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Abstract—In this paper, circular spiral inductor is
composed on a printed board. Specifications of the
spiral inductor is closely investigeted by actual mea-
Further, PS-

Inductors are designed by using our proposed numeri-

surements and numerical calculations.

cal calculation method. Our proposed method is veri-
fied availability on applications which include some PS-
Inductors.

1. Introduction

Recently, a flat inductor as a spiral is used as a chip
inductor, on-chip inductor and so on[1][2]. The flat
inductor called “spiral inductor.” Further, an inductor
of same style and large scale is used as an antenna
and is called “spiral antenna.” These elements are
very important and often used. However, in many
systems, a mutual inductance is not used as mutual
inductance, because influences of a magnetic field to
other elements are problems and it is necessary to use
a core of magnetic material. In many systems with a
mutual inducance, a transformer with an iron core is
used. The transformer with an iron core is very heavy
and large.

In this research, a spiral inductor that is com-
posed on a printed wiring board is called “Printed
Spiral Inductor (PS-Inductor).” Specifications of the
PS-Inductors are closely investigated by using exper-
iments and numerical calculations. Further, a FM-
Demodulator is made by using mutual inductance be-
tween multilayer PS-Inductors, which are designed by
our numerical calculation method. Our design method
is verified availability on applications.

2. Printed Spiral Inductor

In this research, PS-Inductor is created by combin-
ing semicircular patterns. A single-sided substrate is
used in measurement of a inductance, and a double-
sided substrate is used for verification of our method.

2.1. Measurements

In a PS-Inductor created by combining semicircle,
the layout and inductance are decided by five pa-
rameters shown in Fig.1. Each parameter is fixed to
each value in Fig.1, and inductance is measured while
changing number of half-turns.

2.1.1. Method of Measurement

The inductance is measured by oscillating system
which is built by combining arbitrary capacitors to
a PS-Inductor. When the LC-Oscillation is caused,
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Figure 1: Printed Spiral Inductor.

inductance is obtained from the oscillation frequency
and the capacitances. The oscillation frequency is
changed by changing values of capacitors. And, a
mean value of the obtained inductances is adopted as
value of true inductance.

Measuring of inductance of high accuracy involves
oscillation frequency and capacitance of high accu-
racy. Therefore, when inductance is measured, para-
sitic impedance must be removed by all possible means
in the experiment circuit and the calculation. The
colpitts oscillation circuit which uses only one bipolar-
transistor is used for to reduce influence of parasitic
impedance. The circuit is shown in Fig.2. Synthetic
capacitance (Cp) and oscillation frequency (fo) in this
circuit are represented by following equations respec-
tively (see Eq.(1)).

1 1
fo= —F=—=, Co=Cs+
27 LCO i+i+i (1)
C: Cy G

In this experiment, frequency measurement and wavy
observation are done with a digital oscilloscope be-
cause influences of various equipment must be re-
moved to a maximum extent. When the inductance
is obtained, values of parasitic capacitance of transis-
tor, parasitic capacitance of oscilloscope and parasitic
impedance of probe must be included into calculation.
Actual measurement values before considering para-
sitic impedances are shown in Fig.3(a). An equivalent
circuit of measuring impedance is shown in the frame
of Fig.2. The inductance with mesuring impeadance
is shown as Eq.(3). And, measurement results con-
sidering parasitic impedances are shown in Fig.3(b).
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Figure 2:”Collpits Oscillator and Equivalent Circuit of
Measuring Device.
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Figure 3: Estimation of Inductance(Inductance vs. Capac-

itance).
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Zy ~ Z3 are shown in Fig.2 respectively.
AC-Analysis is applied to the circuite and the circuit
equation is solved.

The inductance(L) is obtained by using oscillation
condition from circuite equation. That is under the
condition of circuit equation’s imaginary part equal

Zero. — A2 R2
I 14++v1—-47°R 3)
2wn
where —¢
= (WO + —>
n=(wCs+ 6+C)

2.1.2. Results

The measurement result of inductance is shown in
Fig.7 and Q-factor is shown in Fig.8. The PS-Indutor
has extremum of value. In these parameters of PS-
Inductor, maximum inductance is observed around
100[turns]. Q value is roughly hundreds of levels and
is very high.
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Figure 4: Biot-Savart

2.2. Numerical calculation of inductance

In this research, diameter of PS-Inductor changes
at each semicircle. So, an inductance is obtained not
by using generic theoretical analysis but by using the
Biot-Savart Law and the finite element method. Cal-
culation uses same parameters as actual measurement.
Further, calculation uses values of the parameters as
actual measurement. However the thickness of the
conductor is not considered.

In Fig.4, magnetic flux density (dB) at an arbi-
trary point(P) which is created by current (Idl)
on imperceptible interval of direct-current electricity
(I) is obtained by Biot-Savart Law. When Biot-
Savart Law is applied and integrated along the con-
ductor, magnetic flux density at point P which is
made by entire current is obtained. In this re-
search, analysis area is divided into sectors, and the
finite element method is used for the sectors respec-
tively. Esach sector of analysis target and reference
point have four parameters as follows: (see Fig.5)

1. Maximum angle of central angle
(‘Pcmin and @tmin)-

2. Minimum angle of central angle
(romaz and Sotmaz)-

3. Maximum radius (7emin and 7min)-

4. Minimum radius (Temaz and remaz)-

Because interlinkage magnetic flux decreases as a more
outside area is analyzed, the accuracy of analysis does
not fall, though area of analysis incleases as a more
outside area is analyzed. Further, the problem is
solved by using an analytical angle very small. In ad-
dition, the current distribution is assumed as a same
value in the whole area of the conductor. Considering
about distributed constant is needed in the high fre-
quency band, but considering about distributed con-
stant is not needed in this research, because analysis
target circuits are up to about some few mega hertz.

2.2.1. Setting of coordinate

In this paper, each abbreviation of reference point
and analysis point of Biot-Savart Law and finite ele-
ment method is set as follows:

AT : A sector of analysis target of magnetic flux be-
tween conductors.

AT,: Coordinate of analysis point in AT

SC : Sectoral conductor of reference area of analysis.

SC.: Coordinate of analysis reference point in SC'.
AT, and SC, are set as follows:
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1. SC.: Two coordinates are set to edge of inside
and outside of SC' respectively (see “A” and “B”
in Fig.5). The inside coordinate (SCI.) is set as
follows:

(sci.,,sCl1.,) = 4

(rcmin COS(Qpcmin)a Temin Sin(gocmin)) ( )

The outside coordinate (SCO..) is set as follows:
(SCo.,,SCO0.,) =

(rcmazcos(SOcmin): Temaz S’Ln(gocmzn)) (5)

If AT exists from tangent at SCI. on the center

point side, SC1I. is used as coordinate of reference

point. If AT exists in an area between tangent of

SCIc and tangent of SCO¢ the AT is not cal-

culated from the SC. And, otherwise, SCO¢ is

used.
2. AT.: Two coordinates of AT, are set (see “a”

and “b” in Fig.5). A coordinate of center point of
an arc which splits square measure of AT to two
area is set as ATC, (see “a” in Fig.5).

(ATC.,,ATC,,) = (rcos(p),rsin(y)) (6)

where
2 2
r= Ttmin + Ttmaz
V 2

— Ptmin + Ptmaz
2

A coordinate of py,:, of an arc which splits square
measure of AT to two area is set as AT E, (see “b”
in Fig.5).

(ATE.,,ATE.,) = (r cos(@tmin), T Sin(Pimin))

where (7)

2 2
r = rtmin + Ttmam
V 2

A magnetic flux density which is generated from SC
becomes maximum value when a distance between
AT, and SC. becomes to minimum value. Further,
the magnetic flux density becomes to maximum
value when sinf = 1 (see Eq.(9)). Therefore, as an
analytical angle is reduced, a result of using ATC.
becomes big (see Fig.6-a), and a result of using ATE.
becomes small (see Fig.6-b). In this research, an
analytical angle is fixed 1[degree]. The mean value of
inductance by using AT'C. and inductance by using
ATE. is assumed a true value.

Value of dl in SC' is needed to apply Biot-Savart
Law. Because SC has width, dl is not constant in a
SC. An arc of outside of SC is longer than an arc of
inside of SC. In this research, because computational
effort is decreased, dl is assumed to length of arc which
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Figure 6: Calculation result by difference of analytical co-
ordinates position.

splits square measure of AT to two area.

2 2
Iewin + Temaz 0a

di = 2 360

(8)

where

0@ = (Sotmax - Sotmzn) = (Socmam - Socmzn) [degree]
Inside of the conductor does not be analyzed.
2.2.2. Calucation of magnetic flux density

Firstly, magnetic flux densities are calculated at
each AT. A magnetic flux density in a AT which is
generated by one SC' at time ¢ is calculated by Biot-
Savart Law. Total magnetic flux density in a AT is
calculated by applying to all SC' (see Eq.(9)).

& o i(t) - sin(@(n,m)) - di(m)
{r(n,m)}?

m : SC number

Bn(1)

where

9)

— a7
n : AT number ,

2.2.3. Calculation of inductance
Inductance is obtained by equation Eq.(10).

_ da()
—di(t)
® shows the interlinkage magnetic flux in PS-Inductor.
Therefore, when inductance of one semicircle is ob-
tained, interlinkage magnetic flux in the semicircle must
be obtained. It is named ®y, that total interlinkage mag-
netic of inside of the semicircle. The expression from which
semicircle inductance L is requested becomes Eq.(12). In-
ductance (L) of the semicircle is shown as follows:

(10)

B (t) = A(m,p)-i(t)
" (11)
Bx,(t) =Y Bm(t)Sm
= %é)(t) => (ZA(m,p)) - S (12)
where me
A(m, p) = Mo sin(6(m.p)) - di(p)

dr - {r(m,p)}?
Nr : total sectoral number of inside target
from a half circle
N¢ : total sectoral number of conductor
on a half circle
m : AT number
p: SC number

The inductance of each semicircle is replaced as L (1 <
k < N¢). PS-Inductor can be expressed by connecting
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all semicircle inductors in series. Therefore, PS-Inductor
(LTotar) can be expressed as follows:

Nuc
Lrotar = § Ly
k=1

Nuc : Numbe of half circles
Each parameter is set as follows:
1. Analysis minimum angles : 1 [dgagre(é}. )
2. Number of partitions in the vertical direction between
conductors : 10
The calculation result is shown in Fig.7.

In Fig.7, the numerical calculation result well accords
with the actual measurement value. And, an extremum is
observed in the numerical calculation result as well as the
actual measurement value. Difference between the actual
measurement value and the numerical calculation value is
observed in vicinity of extremal value. The difference is
assumed influence of a wire for measurement because the
wire for measurement exists in area of high magnetic flux
density.

Next, Fig.8 shows the result of Q-Factor. The numeri-
cal calculation result well accords with the actual measure-
ment value, too.

(13)

where

n Actusl messLrement
— — Approximated curve(ActLal measurment)

-~ Approxirated cure (Calculated valus)
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Fieure 7: Inductance of PS-Inductor.
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Figure 8: Quality factor of PS-Inductor.
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3. Verification of our design method

We design a PS-Inductor by using our numerical cal-
culation method. By a FM-Demodulator with the PS-
Inductors is made, our design method is verified availability
on applications. PS-Inductor is composed like the plane,
so mutual inductance can be easily used by using the mul-
tilayer substrate. In this study, FM Demodulator by slope
detection is made by a double sided substrate of 5[cm] cor-
ner as shown in Fig.9. But, one diode and one capacitor
are used as an external element respectively. The tuning
circuit designed a center frequency as 5.0[MHz]. Because
1000[pF] had been used as capacitance, inductance was de-
signed as 1.0[uH].
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Figure 9: Slope detection FM demod{llator.

Input(a)

—
Figure 10: (a)Input Signal:1.0[V/div], (b)Tuning Out-
put:5.0[V/div], (c)Detection Output:1.0[V/div].

A tuning curve is shown in Fig.11, and a result of demod-
ulation is shown in Fig.10. Figure 10(a) is shown a signal
before modulating. Figure 10(b) is shown an output signal
of tuning. Figure 10(c) is shown an output signal of de-
tection. Because signals (a) and (c) are similar shapes, it
is understood that the FM signal is perfectly demodulated
by using the mutual inductance. Therefore we consider the
designed PS-Inductor showed the characteristic the same
as the design value, and operation of the circuit according
to the expectation.
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Figure 11: Tuning curve.
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4. Conclusion

In this study, PS-Inductors was obtained by using exper-
iments and numerical calculations. Actual measurement
values and the numerical calculation results were overlap-
ping very well. Thus, inductances can be obtained by this
measuring method and calculation method.

It was understood that an extremum exists in the induc-
tance and Q-Factor from the result. The number of turns
at extremum of Q-Factor differed from the number of turns
at extremum of inductance.

We designed a PS-Inductor by using our numerical cal-
culation method. By a FM-Demodulator with the PS-
Inductors is made, our design method was verified avail-
ability on applications. The center frequency of the tuning
curve, which is measurement result, corresponded with the
design value. Therefore, our proposal method is able to
design a inductor in high accuracy.
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