the
resistance due to the skin depth is called an AC
resistance. An approximated formula for the AC
resistance is given by:

DS00710C-page 6
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EQUATION 16: Resistance of Conductor with Low

Frequency Approximation

I /

Ry = oA 2nas0 (Q) When the skin depth is almost comparable to the radius

active . . .

of conductor, the resistance can be obtained with a low
_ LA/E @ frequency approximation!®):
2aNTo
EQUATION 18:
= (Rg) 35 (@)

Fiow o= —=[1 (O] @

ona

where the skin depth area on the conductor is,

A gerive = 2Tad The first term of the above equation is the DC
resistance, and the second term represents the AC
resistance.

The AC resistance increases with the square root of the
operating frequency.
For the conductor etched on dielectric, substrate is
given by:
EQUATION 17:
D S N T

a o(w+1)d (w+N © (@)
where w is the width and t is the thickness of the
conductor.
© 2003 Microchip Technology Inc. DS00710C-page 7
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TABLE 5: AWG WIRE CHART Wire Dia. in Dia. in
Size Mils Mils %'(‘)’(;‘sf't’
Wire Dia.in | Dia.in Ohms/ (AWG) | (bare) | (coated) )
Size Mils Mils | 1000 ft. 26 15.9 17.2 41.0
(AWG) (bare) | (coated)
; 2893 — 0126 27 14.2 15.4 51.4
2 2876 — 0156 28 12.6 13.8 65.3
3 2294 — 0197 29 11.3 12.3 81.2
) 2043 — 0249 30 10.0 11.0 106.0
5 1819 — 0313 31 8.9 9.9 131
6 162.0 — 0395 32 8.0 8.8 162
7 166.3 — 0498 33 7.1 7.9 206
8 128.5 131.6 0.628 34 6.3 7.0 261
9 114.4 116.3 0.793 35 56 6.3 331
10 101.9 106.2 0.999 36 50 5.7 415
11 90.7 93.5 1.26 37 4.5 51 512
12 80.8 83.3 1.59 38 4.0 4.5 648
13 72.0 741 2.00 39 3.5 4.0 847
14 64.1 66.7 2.52 40 3.1 3.5 1080
15 57.1 59.5 3.18 41 2.8 3.1 1320
16 50.8 52.9 4.02 42 2.5 28 1660
17 45.3 47.2 5.05 43 2.2 25 2140
18 40.3 42.4 6.39 44 2.0 2.3 2590
19 35.9 37.9 8.05 45 176 19 3350
20 32.0 34.0 10.1 46 1.57 17 4210
21 28.5 30.2 12.8 47 1.40 16 5290
22 253 28.0 16.2 48 1.24 14 6750
23 22.6 24.2 20.3 49 111 13 8420
o4 201 16 257 50 ' 0.99 . 1.1 10600
25 179 193 324 Note: mil =2.54 x 10 cm
DS00710C-page 8 © 2003 Microchip Technology Inc.
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INDUCTANCE OF VARIOUS
ANTENNA COILS

An electric current element that flows through a
conductor produces a magnetic field. This time-varying
magnetic field is capable of producing a flow of current
through another conductor — this is called inductance.
The inductance L depends on the physical characteris-
tics of the conductor. A coil has more inductance than
a straight wire of the same material, and a coil with
more turns has more inductance than a coil with fewer
turns. The inductance L of inductor is defined as the
ratio of the total magnetic flux linkage to the current I
through the inductor:

EQUATION 19:
L= NTW (Henry)
where:
N = number of turns
I = current
¥ = the magnetic flux

For a coil with multiple turns, the inductance is greater
as the spacing between turns becomes smaller. There-
fore, the tag antenna coil that has to be formed in a
limited space often needs a multilayer winding to
reduce the number of turns.

Calculation of Inductance

Inductance of the coil can be calculated in many
different wa¥s. Some are readily available from
references!!™’]. It must be remembered that for RF
coils the actual resulting inductance may differ from the
calculated true result because of distributed capaci-
tance. For that reason, inductance calculations are
generally used only for a starting point in the final
design.

INDUCTANCE OF A STRAIGHT WOUND WIRE

The inductance of a straight wound wire shown in
Figure 1 is given by:

EQUATION 20:

L= o.oozz@og 2_1_2} (uH)
¢a

where:

land a = length and radius of wire in cm,
respectively.

EXAMPLE 6: INDUCTANCE CALCULATION
FOR A STRAIGHT WIRE:

The inductance of a wire with 10 feet (304.8cm) long
and 2 mm in diameter is calculated as follows:
EQUATION 21:

_ 2(304.8)y 3

L = 0.002(304.8 ok S I
( ){'”( 0.1 ) ] }
= 0.60967(7.965)
= 4.855(uH)

© 2003 Microchip Technology Inc.
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INDUCTANCE OF A SINGLE TURN CIRCULAR
COIL

The inductance of a single turn circular coil shown in
Figure 6 can be calculated by:

FIGURE 6: A CIRCULAR COIL WITH SINGLE

TURN
a !
? d
EQUATION 22:
L= O.O1257(a)[2.303log10(%la72)} (WH)

where:

mean radius of loop in (cm)

Q
[l

d = diameter of wire in (cm)

INDUCTANCE OF AN N-TURN SINGLE LAYER
CIRCULAR COIL

FIGURE 7: A CIRCULAR COIL WITH SINGLE
TURN

0000000000 . * .-

—
—

EQUATION 23:
2
_ (aN)
L= 550av5a1 WD
where:
N = number of turns

~
1

length in cm
a = the radius of coil in cm

INDUCTANCE OF N-TURN MULTILAYER
CIRCULAR COIL

FIGURE 8: N-TURN MULTILAYER
CIRCULAR COIL

b N-turns coil

. a '

| —
# )

Figure 8 shows an N-turn inductor of circular coil with
multilayer. Its inductance is calculated by:

EQUATION 24:

2
_031(aN)
L= 5a79h+ 105 (nH)

where:

= average radius of the coil in cm
number of turns
= winding thickness in cm

>~ o 2 9
I

= winding height in cm

DS00710C-page 10

Page 10 of 50

© 2003 Microchip Technology Inc.



AN710

INDUCTANCE OF SPIRAL WOUND COIL WITH
SINGLE LAYER

The inductance of a spiral inductor is calculated by:

EQUATION 25:

_ (0.3937)(aN)?

L 8a+11b (nH)

FIGURE 9: A SPIRAL COIL

. a .

-
K1 —e—1
Cpto b
1 ] ! 1
-4—»' !
T
. ro .
where:

a = (ri+ry)2

b = ro—r;

r; = Inner radius of the spiral

ro = Outer radius of the spiral

Note: All dimensions are in cm

INDUCTANCE OF N-TURN SQUARE LOOP
COIL WITH MULTILAYER

Inductance of a multilayer square loop coil is calculated
by:

EQUATION 26:

L= 0.008aN2{2.303log10(b 2 () + 0.2235% + 0.726}(pH)

where:

N = number of turns

a = side of square measured to the center of
the rectangular cross section of winding

b
¢ = winding depth as shown in Figure 10

winding length

Note: All dimensions are in cm

FIGURE 10: N-TURN SQUARE LOOP COIL
WITH MULTILAYER

b

=,

HEns

(a) Top View

(b) Cross Sectional View

© 2003 Microchip Technology Inc.
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INDUCTANCE OF N-TURN RECTANGULAR INDUCTANCE OF THIN FILM INDUCTOR
COIL WITH MULTILAYER WITH A RECTANGULAR CROSS SECTION
Inductance of a multilayer rectangular loop coil is Inductance of a conductor with rectangular cross
calculated by: section as shown in Figure 12 is calculated as:
EQUATION 27: FIGURE 12: A STRAIGHT THIN FILM

INDUCTOR

_0.0276 (CN)?
1.908C+9bh+10Ah

(nH)

where:
= number of turns I
= x+y+2h

= width of coil

= length of coil

= width of cross section EQUATION 28:

o< X O =

= height (coil build up) of cross section I = 0_0021{"1( 245 t) +0.50049+w3-;t (WH)

w

—

Note: All dimensions are in cm

where:

FIGURE 11: N-TURN SQUARE LOOP COIL w
WITH MULTILAYER t

width in cm

thickness in cm

~
1

length of conductor in cm

(a) Top View

|

(b) Cross Sectional View

DS00710C-page 12 © 2003 Microchip Technology Inc.
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INDUCTANCE OF A FLAT SQUARE COIL

Inductance of a flat square coil of rectangular cross

section with N turns is calculated by[2]:

EQUATION 29:

2
B 2 a
L = 0.0467aN {'0910(2m] —logo(2.4144a)

}+ 0.02032aN2{0.914 n [

0.25350 +w)

)

where:
L = inpH
a = side length in inches
t = thickness in inches
w = width in inches
N = total number of turns
FIGURE 13: SQUARE LOOP INDUCTOR WITH
A RECTANGULAR CROSS
SECTION
Ny
w a

© 2003 Microchip Technology Inc.
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EXAMPLE ON ONE TURN READER ANTENNA

If reader antenna is made of a rectangular loop
composed of a thin wire or a thin plate element, its
inductance can be calculated by the following simple
formula [°!:

FIGURE 14: ONE TURN READER ANTENNA

/

a

Ny
Y

2a

EQUATION 30:

L = 4{@ MLW +1 1n(iw +2[a+1 -, +1, )]} (nH)
\a(l,+1,)) \a(l,+1.))

where

units are all in cm, and a = radius of wire in cm.

/.2 2
lc: la+lb

A =1,x1I,

Example with dimension:

One-turn rectangular shape with /,=18.887 cm, [, =
25.4 cm, width a = 0.254 cm gives 653 (nH) using the
above equation.

DS00710C-page 14 © 2003 Microchip Technology Inc.
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INDUCTANCE OF N-TURN PLANAR SPIRAL
COIL

Inductance of planar structure is well calculated in
Reference [4]. Consider an inductor made of straight
segments as shown in Figure 15. The inductance is the
sum of self inductances and mutual inductances!®:

EQUATION 31:

LT:Lo_M+ - M (uH)

where:

Ly = Total Inductance

L, = Sum of self inductances of all straight
segments

M, = Sum of positive mutual inductances

M. = Sum of negative mutual inductances

The mutual inductance is the inductance that is
resulted from the magnetic fields produced by adjacent
conductors. The mutual inductance is positive when
the directions of current on conductors are in the same
direction, and negative when the directions of currents
are opposite directions. The mutual inductance
between two parallel conductors is a function of the
length of the conductors and of the geometric mean
distance between them. The mutual inductance of two
conductors is calculated by:

EQUATION 32:

M=2IF  (nH)

where [ is the length of conductor in centimeter. F is the
mutual inductance parameter and calculated as:

remi@ @ 0T+

where d is the geometric mean distance between two
conductors, which is approximately equal to the
distance between the track center of the conductors.

Let us consider the two conductor segments shown in
Figure 15:

FIGURE 15: TWO CONDUCTOR SEGMENTS FOR
MUTUAL INDUCTANCE

CALCULATION

- [ o
J
d

b g
— SR

-}

I

jand k in the above figure are indices of conductor, and
p and q are the indices of the length for the difference
in the length of the two conductors.

The above configuration (with partial segments) occurs
between conductors in multiple turn spiral inductor. The
mutual inductance of conductors j and k in the above
configuration is:

EQUATION 34:

My = M, My )~ (M, + M)
= %{(MjJer)—Mq} for p =20 (a)
= %{(A/[j.+Mk)—Mp} for ¢ =0 (b)
=M p,—M, for p =4 (c)

=M,  forp=q=0 (d)

If the length of 7, and I, are the same (/; = [,), then
Equation 34 (d) is used. Each mutual inductance term
in the above equation is calculated as follows by using
Equations 33 and 34:

EQUATION 35:

Mk+p = 21k+ka+p
where

i i 291/2
Fiy —In{[§+pJ+{1+(_Z+p]} }
b ik ik
d. 21/2 d.
_|:1+( ]3k :| +[ ]akj
lk+ lk+p

The following examples shows how to use the above
formulas to calculate the inductance of a 4-turn
rectangular spiral inductor.

© 2003 Microchip Technology Inc.
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EXAMPLE 7: INDUCTANCE OF
RECTANGULAR PLANAR
SPIRAL INDUCTOR

i
Iy 1 *s 55
A A
13
w
> -

) I
2 6 10 14 11
15

1"
7
v 3 AS
|- >
I3

1,2, 3, ...,16 are indices of conductor. For four full turn
inductor, there are 16 straight segments. s is the spac-
ing between conductor, and § (= s + w) is the distance
of track centers between two adjacent conductors. /4
is the length of conductor 1, /5 is the length of conductor
2, and so on. The length of conductor segments are:

I3=ly I4=1p-8,15=11-8, lg=14-3,
l;=15-8, lg=lg-8, lg=17-3,
lho=1g-8, l41=19-8,l1p=110-3,

li3=11-8, 44 =1l12-8, l15=113-3,

lie =114-8
The total inductance of the coil is equal to the sum of
the self inductance of each straight segment (Lo = L1 +

L2 + L3 + L4 +.....+ L16) plus all the mutual inductances
between these segments as shown in Equation 31.

The self inductance is calculated by Equation (28), and
the mutual inductances are calculated by Equations
(32) - (34).

For the four-turn spiral, there are both positive and
negative mutual inductances. The positive mutual
inductance (M,) is the mutual inductance between
conductors that have the same current direction. For
example, the current on segments 1 and 5 are in the
same direction. Therefore, the mutual inductance
between the two conductor segments is positive. On

the other hand, the currents on segments 1 and 15 are
in the opposite direction. Therefore, the mutual induc-
tance between conductors 1 and 15 is negative term.

The mutual inductance is maximized if the two
segments are in parallel, and minimum if they are
placed in orthogonal (in 90 degrees). Therefore the
mutual inductance between segments 1 and 2, 1 and 6,
1 and 10, 1 and 14, etc, are negligible in calculation.

In Example 7, the total positive mutual inductance
terms are:

EQUATION 36:

M = 2(My 5+ My g+ My q3)
+2(Ms g+ Ms 43+ Mg 13)
+2(M3 7+ Mg 49+ M3 45)
+2(Myz 414+ Mz 15+ M1q 15)
+t2(My g+ My 4o+ My 1)
*2(Mg 10+ Mg 14+ My 1)
+2(My g+ My 13+ My 16)
+2(Mg 12+ Mg 16+ M12,16)

The total negative mutual inductance terms are:

EQUATION 37:

M. = 2(Mq 3+ My 7+ My 49+ My 45)
*2(Ms g+ Mg 7+ Mg 49+ Mg 45)
*2(Mg 3+ Mg 7+ Mg 11+ Mg 45)
t2(Myg 45+ Myz 19+ Myz 7+ Mg 3)
*2(Mp 4+ My g+ Mp 12+ Mp 1)
*2(Mg 4+ Mg g+ Mg 12+ Mg 15)
+2(Myg, 4+ M1g g+ Mg 12+ Myg 16)
*2(Myg g+ Myg g+ Myg 12+ My 46)

See Appendix A for calculation of each individual
mutual inductance term in Equations (36) - (37).
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EXAMPLE 8: INDUCTANCE CALCULATION
INCLUDING MUTUAL
INDUCTANCE TERMS FOR A
RECTANGULAR SHAPED ONE
TURN READER ANTENNA

Let us calculate the Inductance of one turn loop
etched antenna on PCB board for reader antenna
(for example, the MCRF450 reader antenna in the
DV103006 development kit) with the following
parameters:

Io=14=10"=25.4cm
I3=7.436" = 18.887 cm
l41=1p=3"=7.62

gap = 1.4536” = 3.692 cm
trace width (w) = 0.508 cm
trace thickness (t) = 0.0001 cm

Gap

In the one turn rectangular shape inductor, there are
four sides. Because of the gap, there are a total of 5
conductor segments. In one-turn inductor, the direction
of current on each conductor segment is all opposite

directions to each other. For example, the direction of

current on segment 2 and 4, 1 and 3, 1" and 3 are
opposite. There is no conductor segments that have
the same current direction. Therefore, there is no
positive mutual inductance.

From Equation 31, the total inductance is:

EQUATION 38:

Lp=L,+M, —M (uH)
=L, -M_ (uH)

where
M+ = 0 since the direction of current on

each segment is opposite with respect
to the currents on other segments.

Ly=Li+Ly+Ly+Ly+1ly,

o

By solving the self inductance using Equation (28),
Ly =1Ly =598 (nH)
L, =L, = 259.7 (nH)
Ly =182 (nH)
Ly = 821 (nH)
Negative mutual inductances are solved as follows:
M. = 2(My 3+ My 3+ M, 4)
My 4 = 215F3 4
1
My 3 = 5(Mz+ My~ Myigap)

1
M1', 3 §(M3 + My - M, +gap)

1 1
Ji I 212 d 212 )i
Fay=in _§_+[1+[_.3_H [1(_1_3” il
dy 3 3 I3 dy 3

M, = 214F,
My = 214.F,

M1’+gap = 211’+gapF1’+gap

NI =
~
-

I, Lo )2 .
F1’+ =In 1"+ gap I 1"+ gap +
gap da., dg, d,,
1"+gap,3 1"+gap, 3 1,3

{1 +[M}2}
11 "+ gap

NI =

© 2003 Microchip Technology Inc.
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By solving the above equation, the mutual inductance
between each conductor are:

My 4 = 30.1928 (nH),
M1’3 =5.1818 (nH) = M1”3

Therefore, the total inductance of the antenna is:
Lr=Lo-M.=L5-2(Mpg + Mq3) =
=797.76 - 81.113 =716.64 (nH)

It has been found that the inductance calculated using
Equation (38) has about 9% higher than the result
using Equation (30) for the same physical dimension.
The resulting difference of the two formulas is
contributed mainly by the mutual inductance terms.
Equation (38) is recommended if it needs very accurate
calculation while Equation (30) gives quick answers
within about 10 percent of error.

The computation software using Mathlab is shown in
Appendix B.

The formulas for inductance are widely published and
provide a reasonable approximation for the relationship
between inductance and the number of turns for a
given physical sizel'"71. When building prototype coils,
it is wise to exceed the number of calculated turns by
about 10% and then remove turns to achieve a right
value. For production coils, it is best to specify an
inductance and tolerance rather than a specific number
of turns.

DS00710C-page 18 © 2003 Microchip Technology Inc.
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CONFIGURATION OF ANTENNA
CIRCUITS

Reader Antenna Circuits

The inductance for the reader antenna coil for
13.56 MHz is typically in the range of a few
microhenries (uH). The antenna can be formed by air-
core or ferrite core inductors. The antenna can also be
formed by a metallic or conductive trace on PCB board
or on flexible substrate.

The reader antenna can be made of either a single coil,
that is typically forming a series or a parallel resonant
circuit, or a double loop (transformer) antenna coil.
Figure 16 shows various configurations of reader
antenna circuit. The coil circuit must be tuned to the
operating frequency to maximize power efficiency. The
tuned LC resonant circuit is the same as the band-pass
filter that passes only a selected frequency. The Q of
the tuned circuit is related to both read range and band-
width of the circuit. More on this subject will be
discussed in the following section.

Choosing the size and type of antenna circuit depends
on the system design topology. The series resonant
circuit results in minimum impedance at the resonance
frequency. Therefore, it draws a maximum current at

FIGURE 16: VARIOUS READER ANTENNA CIRCUITS

the resonance frequency. Because of its simple circuit
topology and relatively low cost, this type of antenna
circuit is suitable for proximity reader antenna.

On the other hand, a parallel resonant circuit results in
maximum impedance at the resonance frequency.
Therefore, maximum voltage is available at the reso-
nance frequency. Although it has a minimum resonant
current, it still has a strong circulating current that is
proportional to Q of the circuit. The double loop
antenna coil that is formed by two parallel antenna
circuits can also be used.

The frequency tolerance of the carrier frequency and
output power level from the read antenna is regulated
by government regulations (e.g., FCC in the USA).

FCC limits for 13.56 MHz frequency band are as
follows:

1. Tolerance of the carrier frequency: 13.56 MHz

+/- 0.01% = +/- 1.356 kHz.

2. Frequency bandwidth: +/- 7 kHz.

3. Power level of fundamental frequency: 10 mv/m
at 30 meters from the transmitter.

4. Power level for harmonics: -50.45 dB down from

the fundamental signal.

The transmission circuit including the antenna coil must
be designed to meet the FCC limits.

i

(a) Series Resonant Circuit

(secondary coil)

C1

To reader electronics
(c) Transformer Loop Antenna

7

(b) Parallel Resonant Circuit

(primary coil)

© 2003 Microchip Technology Inc.
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Tag Antenna Circuits

The MCRF355 device communicates data by tuning
and detuning the antenna circuit (see AN707).
Figure 17 shows examples of the external circuit
arrangement.

The external circuit must be tuned to the resonant fre-
quency of the reader antenna. In a detuned condition,
a circuit element between the antenna B and Vss pads
is shorted. The frequency difference (delta frequency)
between tuned and detuned frequencies must be
adjusted properly for optimum operation. It has been
found that maximum modulation index and maximum
read range occur when the tuned and detuned frequen-
cies are separated by 3 to 6 MHz.

The tuned frequency is formed from the circuit
elements between the antenna A and Vss pads without
shorting the antenna B pad. The detuned frequency is
found when the antenna B pad is shorted. This detuned
frequency is calculated from the circuit between
antenna A and Vss pads excluding the circuit element
between antenna B and Vss pads.

In Figure 17 (a), the tuned resonant frequency is:

EQUATION 39:

o

1
2n, /L .C

where:

Ly = L4+ Ly+ 2Ly = Total inductance
between antenna A and Vss pads

L; = inductance between antenna A and
antenna B pads

L, = inductance between antenna B and
V/ss pads

M = mutual inductance between coil 1 and
coil 2
k /L1L2

k = coupling coefficient between the two
coils

C = tuning capacitance

and detuned frequency is:

EQUATION 40:

1
f =
detuned on /—L1 C

In this case, f,,,,,.q 18 higherthan f, ..

Figure 17(b) shows another example of the external
circuit arrangement. This configuration controls C, for
tuned and detuned frequencies. The tuned and
untuned frequencies are:

EQUATION 41:

1

fl“l/lﬂé’d e
27 (C1C2 L
c,7C

and

EQUATION 42:

1

f =
detuned o LC1

A typical inductance of the coil is about a few
microhenry with a few turns. Once the inductance is
determined, the resonant capacitance is calculated
from the above equations. For example, if a coil has an
inductance of 1.3 pH, then it needs a 106 pF of
capacitance to resonate at 13.56 MHz.
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CONSIDERATION ON QUALITY results in longer read range. However, the Q is also

FACTOR Q AND BANDWIDTH OF related to the bandwidth of the circuit as shown in the
following equation.

TUNING CIRCUIT 9ed

The voltage across the coil is a product of quality factor EQUATION 43:

Q of the circuit and input voltage. Therefore, for a given ’

input voltage signal, the coil voltage is directly propor- 0="2

tional to the Q of the circuit. In general, a higher Q B

FIGURE 17: VARIOUS EXTERNAL CIRCUIT CONFIGURATIONS

1
MCRF355 Foumed = m
Ant. Pad A 7 S
Ydetuned
elune 2RW
c— Lp=Lj+Ly+2L
where:
Ant. Pad B
Ly, = mutual inductance
L1> L2 = Kk
K =  coupling coefficient of two inductors
(a) Two inductors and one capacitor 0<K<1
MCRF355

_ 1
> Ant. Pad A Tunea = 37 ic,
1
L 7, detuned o JLTI
c2 Ant. Pad B C1C2
Vss ‘r=c=c
C1>C2 b

(b) Two capacitors and one inductor

MCRF360

- Ant. Pad A [ —

| Y tuned 1 L.C

I T

== C =100 pF |

I fdetuned -

| 2n /LlC

I Ant. Pad B

I

4 \/ss LT:L1+L2+2Lm
L1>1L2

(c) Two inductors with one internal capacitor
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Bandwidth requirement and limit on
circuit Q for MCRF355

Since the MCRF355 operates with a data rate of
70 kHz, the reader antenna circuit needs a bandwidth
of at least twice of the data rate. Therefore, it needs:

EQUATION 44:

B = 140 kHz

minimum

Assuming the circuit is turned at 13.56 MHz, the
maximum attainable Q is obtained from Equations 43
and 44:

EQUATION 45:

o

O = 5 = 96.8

In a practical LC resonant circuit, the range of Q for
13.56 MHz band is about 40. However, the O can be
significantly increased with a ferrite core inductor. The
system designer must consider the above limits for
optimum operation.

RESONANT CIRCUITS

Once the frequency and the inductance of the coil are
determined, the resonant capacitance can be
calculated from:

EQUATION 46:

1

C= ——
L(2nf,)’

In practical applications, parasitic (distributed)
capacitance is present between turns. The parasitic
capacitance in a typical tag antenna coil is a few (pF).
This parasitic capacitance increases with operating
frequency of the device.

There are two different resonant circuits: parallel and
series. The parallel resonant circuit has maximum
impedance at the resonance frequency. It has a mini-
mum current and maximum voltage at the resonance
frequency. Although the current in the circuit is mini-
mum at the resonant frequency, there are a circulation
current that is proportional to Q of the circuit. The
parallel resonant circuit is used in both the tag and the
high power reader antenna circuit.

On the other hand, the series resonant circuit has a
minimum impedance at the resonance frequency. As a
result, maximum current is available in the circuit.
Because of its simplicity and the availability of the high
current into the antenna element, the series resonant
circuit is often used for a simple proximity reader.

Parallel Resonant Circuit

Figure 18 shows a simple parallel resonant circuit. The
total impedance of the circuit is given by:

EQUATION 47:

Z(o) = —L2L (o)
(1-0°LC) +j‘%f

where o is an angular frequency given as ® = 2xf.

The maximum impedance occurs when the denomina-
tor in the above equation is minimized. This condition
occurs when:

EQUATION 48:

o)zLC =1

This is called a resonance condition, and the
resonance frequency is given by:

EQUATION 49:

1

Jo = oeiie

By applying Equation 48 into Equation 47, the imped-
ance at the resonance frequency becomes:

EQUATION 50:

Z =R

where R is the load resistance.

FIGURE 18: PARALLEL RESONANT CIRCUIT

The R and C in the parallel resonant circuit determine
the bandwidth, B, of the circuit.

[l
-

EQUATION 51:

1

B = 5trc

(Hz)

The quality factor, Q, is defined by various ways such
as:
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EQUATION 52:

0= Energy Stored in the System per One Cycle
Energy Dissipated in the System per One Cycle

_ reactance

resistance

ol
For inductance

= — For capacitance

® = 2nf =angular frequency
Jo = resonant frequency

B = bandwidth

r = ohmic losses

By applying Equation49 and Equation 51 into
Equation 52, the Q in the parallel resonant circuit is:

0o

The Q in a parallel resonant circuit is proportional to the
load resistance R and also to the ratio of capacitance
and inductance in the circuit.

EQUATION 53:

When this parallel resonant circuit is used for the tag
antenna circuit, the voltage drop across the circuit can
be obtained by combining Equations 8 and 53:

EQUATION 54:

VO = anONQSBO cosa

= ZthoN(R@SBOCOSOL

The above equation indicates that the induced voltage
in the tag coil is inversely proportional to the square
root of the coil inductance, but proportional to the
number of turns and surface area of the coil.

Series Resonant Circuit

A simple series resonant circuit is shown in Figure 19.
The expression for the impedance of the circuit is:

EQUATION 55:

Z(jo) = r+jX; —Xp) (Q)

where:

a DC ohmic resistance of coil and
capacitor

~
1

the reactance of the coil and
capacitor, respectively, such that:

X, and X

EQUATION 56:

X, = 2nf,L Q)

o

EQUATION 57:

1
Xe = 2nf,C (@)

The impedance in Equation 55 becomes minimized
when the reactance component cancelled out each
other such that X; = X.. This is called a resonance
condition. The resonance frequency is same as the
parallel resonant frequency given in Equation 49.
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FIGURE 19: SERIES RESONANCE CIRCUIT

r C
AWy f-go =
Ein L
13.56 MHz

The half power frequency bandwidth is determined by
rand L, and given by:

EQUATION 58:

r

The quality factor, O, in the series resonant circuit is
given by:

The series circuit forms a voltage divider, the voltage
drops in the coil is given by:

EQUATION 59:

X
v, J—LV
V+jXijXC m

When the circuit is tuned to a resonant frequency such
as X = Xc, the voltage across the coil becomes:

EQUATION 60:

= ].QVm

The above equation indicates that the coil voltage is a
product of input voltage and Q of the circuit. For
example, a circuit with O of 40 can have a coil voltage
that is 40 times higher than input signal. This is
because all energy in the input signal spectrum
becomes squeezed into a single frequency band.

EXAMPLE 9: CIRCUIT PARAMETERS

If the DC ohmic resistance r is 5 Q, then the L and C
values for 13.56 MHz resonant circuit with O = 40 are:

EQUATION 61:
X, = Or, = 200Q

_ X, _ 200 _
L= 55~ seciasenimzy - 254 (WD
1 1

C

" T, | Za(13.56 MAzy200) oo (PP)
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TUNING METHOD

The circuit must be tuned to the resonance frequency
for a maximum performance (read range) of the device.

Two examples of tuning the circuit are as follows:

* Voltage Measurement Method:

a)

e)

Set up a voltage signal source at the
resonance frequency.

Connect a voltage signal source across the
resonant circuit.

Connect an Oscilloscope across the
resonant circuit.
Tune the capacitor or the coil while

observing the signal amplitude on the
Oscilloscope.

Stop the tuning at the maximum voltage.

¢ S-Parameter or Impedance Measurement
Method using Network Analyzer:

a)

b)
c)

d)

Set up an S-Parameter Test Set (Network
Analyzer) for S11 measurement, and do a
calibration.

Measure the S11 for the resonant circuit.

Reflection  impedance or reflection
admittance can be measured instead of the
S11.

Tune the capacitor or the coil until a
maximum null (S11) occurs at the
resonance frequency, f,. For the impedance
measurement, the maximum peak will occur
for the parallel resonant circuit, and
minimum peak for the series resonant
circuit.

FIGURE 20: VOLTAGE VS. FREQUENCY FOR RESONANT CIRCUIT

p f

FIGURE 21: FREQUENCY RESPONSES FOR RESONANT CIRCUIT

S11 z

Note 1: (a) S11 Response, (b) Impedance Response for a Parallel Resonant Circuit, and
(c) Impedance Response for a Series Resonant Circuit.

2: In (a), the null at the resonance frequency represents a minimum input reflection at
the resonance frequency. This means the circuit absorbs the signal at the frequency
while other frequencies are reflected back. In (b), the impedance curve has a peak
at the resonance frequency. This is because the parallel resonant circuit has a
maximum impedance at the resonance frequency. (c) shows a response for the
series resonant circuit. Since the series resonant circuit has a minimum impedance
at the resonance frequency, a minimum peak occurs at the resonance frequency.

(b)

(©)

© 2003 Microchip Technology Inc.
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READ RANGE OF RFID DEVICES

Read range is defined as a maximum communication
distance between the reader and tag. In general, the
read range of passive RFID products varies, depending
on system configuration and is affected by the following
parameters:

a) Operating frequency and performance of
antenna coils

b) Q of antenna and tuning circuit

c) Antenna orientation

d) Excitation current

e) Sensitivity of receiver

f)  Coding (or modulation) and decoding (or
demodulation) algorithm

g) Number of data bits and detection (interpreta-
tion) algorithm

h) Condition of operating environment (electrical
noise), etc.

The read range of 13.56 MHz is relatively longer than
that of 125 kHz device. This is because the antenna
efficiency increases as the frequency increases. With a
given operating frequency, the conditions (a —c) are
related to the antenna configuration and tuning circuit.
The conditions (d — e) are determined by a circuit topol-
ogy of reader. The condition (f) is a communication
protocol of the device, and (g) is related to a firmware
software program for data detection.

Assuming the device is operating under a given
condition, the read range of the device is largely
affected by the performance of the antenna coil. It is
always true that a longer read range is expected with
the larger size of the antenna with a proper antenna
design. Figures 22 and 23 show typical examples of
the read range of various passive RFID devices.

FIGURE 22: READ RANGE VS. TAG SIZE FOR TYPICAL PROXIMITY APPLICATIONS*

3 x 6 inch
Reader Antenna

0.5-inch diameter

5~ 6 inches

049240

1-inch diameter

2-inch diameter

6~ 7 inches

Tag

T 2-inch x 3.5-inch”
ag (Credit Card Type)

FIGURE 23: READ RANGE VS. TAG SIZE FOR TYPICAL LONG RANGE APPLICATIONS*

20 x 55inch
Long Range
Reader

0.5-inch diameter

25 ~ 30 inches

0,49 %40

1-inch diameter

2-inch diameter
Tag

5~ 4n;
40 Nncheg

2-inch” x 3.5-inch

Tag (Credit Card Type)

Note: Actual results may be shorter or longer than the range shown, depending upon factors discussed above.
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APPENDIX A: CALCULATION OF MUTUAL INDUCTANCE TERMS IN EQUATIONS

36 AND 37
Positive Mutual Inductance Terms: EQUATION A.2 Mutual inductance
. between conductors 1
EQUATION A.1 Mutual inductance
and 9
between conductors 1
and 5
1. 1,9 1,9 1,9 A1,
My g = i{(M9+25*M9+5)‘(M25 + Mg 9)}
17 1,5 1, 1,5
My 5= z{("/ﬁ + Mg 5)*"/’6 } where:
where:
1,9 1,9
Mg to5 = 2lg 4 2589+ 25
1,5 1,5
My~ = 2045y WO e
9+8  “'9+8"9+3
my® = 21gry 1,9 1,9
° e My = 2dq gFos
15 _ o, pl5 ’
Mg'™ = 2dy gFy MO = oq, 1O
15 Iy T (14 22 [ (dy 5\271/2 (dy s 8 1,978
F1 =In{a——+ 1+[d—;J }—1+(_l_’_} } +[T_J 1.9 19+26 19+2621/2 d1’9 211/2
1,5 | 5 | L 1 1 Fglyos = IM—m— 1" iy
211/2 211/2 "9 1.9 9r2
Ie T Ix )27 ro(d d
F;,5:|n{d_5+ 1+[d_55j }714-(#) } +[;,5] +[d1’9
1,5 L 1,5 | L 5 5 Ig o
Io T 1o \291/2y 1 (d, \211/2 (d 1 I i 211/2 dy o\271/2
F;’S = In{d_6+ 1+[d—55j }— 1+[;_’5j } +(¥} F9’+98 = |n{9+6+{1+[3+6} } }{1+[11"‘j }
1,5 L 1 L 8 8 1,9 1,9 9+
d
0 =wts +( 1,9
19+

where dy 5 is the distance between track centers of
conductor /; and /5. S is the interspacing between
conductors /; and /5, w is the width of track, diss + w.

F11'5 is the mutual inductance parameter between
conductor segments 1 and 5 by viewing from conductor
1.

F51'5 is the mutual inductance parameter between
conductor segments 1 and 5 by viewing from conductor
5.

Fs"5 is the mutual inductance parameter between
conductor segments 1 and 5 by viewing from the length
difference between the two conductors.
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EQUATION A.3 Mutual inductance

between conductors 1
and 13

where:

1 13
M13+35

1,13
Mi3i 05 =

1,13
M35

1,13
Mys =

!
1,13
F13+8 = In{

A1 13 {
F3s d1

M1,13=%{( 131336 131328) (M;’513+M1"13)}

g, g3

1,13 113435 l13135)2]"/2
F13+36 In 7 +{1+ a
1,13 1,13

1 21172 dy 421271/2
13+5{1+(13+6j } HH[ 1,13;} }
4,13 413 13+

I lys \271/2 dy 42)271/2
#1113 |n{d25 {H[dzssj } HH[ ;,13) }
1,13 1,1 25
d
+( 1,13]
l2s

28

1,13
= 2143435513+ 35

1,13
2143425513+ 5

1,13735

1,13
= 2dy q3F3s

d 211/2 (d
{H[ 1,135]} +[ 1,135J
l3+3 313

d

)
b T H T
%

EQUATION A.4 Mutual inductance

between conductors 5
and 9

9 59

Mg g = Mgy 5= M;
where:

0 5,9

Mg'ys = 214Fg s

9 5,9

Mg =214 Fy

5.9 lg.s lg 4 5)21172 ds g)21172
F9+6—In 7 +[1 — 1+

5,9 5,9 9+

EQUATION A.5 Mutual inductance
between conductors 5

and 13
Mg 43 = M?31+325 Mg,;s
where:
M§31+325 2113+25F$31+325
13y, 5

3
25~ 2la5fas

EQUATION A.6 Mutual inductance
between conductors 9

and 13
9,13 9,13
Mg 13 = My3 5~ M;
where:
13 9,13
M?3+5 2434 5F13 15
9,13 _ 9,13
MS = ZIBFS

9,13 havs [, (M3+5)%]"2 dg 13)271/2
F13+6 Ind 1+zj—— 71+l____
9,13 9,13 13+
d
+( 9,133
l13+
9.13 Iy Iy 27172 dg, 432712
Fy :Ind—+1+d— —1+l_
9,13 9,13 3
d
+[ 9,13J
ls
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EQUATION A.7 Mutual inductance

between conductors 3
and 7

EQUATION A.9 Mutual inductance
between conductors 3

where:

3,7
M7y 5=

3,7
Mg

3,7 3,7
My 7 = M7, 5= Mg’

3,7
7455745

3,7

21

—2[F

3,7 17+6 17+52 1/2 d3’7 211/2
F7+5—Ind +1+d 71+[
3,7 3,7 7+

EQUATION A.8 Mutual inductance

between conductors 3

and 15
W15 B8
M3 15 = M15. 35~ M3
where:
3,15 3,15

Mi5+35 = 2145+ 35015+ 35

15 _ 3,15
Mgs 235F33
3,15 535 [, ("15+35)%]"2 dy 1521172
Py l5s = i 14| 12238 SRR
3,15 3,15 15+3
[15+3?>]
3,15 _ 3512712 d3 15\211/2
Fyy 14| 2
d, 5 d3 4 35

[ds 15]
I35

8 =wts

and 11
A A
M3z 19 = Myqi05—Mos
where:
3,11 3, 11
My o5 = 21914 25511+ 25
31, 311
My = 2055805

3,11 "1+25 l11+25)271/2 3111212
Fiyas =0 d. 1 iy
3,11 3,11 1+25

EQUATION A.10 Mutual inductance
between conductors 7

and 11
7,11 7,11
Mz 11 = Myq 5= M5
where:

7,11 7,11
Miiis = 2411511 +5

7,11 RAL

O TN

7,11 L1+s l11+821/2 d7,11 241/2
Fiiys = Ind +1+—d 71+l—

7,11 7,11 1M+

d-

+[ 7,1151

111+

I I 291/2 d. 211/2
F7’11 = In{d 8 +{1+[d 5 ] J }—{14{___7[’11] }

7,11 7,11 8
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EQUATION A.13 Mutual inductance
between conductors 2
and 6

EQUATION A.11 Mutual inductance
between conductors 7
and 15
7,15 7,15

where:
7,15
Mi5 425 = 2

7,15

7,15
F28 = In{d

d

Mys = 2ly5F5

715 (15425 l15 + 25)%]"/2 47,45 12"/
F15+25—Ind +1+—-d---- 71+l

7,15 7,15 15+2

d

+( 7,155}

l5+2
I Iys 27172 dy 40\271/2
25 {H( 25J } }{H[ 7,15) }
7,15 7.1 l2s

M7 15 = M5 05— Mos

7,15
15+ 25515+ 25

7,15

dy. 15)

Iys

,6 ,6
6+87M§

M; g =

where:

6 6
6+5 216+BF(25+6

6 2,6
Me® = 21,7
F'2’6 _ |n{16+5+|:1 +{16+6J2T/2},|:1 +[62,32}1/2
6+3 dy g 52,6 lo+
d
(29
[6+
l l. \271/2 d 241/2
F§’6 = In{é—6 +{1+[ BJ } }7{14-(—?’6] }
2,6 dy 5

d.
. [i@]
Is

EQUATION A.12 Mutual inductance

between conductors 11
and 15

where:
11,15

M11, 15

5 =2

Myq 45 = Myg'i5-

11,15 11,15
Mg

11,15

Mgt s = 21545515+ 5

11,15
IsFs

Fig45

/
1115 _ In{ 15+6+{1+

1
FALTS - In{d 8 {1
11,15

EQUATION A.14 Mutual inductance
between conductors 2
and 10

_ 210 2,10

10+28 728

M3 10
where:

100 2,10
Mf0+2s = 21194 25110+ 25

V21O g1y 20

25 25725
2,10, [Mo+25 110+ 25)2]17/2 dy 1021172
F10+26—Ind +1+d 71+1

2,10 2,10 10+2
d
+[ 2,1061
l10+2
200 [ las [ (12 29172 . dp 10\211/2
2% -7 |7 |1+ -7
2,10 2,10 25

d.
+{ 2,10]
lys

+
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EQUATION A.15 Mutual inductance
between conductors 2
and 14

Ve M 214

2,14 14+35 M35
where:

MZ 14 F2,14

14+35 ~ 2114135514+ 35

MZ,14 ,14

35~ 2l35F35

! ! 21172 dy 40127172
14 [Ma+3s 14435 2,14
N e ey R e

d3 14 3 14 l14+3
d
+[ 2,14J
l14+3
214 [ s I 127172 dy 14)271/2
F3s —Ind—_—+1+d—_—- — 1+ ;
2,14 2,14 35

d
+[ 2,14]
I35

EQUATION A.16 Mutual inductance
between conductors 6

and 10
6,10 6,10
Mg 10 = Myg+5—Ms
where:

6,10 6,10
Mig+s = 2110+ 8" 10+5

6,10 6,10
Mg = 215y

EQUATION A.17 Mutual inductance
between conductors 6

and 14
6,14 6,14
Mg 14 = M1y 425~ Mo
where:
6,14 6,14
My 105 = 21144 25514+ 25
6,14 6,14

Mys = 2lp5F5

6.14  [M4+25 N4 25)27172 dg 14 121172
F14+26—In 7 +[1+ 7 71+l
6, 14 6, 14 14+25

d
+{ 6,145]
l14 42
6,14 los lys 127172 dg 14121172
F28 —Ind +1+d___ 11+ ;
6, 14 6,1 25

d
+[ 6, 14]
l2s

EQUATION A.18 Mutual inductance
between conductors 10

and 14
10,14 10,14
Mg, 14 = Mg 15— M
where:
10,14 10, 14
Mig+s = 2lo+510+ 5
10,14 10, 14
My - 213 Fy
10,14 [la+s l445)211/? dyg, 14)211/2
F14+8—Ind +1+d —1+1
10,14 10, 1 1445
d
+[ 10,14]
la+5
10,14 Is 15 27172 dyo,14)27172
Fg =1In 7 11+ T 1+ 7
10, 14 10, 1 5
d
+[ 1(1),14]
5
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EQUATION A.19 Mutual inductance
between conductors 4
and 8

48 48
My g = Mgl 5= My’

where:
4.8 4,8
M8+8 N 218+6F8+6
4,8 4,8

M6 —2/F

4,8 _ lg 15 18+521/2 d4,s
F8+5—Ind +1+d 71+[
4,8 4,8 8+
d
*[“4’3
18+
4,8 [5 15 211/2 d4,821/2
F6 =In T 1+ T -1+ -
48 4, 3
d
+(4,8j
ls

EQUATION A.20 Mutual inductance
between conductors 4

and 12
4,12 4,12
My 1 = My 05— My
where:
4,12 4,1
Mo 105 = 21124 255124 25
VA2 412
Mys = 2055

4,12 2425 l12+25)%]1/2 dg 1212172
Finips = In 7 +1+—d —1+/—
4,12 4,12 12425
d
+( 4,126]
l2+2
A2 { l2s {H[ las jT/z}{H[d“szT/z
28 d4 12 d4 12 Iys

[d4 12J
lys

EQUATION A.21 Mutual inductance
between conductors 4

and 16
4,16 4,16
My 16 = M16+35~ M35
where:

4,16 4,16
Mig 135 = 2116+ 35716 + 35

16 4,16

Myy = 2l35F35

4,16 16 + 35 116+ 35)2]172 dy 16 )2]17/2
F16+35—In 7 +[1+ 7 —1+1
4,16 4,16 16+3
[d415]
16+
/ 241/2 d 211/2
i ]
38
[13 J

+

EQUATION A.22 Mutual inductance
between conductors 8

and 12
8,12 8,12
Mg qp = My 5= M;
where:
VB2 oy 812
12+6 10+6 12+5
8,12 8,12
Mg T =21 F

8,12 Loy Lots 271/2 d8,12 241/2
F12+5 Ind +1+d —1+l
8,12 8,12 12+

d
+( 8,125]
l12+
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EQUATION A.23

Mutual inductance
between conductors 8
and 16

EQUATION A.25 Mutual inductance
between conductors 1
and 3

8,16 8,16
Mys = 2ly5F5

8,16 {[16+26 {
F =Iny—/———+
16 + 258 d8,16

d
+{ 8,166)
46 +2

I
Fg,816 _ '”{d 25 {1
8,16

d
+[ 8, 16]
lhs

8,16 8,16
Mg 16 = M1y 105~ M
where:
8,16 8,16
Mig 125 = 2116+ 2516 + 25

] +(/16+28j2]1/2}7{1 +[ d& 16(J2T/2
g 16 l16+2

I« \211/2 do 4\271/2
R RItT)
dg 1 lhs

1,3 1,3

1,3
My 5= My = My

= 214 F,

EQUATION A.26 Mutual inductance
between conductors 1

EQUATION A.24

Mutual inductance
between conductors 12
and 16

12,16
Mip 16 = M1g+5-

where:

12,16
Mig s = 2l4g 4+ 58
1216

5 = 2I.F

88

RIS - e
12,16

M

12,16
8

12,16
16+38

12,16

and 7
My 7= M;’+75*M;’7
where:
M;’Zs = 2/7+5F;’+75
T

© 2003 Microchip Techn

Page 33 of 50

ology Inc.

DS00710C-page 33




AN710

EQUATION A.27 Mutual inductance

between conductors 1
and 11

1,11 1,11
My 19 = Myq 05— Mos
where:

11 1,1
Myt v 25 = 211425711+ 25
1,11 1,11

Mys = 20555

d
+[ 1,11J
1142
1,11 [ s lys V21172 dy 11)21/2
FZE —|nd +1+d 71+—l
1,11 1,11 25
d
+[ 1,11)
lys

111 (1428 1411 25)27172 dy 1127172
Fiivos = Ma— "7 aiaay;
1,11 1,11 1+25

EQUATION A.28 Mutual inductance
between conductors 1

and 15
1,15 1,15
My 45 = M5 35~ M3
where:
1,15 1,15

Mis 135 = 2115+ 35815 + 35

1,15 1,15
My~ = 2l35F35

1,15 (5435 15+ 35)2]1/2 dy 1527172
Fis+3s =M Tz 1
1,15 115 15+3
d
+[ 1,155]
15+ 3
1,15 [ I35 I35 121172 dy 15\211/2
Fas —Ind—+1+d— -1+ 7
1,15 1,1 35

d
+[ ;,15}
35

EQUATION A.29 Mutual inductance
between conductors 5

and 3
1 5,3 3 5,3
Mg 3= i{(Ms +M§ ) }
where
5,3 5,3
M5 = 215F5
53 5,3
M5 = 2[5F5
5,3 5,3
MB = 2[6F6
1 r I \291/2y 1 d, 211/2 /d,
Fg’3 = In{d 5 + 1+[d—53] }7 1+(_?’ 3} +[_? 3]
5,3 53 | L 5/ | 5
/ r Ia \291/2y 1 d 241/2 (d
F§,3 = In{d——3 + 1+[d——33] }7 1+( ?’ ) +(_—l’3]
53 L 53 | L 3/ ] 3
I 1. \291/2y 1 d 291/2 (d
Fg’3 = In{—6 + 1+[d—53] }— 1+[_5‘ 3] +[_? 3]
53 L 53 | L 5/ ] 5

EQUATION A.30 Mutual inductance

between conductors 5
and 7

1 .7 7) 57
M5,7*§{(M5 *Mg - Mg }
where
7 57
5 =25y
57 57
M7 72]7[77
7 .. 57
Mg = 205Fs
e T I \271/2Y 1 (de N211/2 (4,
Fg7=ln{d +1+[d—5J} }—1+[_f7]} +[_?’7]
57 L \957 L 5 5
LT I N2911/2Y ¢ rde N211/2 rd
7o T e 5
57 | \957 L 7 7
I T I \271/2y T rde 27172 rd
7o ] W 5
57 | 57 L 5 5
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EQUATION A.31 Mutual inductance EQUATION A.32 Mutual inductance
between conductors 5 between conductors 2
and 11 and 4
1(7. 5,11 5,11 511 511 _1f 2.4, 2.4 24
Mg 44 :z{(M11+25*M11+5)’(M26 M )} M2.4 2{(}\4é i ) s
h where:
where. X 2,4 4 2.4
= 2I,F 4 _ :
Vo, 7511 2 22 Mf, 204Fy
11425 =~ 2112511+ 25 X R
s s
511 .11
Mitss = 2146F11 45 2.4 lp Iy \2)1/2
5,11 5,11 2 :|na+1+?
Moy~ = 2ly5F05 ’ ’
- rdy N271/2 1d
I AIPOEL . 1+[ﬂ] {ﬂj
7 7
! I 291/2 L 2 S 2
511  [M11+25 [11+25] } } / ! /
F =1In +11+ ,4 4 4
e e |l At ewlg el T
ds 1112112 ( dg 41 ’ ’
{H[ : BJ } +[ : J o (dy 02712 (dy g
1142 4942 - ”[/_’j +[l_j
I I 291/2 - 47 4
511 [11+5 [11+5j } }
F _ +[1+ I 1. \211/2
e {d5,11 { d5 11 A '”{EE‘*{”[ZJ_SZ] } }
ds 11\211/2 (d5 14 24 %
R e
1M1+ 11+ 7|:1+[l_’] } + l_’j
1/2 ® o
5,11 25 25 )2
F26 = In{ J{1+(d ) } }

d5 44 5,11
[+
-1+ ==

lys

211/2
Fg’ﬁ :In{dS 4{1+(d5 )} }
5,11 511

(%]
-
-
N
N
[E—
=N
~
N
+
/
\01&‘
N[
(=70 B
-
N
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EQUATION A.33 Mutual inductance
between conductors 5

and 15
_1(,5.15 5,15 515 515
M5,15*§{( 15+35 M15+25)‘(M35 My )}
where:
B, 5,15
My 35 = 21454 357 15+35
515 _ 5,15
Mi5.425 = 2145+ 25715+ 25
5,15 _ 5 15 5,15 5 15
M36 2136 38 , M25 = 2125 $
515 _ {15+36{1+[ ] T/z}
15+35 s 15

515 { 5+25{1+[ 5+25] T/z}
5425 RE d5 15

5,15 25 2|12
F28 =1In d—+ 1+
5,15 5 15

}
{HF?;J T
%

3

e

o1

{w m (5

15
1+[ 5] }1/2 [d5,15
15+ 35 145 +3

172 (4
{H[ 5,156” +[ 5,15
l15+2 14542

EQUATION A.35 Mutual inductance
between conductors 9
and 3

Mg 3 = %{( 3325+Mg’f8)‘(Mgé3*Mg’ 3)}

where:

,3 9,3 9,3 9,3
M§+25’2[9+26F9+26 . Mglys =2y, 5Fg s
23 gy 93 , 93 9.3
Mys = 215k My~ = 25k

9.3 lg 125 lg 1 25)21/2
F9+26 In d 1 d
9,3 9,3
7{1+((1’9’3J2:|1/2+[d9’35j
l942 lg+o
9.3 Ig 45 I, 5)211/2
F9+6 In 7 +1+ =
9,3 9,3
do 021172 (d,
TG
Ios Ios
1/2
9,3 {25 { 25 2} }
F =In{—+ 1+ —
3 &
do N211/2 (d
T
Iys lys
271/2
F§’3 = In { 5 +{1+(d_5 ) } }
9,3

dg 3

EQUATION A.34 Mutual inductance

between conductors 9

and 7
17, 9,7 9,7) ,7
Mg 7 = z{(Mg M7 4\42 }
where
9,7 9,7 9,7 9,7
My " = 2igFg My "= 20,F7
Mg 7 = 2[ Fg 7

EQUATION A.36 Mutual inductance
between conductors 9

and 11
_ e 11 9 11

Mg 11 = z{( + M3y ) }
where:

9,11 _ 9,11 911 9,11

M9 = 2191'?9 7 = 2/71:7

9,11 9,11
Mg = 2IgFs

I I \271/2
4 T
9,11 9,11
dg 1 \211/2 (d
_{H[ 9,11] } +[ 9,11]
ly ly
9,11 111 41 \27172
Fiy =n 7 +1+ A
9,11 9,11
dg 1\271/2 (d
{1+( 9,11] } +( 9,11]
141 l41
I I \2791/2
Fg’” :In{ds J{1+[d6 J} }
9,11 9,11
dg 1\211/2 (d
{H[ 9,11] } +[ 9,11]
s s
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EQUATION A.39 Mutual inductance

EQUATION A.37 Mutual inductance
between conductors 13

between conductors 9

and 15 and 11
C1[/ 9,15 9,15 9,15 9.1 10 13,11 13,11 13,11
Mg 15 = §{(M15+25 15+5) (M25 + My 5)} Myz 49 = z{(Mn My ) M }
where: where:
13,11 13,11
M9 15 2/ F9,15 9,15 ) 9,1 Myg " = 2l43F 43 Mj]? "o 2111F1‘:|3 1
15+25 15+28"15+28 , My5.5 =215, 51545 1311 1311
91572[ 9,15 , M9,15721 9,15 MB ZlFB
My 25725 5 75 1311 I4a lig (27172
13 *In{d J{1+[d J } }
815 {19+25 |:1+(19+25]2}1/2} 13,11 13,11
9+25 = Tdg 15 dg 15 {1%413,11]2}1/2 [ 13, 11]
7 7
1 +[%9.15 2172 (dg 45 13 13
B ] I ! / 271/2
9+2 942 P18.11 In{ 11 {H[ 11 ] } }
) ) 211/2 M1 413,11 913,11
Fgﬂg =|n{d9+b+{1+[d9+55] } } i3 102712 (dy3 14
9,15 9,1 {H[ = ” +[ 3 J
(%5 1/2+ dg 15 11 11
7 7 I . \291/2
9+5 9+5 F1311 In{ 5 {H[ 3 ] } }
iy o 413,11 413,11
9,15 { 28 { 25 } }
F, = In +[1+ d 211/2 /d
2 9,15 (d9,15) {H[#] } +[$}
5 5
do  211/2 (d
o
25 25 .
1/2 EQUATION A.40 Mutual inductance
218 m{ ) {H( ) ﬂ } between conductors 13
dg 15 9,15 and 7
dg 1521"/% dg 45 17 13,7 13,7 13,7 13
—|1+ + 2 —
{ ( 5 ) J ( s ) Mz 7= z{(M13+25+M13+5) Mg 7)}
where:
EQUATION A.38 Mutual inductance w7y 137 3,7 _ 13,7
13+25 13+28713+25 , M13+5 2045 F13+5
between conductors 13 a7 . 0 .
_ , .7 7
and 15 Mys = 2lp5F55 Mg~ = 2I5Fy
1[(,,13.15 13 1 13,15
Myg 15 = 5{( %) - u} } 37 [hzeas [ (113+26)%]"2
’ 13+25 = M~ 7
where: 13,7 13,7
13,15 13,15 13,15 13,15 1/2 d
Myg' " = 2L43F3" T Mg = 2046F g { [1 13, 7a] } +[1 13’7-]
13,15 213,15 13+2 13+28
Mg>"° = 2145
i 241/2
G315 [ s ls )22 P37 In{—13+5+{1+[ 3*5] } }
= 1In +[1+ 13+8 d d
3 43,15 13,15 13,7 13,7
: > d 291/2 (d
d13,15)2]1/2 (413,15 {1 [1137 } *(1133
{1+ l_j } +[I_] 13+ 13+
13 13
1/2
13,15 ly5 li5 127172 T | 22D 2
F13 = 1In 7 +[1+ = 28 d d
13,15 13,1 13,7 13,
21/2
{1 [‘*’13 15}2}1/2{"13,15) {1{‘113,7) } [‘113 7)
115 115 126 125
i I \291/2 13.7 o172
e ] Pl
13,15 13,1 13,7 13,
1/2
[y (N18.15)27"2 (H13,15 - 1+(d13,7)2 (d13,7)
16 IS 3 3
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EQUATION A.41 Mutual inductance
between conductors 13

EQUATION A.43 Mutual inductance
between conductors 2
and 8

and 3
C1[/ 13,3 13,3 13,3 13,3
M3 3 = 5{(M13+35+M13+25)‘(M35 M5 )}
where:
EE £13.3
Mi3' 135 = 2143435513+ 35
13,3 13,3
M13'v25 = 2143+ 25713+ 25
13,3 _,, 133 13,3 13,3
M36 2[38 338 , Mzg = 2125 5
13,3 13+35 13135)2]1/2
Fi3yas = R e
dy3 3 13,3
2 (4
+[ 13,3J
14343
2

#13.3 13425 3+ 25)21"
F13v0s = I3 T
13,3 13,3

d 211/2 (4
{H[ 13,36” +[ 13,3J
l3+2 l13+2

13,3 25 2]1/2
F28 =1In 7 +1+ d
13,3 13, 3

}
{HW:;J T
|

d 241/
[
l13+3
]
]

3

1/2
F;3’3 = In{d 5 4{1 d }
13,3 13,3

1/2

B2 (22

(12 8 B8
:i{(l“g 25*M§+5)’(M§6 w3 )}
where:
8 2,8
M2+25*2[8+26F8+26 , Mg’f5:218+55§’f3

.8 2.8 , 8 . 28
Mg = 205k Mé = 21k

28 ln{’8+25{1 +[ls+25j2}1/2}
8+28 d2,8 ‘12,8
do oN\211/2 [ d
e, JE8
lg12 lgio
2.8 _ |{8+8+{1+(18+8]2T/2}
8+d dy 8 dy g
ds N\211/2 (d
@R
g+ e+
1/2
2.8 {25 { 25 2} }
=In +1+|—
: &)

dy g
do 221172 (d
T
Iys lys

EQUATION A.42 Mutual inductance
between conductors 6
and 4

where
6,4 6,4
Mg~ = 2lgFg
6,4 6,4
My 214F,
6,4 6,4
Mg = 2l5Fy

EQUATION A.44 Mutual inductance
between conductors 10

and 8
1[7. 10,8, 10, 10,8
Mg g = i{(Mm + Mg 8)‘”’5 }
where:

4,108 10,8 4,108 10,8
6 = 2[6F6 y 8 = 218F8
10,8 10,8
Mg © = 215y

10,8 Ig lg 21172
FG = In 7 +1+ 7
10,8 10,

/ I \291/2
o T
10,8 10,
. dy0,8)21"/2 (d10,8
_ +l— +l_
5 5
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EQUATION A.45 Mutual inductance EQUATION A.46 Mutual inductance
between conductors 2 between conductors 6
and 12 and 8
1 12 12 12
:i{(”ffzws M$2+28) Mz *MZ 2)} M68:%{ +M48) M }
where: where:
12 2,12
M3y 2as = 2tp 3512 235 VLTS
20 2,12
Mf2+25‘2’15+25‘”12+25 M287218F28
.12 .12 12 2,12
M§6 = 2055F 5y , s = 255 Mg,s - a1 g 8
211/ _ _ _
,12 12 +35 12+ 35 l Ix \271/2 dr N211/2 (d
F%2+35" { {1*[ ]} } B8l 8, 1+(_6} _1+[ﬁ] +[ﬁ]
dy 12 3 12 6 de.g | \dg.g L Ulg )] /g
d 221/2 /4 ) i i
{1+[ 3 12] } +[1 2’12§J Fs’8 = In{1—8+ 1+[1—8 2}1/2}7 1+[@]2 1/2+[@J
12 + 35 ) 12+3 8 dg | \d ] s ) | Ig
212 { 2*25{1+[ 2*25” } I r (I \211/2) [ (de \271/2 (d
12428 = T17dy 45 3 42 pg’s - |n{_5+ 1+[_B] } }, 1+[ﬁ] +[ﬁ]
d 12 /4 dg8 [ \dg, L U )] s
{H[ 2,126] } +[ 2,12J
242 H2+2

1/2
F§512 - |n{d28 {1 22 } }
2,12 2,12
de N211/2 EQUATION A.47 Mutual inductance
[y [(2.12 .
s between conductors 2
and 16
F2 12 _ In{ 5 +{1 }1/2}
25 4 d 1 16 16 .16 1
2,12 2, 1 o My 16 = 5{(M$G+36+M§6+46) (Mgs +Mi5 6)}
dy 102 d
2,12 2,12 .
{1 +( 5 ] } (—6 ) where:
16 16
M?6+38 = 2[16+38F%6+36
16 2,16
M$6+45 246+ 45516 + 45
16 16 16 2,16
Mgs - 2035735 : Mis = 24583
216 _ ln{[16+35 { {16+35ﬂ1/2}
16+3% dy 16 3 16

AP [dz 16€J 1/2+[d2,168]
L Uie+33) | 16 +3

2,16 116 1 45 16+ 45)2]1/2
F16Jr46 In i +|1+ =
2.16 .16

- (d 291/2 7 d
1+[ 2,165] +[ 2,165]
L UVie+as) | l16+4
F§,816 _ In{ 25 {1 T/Z}
3 16 dz 16
d

{H[ 2, 16] } +[
1/2
Fg’wzln{d8 +{1+d } }
2,16 2,16
/2

- {1 * (dzam)T (dzam)

-
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EQUATION A.48 Mutual inductance

between conductors 14
and 16

(14,16 14,1 14,16
Mg 16 = z{(’”m My My }
where:
14,16 14,16 14,16 14,16
My = 204484 v Myp = 2058
14,16 14,16
My = 2IFy
14,16 l14 iy 2712
Fyga =In 7 +1+ 3
14,16 14,16
d 291/2 14
{H[ 14,16] } +( 14,16J
l14 l14
14,16 l16 lig 27172
F16 =In 7 +1+ 3
14,16 14,1
d 291/2 (d
{H[ 14,16] } +[ 14,16]
l1g l16
14,16 Iy Is 12112
FS =1In 7 +1+ =
14,16 14,1
d 211/2 /d
—[1+[ 1411,16] } +[ 1:11,16]
5 5

EQUATION A.50 Mutual inductance
between conductors 10

EQUATION A.49 Mutual inductance

between conductors 6
and 12

and 12
17, 10,12, 10,1 10,12
Mg, 12 = Q{(Mm TMyp )My }
where:
10,12 10,12 10,12 10, 12
My =2l4f10 . Myp T = 25Fy,
10,8 . 10,12
M5 = 215F5
10,12 l10 l1p 12112
Fio =1In 7 +1+ 7
10,12 10,12
d 271/2 /d
{H[ 10,12] } . 10,12}
l10 "0

! Ly, \211/2
F10,12:|n{ 12 {w( 12] }

12 10,12 10,12
d
{1 +[ 10,12]
l12
10,12 ls Is V21172
F8 =1In 7 +1+ 7
10,12 10,12

d 291/2 (d
{H[ 10,12) } +[ 10,12]
ls Is

6,12

[/ 6,12 6,12 6,12 6,12
M6,12*5{(M12+25+M12+5)*(M25 + My )}

where:
6,12 6,12 6,12 6,12
Miz 125 = 2l2128T12+25 , Myp g =2l40, 5F 1245
6,12 6,12 , 6,12 6,12
Mys = 2055 Mg = 2[5Fg

! l 271/2
6,12  _ 12+258 12+25
F12+28 = In{ 7 +{1+[ ] } }

g 12

d 21172 (4
{H[ 6,126” +( 6,126]
"2+ 25 242

6,12  [M2+5 124527172
F12+6—Ind +1+d
6,12 6,12
de N\211/2 (d
{H[ 6,126] } +[ 6,125]
42+ 12+
271/2
A e oY
6,12 6,12
P dg, 12\211/2 (dg, 12
1M T T
L 25 ) | 25
r 271/2
Fg12:In{d6 +1+(d82) }
6,12 | 96,1
rdg n21V2 a
6,12 6,12
- ”( 5 ) +( 5 )
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EQUATION A.52 Mutual inductance

EQUATION A.51 Mutual inductance
between conductors 10

between conductors 6

and 16 and 4
1[/ 6,16 6,16 6.16 6,1
M6,16’i{(M16+3s*M16+25)‘(M35 M5 } Mg g - M98 a4 (1040104
10,4 = 51 \(M12'4 25+ M124 5) ~(Mp5 5
where: where:
516 6,16
Py 10,4 10,4 10,4 10,4
Mig+35 = 2116 + 35516 + 35 Mig'tos = 2lg 4 25F 10125 |, My = 2sFy
6,16 6.
Mig+25 =~ 2116+ 25716 + 25 10, 4 10,4 b 104 10,4
6.16 16,16 Mas = 2lp5F25 Mio'+s = 2h0+ 510+
16 o, 6,16 _ 6,16
35 35735 : Mys — = 2lp5ko5
1/2
6,16 [M6+3s 16+ 38
Flgi3s = | { {1*[ ]} } 10,4  [Mo+2s 110+ 25)2]172
g, 16 g 16 Fiotas = M+ 1+|
10,4 10,4
dg, 16 212 [ 96,16
{H[ ]} +[ - J d 21172 4
l6+35 H6+3 ,{H( 10,46_]} +[ 10,4BJ
T 7
816 [levas [ (16+25)7]"2 10+2 10+2
Fle+2s = M A 21,2
6,16 g 16 04 [hoss [, (Moss
10+8 = " 4
10,4

{ [ds 166] T/Z [d&m;j dio,4 ,
g+ 2 He+2 dio,4\2V2  (dio.4
-1+ 7 + 7

! 1
Fgam '”{d 35 {1 [d 356] } }
6,16 6.1 271/2
F10.4 ] 28 {1{ 25 ] }
1/2 25 =
7[1+[d6 16] } +[ j dio,4 d10,4
7
38 dio,4)%1"2 (d0,4
6,16 las lys 21172 -1+ =
Fys - = In{-——-+{1 [ 6] } } 25 235
7 7
6,16 6,1 0.4 s s 27172
1+ [%6.16Y21"2 (96,16 Fs ' =l {”[d 4”
- - 7= 10,4 10,
25 25 d 2.1/2 d
{H[ 10,4] } +[ 10,4)
5 5
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EQUATION A.53 Mutual inductance
between conductors 10
and 8

Mig 12
where:

14,12
14

14,12
Mg

M.

14,12
Fiq

14 12
F12

14,12
Fy

1 14,12
= 3{(0% e u

= 2048

= 2I.F

14,12
14

14,12

o

In{ l14 {
d14,12

/
*In{d

12 {1
10,8

= In{d 5 +{1
14,12

[T

(wz)]"
(TG
()]

/

14,1 14,12

12 )M }
14,12 14,12
12 = 2l4Fp

[ 114 jZT/Z}
14,12

dyy, 12}

dyy, 12]

EQUATION A.54 Mutual inductance
between conductors 10

and 16
Mio,16 = %{(M1g’+125“‘/’12’+15 ~(nagg "+ aag” 16)}
where:
Mlgjga 2116+28F12+128 Mlg:g = 25457 1232
M;g 16 _ 21251%2 16 , M;O,16 _ 216F;O’16

10,16 In{ 16+25

F =
16 +238 d10,16

F

10,16 _ In{l16+5+
16+ 10,16

410,16 | ‘910,16’ |
oo e " g

EQUATION A.55 Mutual inductance
between conductor 1
and other conductors

1.3 1,3 _ 1,3
My 3 =My~ = My~ = 2I,F,

1 1,5 1,5 1,5
My 5 = 5{(My "+ Mg ") =M, "}

1,7 1,7
My 7 = M7, ;- M,

My g = 3G 20 MY )~ (M) + M)
My 14 = My,

My 43 = _{(M13133d+M13132d) (M;d13+M;d13)}
My 45 = My Pa, - My, °
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EQUATION A.56 Mutual inductance EQUATION A.58 Mutual inductance
between conductors 14 between conductors 14
and 4 and 8
_1)( 144 14,4 14,4 14,4 _1[(, 14,8 14,8 14,8 14,8
Mg 4 = i{(M14+35*M14+26)‘(M35 +Mas )} Mg 8 = i{(M14+26*M14+5)‘(M25 +Ms )}
h where:
where: 14,8 14,8
M. =2/ Fag 1148 #14.8
144 14,4 14+28  “'14+25"14+28 =2/
Mig'+ 35 = 2116+ 35716 + 35 v Migvs = 2a4 51445
14,8 14,8 14,8 14,8
14,4 14,4 M. = 2/, .F , MBS o R
Mig'+ 25 = 2116+ 25716 + 25 28 25728 5 sf's
14,4 _ 144 14,4 14,4 221/
Mag = 21350735 L Myg = 2Uy5F,8 14,8 In{l14+28+{1 +[114+26j } }
14+25 ~ M7 7
14.4 114+36 l14+35 1/2 14,8 14,8
Fq) =In{ +{1+[ ]} } d 211/2 d
14+ 35 T2 4 T4 4 {H( 14,85] } +[ 14,85_J
442 4 +2

—{1+[ dMAJZT/ZJF[ d14’45j
l4+3 Na+3 14,8 L1445 144527172
=1In +1+

F

1445 7 7
a4 [Maeas 1+’14+2521/2 14,8 14,8
Flg+25 = a

291/2
14,4 14,4 {H[;{M’Sﬁj } +(;’14,8]
_{1+[d14’4J2T/2+[d14s4] 14 + 14+3
7 7
14+2 14 +28 14,8 { 126 { [ ZZBJZT/Z}
F. =In{ ——+|1+| —
4.4 In{ Iy {w[ lzaAﬂwz} 28 dig.8 dyg,
28 414, 4 dqg, - [d14 8J2-1/2 [d14 BJ
-1+ 2 +| —
7[1 +["14,4]2}1/2{"14,4] L \las ) ] l2s
7 7
25 25 It I \271/2
14,8 5 [ 85] }
F =In +[1+
F;g4 In{ lys {H[ 1284]2}1/2} 8 {dm,s L \dyg8) ]
14,4 14, T (dig 921172 (dig g
d 211/2 (d - 1+[—’ J +[—’ ]
{H[ﬁ] } [ 14, 4] L ls )] ls
lys lys
EQUATION A.59 Mutual inductance
EQUATION A.57 Mutual inductance between conductor 5
between conductor 2 and other conductors
and other conductors T
PTT 5,9 9+a— My
LRt Myq = MOBT 0BTy 0
4= UMy My ) =My ) : 121\/153 53 s
_ 2,10 ,10 Mg 3 = 3 AMT)-M; T}
Mj 49 = M$O+2d_M§d 5.3~ 21U 3 a
1 12 12 1 .11 .11 .11
M2 = i T2t Miy s — (M2 + M5, )) Ms, 11 = 51( Hat M) -0 Mgy
_ , 14 ,14 13 13
My 14 = Mygy 34— Msy Mg 45 = 13+2d*Mgd
16 ,16 1 15 .15
M2 16 — '{( 16+3d+ 16+4d) 3d +A4§d )} M5,15 = { 15+2a(Jr 15+3d) 3d +Mgd )}
8 .8
= —{(M2+25+MZ 5~ (Mo + M °))
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EQUATION A.60 Mutual inductance
between conductor 9
and other conductors

My 5 :% Mg +Mgfd) ( +M93)}
My 7 :% Mg ng)*M?f?}
My 14 =% Mg 1’111)—]‘/[3’11}

13
Mg 43 = 13+d Mg

EQUATION A.63 Mutual inductance

between conductor 6
and other conductors

EQUATION A.61 Mutual inductance
between conductor 13
and other conductors

Mg 10 = Mapq— My "

Mg 14 = g My

M6,16:'{( o2t M aq) — (M3, ° + M3,[%))
M6,12=‘{( T iast My 2~ (May 2 + M "))
SV I S )

o = OB

=
oo|

13,3 13,3 13,3 . 13,3
M3 3 = _{(M13+3d+M13+2d) (M3~ + My, ™)}

13,7 13,7 13,7 13,7
M3 7 = {(M13+2d+M13+d) My + My )}

13,11 13,11 13,11
M1311:-{(M13 tMyy ) -M; )

13,15, 13,15, . 13,15
M3 15 = 2{(M13 tMys )My

EQUATION A.64 Mutual inductance

between conductor 10
and other conductors

EQUATION A.62 Mutual inductance

between conductors 15,

11, 7 and other
conductors

1511 1511
Mys 19 = Myg, q— My~

15,7 15,7
Mg 7 = Mgy 00— Mg

15,3 15,3
Mg 3 = M5y 35— Msg

M7 A7
My, 7 = Mygs =My~

11,3 11,3
Mg 3 = Myy' oq— My,

10,14 . 10,14
Mg 14 = Migyg— My~

10,16 10,16 10,16 . . 10,16
Mig 16 = Q{(M16+2d Mgy ) —(My, ~+ My~ )

10,12 . 10,12 10,12
Mg 15 = {(Mm tMyy )-M;" ")

10,8, 10,8, . 10,8
Mg g = 2{(M1o t Mg )My}

10,4 10,4 10,4 10,4
Mg 4 = '{(M10+d+M10+2d) (Mg~ "+ My, )}

EQUATION A.65 Mutual inductance

between conductors 16,
12, 8 and other
conductors

16,12 16,12
Mg 10 = Mygq— My~

16,8 16,8
Mg g = Mig oy— M,
16,4 16,4

Mig 4 = Migy 35— Mz,

12,8 12,8
My g = Mg q— My~
12,4 12,4

Mip 4 = Mig'y 00— My,

4 4
Mg 4 = Mg+d*M§1
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APPENDIX B: MATHLAB PROGRAM EXAMPLE FOR EXAMPLE 8

% One_turn.m

% Inductance calculation with mutual inductance terms
% for 1 turn rectangular shape.

% Inductor type = Etched MCRF450 reader antenna
%

% Youbok Lee

%

% Microchip Technology Inc.

%
%L T=L o+M_+M_- (nH)

% unit = cm

% where

% L_o=L1+L2+ L3+ L4 = (self inductance)

% M_- = Negative mutual inductance

% M_+ = positive mutual inductance = 0 for 1 turn coll
%

Yomnmmmmmmmmmm- Length of each conductor -----------------—-
%[ 1a=11b=3"=7.62Cm

%Il 2=14=10"=254Cm

% |_4=7.436"=18.887 Cm

% gap = 3.692 cm

w =0.508

t =0.0001

gap = 3.692
I_1A=7.62-w/2.
|_1B =7.62 - w/2.
1 2=254 -w

| 3=18.887 -w
| 4=254 -w

d13=12
d24=1_3

L1A = 2*1_1A*(log((2*_1A)/(w+t)) + 0.50049 + (w+t)/(3*_1A))
L1B = 2*1_1B*(log((2*_1B)/(w+t)) + 0.50049 + (w+t)/(3*]_1B))

L2 = 2*_2*(log((2*]_2)/(w+t)) + 0.50049 + (w+t)/(3*]_2))
L3 = 2*_3*(log((2*]_3)/(w+t)) + 0.50049 + (w+t)/(3*_3))

L4 = 2*1_4*(log((2*]_4)/(w+t)) + 0.50049 + (w+t)/(3*]_4))
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Lo=L1A+L1B+L2+L3+L4

Yo-------- calculate mutual inductance parameters ----

Q1A_3 =log((I_1A/d13)+(1+(I_1A/d13)"2)*0.5)-(1+(d13/I_1A)*2)"0.5 + (d13/I_1A)
Q1B_3 =log((I_1B/d13)+(1+(I_1B/d13)*2)*0.5)-(1+(d13/I_1B)*2)*0.5 + (d13/I_1B)

Q_1A_gap =log(((I_1A+gap)/d13)+(1+((I_1A+gap)/d13)"2)*0.5)-(1+(d13/(I_1A+gap))*2)"0.5 + (d13/(I_1A+gap))
Q_1B_gap =log(((I_1B+gap)/d13)+(1+((I_1B+gap)/d13)*2)*0.5)-(1+(d13/(I_1B+gap))*2)*0.5 + (d13/(I_1B+gap))

Q3 =log((_3/d13)+(1+(_3/d13)"2)10.5)-(1+(d13/l_3)"2)10.5 + (d13/l_3)

Q2_4 =log((l_2/d24)+(1+(_2/d24)*2)10.5)-(1+(d24/l_2)*2)"0.5 + (d24/]_2)

%

M1A = 2*_1A*Q1A_3

M1B = 2*_1B*Q1B_3

M1A_gap = 2*(I_1A+gap)*Q_1A_gap
M1B_gap = 2*(|_1B+gap)*Q_1B_gap
M3 = 2*_3*Q3

M1A_3 = (M1A+M3 - M1B_gap)/2.
M1B_3 = (M1B+M3 - M1A_gap)/2.
M2_4 = 2* (|_2*Q2_4)

M_T =2* (M1A_3 + M1B_3 + M2_4)

LT=Lo-MT
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