Progress In Electromagnetics Research B, Vol. 17, 85–100, 2009

A BASIC ANALYSIS ABOUT INDUCED
PLANAR COILS TO RING COILS

EMF

OF

E. M. M. Costa
Universidade Federal do Vale do São Francisco — UNIVASF
Colegiado de Engenharia Elétrica — CENEL
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Abstract—This paper presents a basic analysis about the results of
experiments using planar coils inner to ring coils, when planar coil
is applied to a square wave voltage. In this study an uncommon
phenomenon occurs in the ring coil, which is analyzed.

1. INTRODUCTION
In existent literature about planar coils, several works are developed
on microcircuits [1–8], which the analyzed effects are based on
sinusoidal voltages [9–14, 30]. When analyzing coil’s inductance, some
papers present results of the existence of parasitic capacitances (stray
capacitances) [15–17], that interfere with the system on several aspects,
as transformers [18–21]. In these researches, evaluations about effects
of parasitic capacitances in planar coils and ring coils with diameters
greater than 2 cm, as response of the induced emf in the ring coil when
a step voltage excites the primary are not found. Little is found in
researches about effects of square waves in coils, where most researches
of square waves is applied to power electronics [22–25] or others [26–29].
This paper presents some experimental results about observed
effects in systems defined by planar coil vs ring coil, where the planar
coil presents 200 turns fixed; this planar coil is considered as the
primary of an air core transformer; the ring coil is the secondary
of this transformer, which has the turn number varying on worked
experiments. The results are presented in this paper.
This paper is formalized as follows. In Section 2, the data of the
used equipments and coils are presented. In Section 3, the experimental
results are presented and analyzed, describing some explanations of
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the phenomena governing the found effects. In Section 4, some
observations about the phenomena are discussed. Section 5 presents
the conclusions.
2. PRIMARY DATA OF THE SYSTEM IN ANALYSIS
In the realized experiments in this work, several concentric coils were
used, forming an air core transformer, being the primary of the
transformer, a planar coil with 200 turns copper wire with diameter
2.02 × 10−4 m (32 AWG) and the secondary formed by a ring coil. The
primary coil (planar coil) presents a diameter d = 4.01 × 10−2 m with
the copper wires bunched together on layers with height h = 5×10−4 m.
The secondary of this transformer uses coils with turn number n = 2,
5, 7, 9, 10, 12, 15, 20, 30 and 50, respectively, where the coils of 5 and
20 turns were constructed by copper wire of diameter 2.02×10−4 m (32
AWG), while the others were constructed by copper wire of diameter
1.80 × 10−4 m (36 AWG). These ring coils present turn diameter
D = 4.65 × 10−2 m arranged such that their heights are the same as
that of the planar coil in the primary of the transformer. Each coil has
a resistance due to the total length of the wire, a specific inductance,
a specific capacitance, and each ring coil presents a mutual inductance
on the primary planar coil. These data appear in Table 1; considering
that the resistance was measured, and the inductance L was calculated
Table 1. Coils’ data.
n
2 (ring)
5 (ring)

r (Ω)
0.8
0.62

L (H)

C (F)

1.72 × 10

−7

1.69 × 10

−7
−7

8.24 × 10

d (m)
−10

3.68 × 10

−9

4.94 × 10

−9

1.8 × 10

M
−4

2.02 × 10

2.18 × 10−5
5.45 × 10−5

−4

7.64 × 10−5
9.82 × 10−5

7 (ring)

1.81

1.72 × 10

9 (ring)

2.2

1.72 × 10−7

6.59 × 10−9

1.8 × 10−4

−7

−9

−4

1.091 × 10−4
1.309 × 10−4

10 (ring)

2.48

1.72 × 10

12 (ring)

2.8

1.72 × 10−7

9.06 × 10−9

1.8 × 10−4

1.72 × 10

−7

1.15 × 10

−8

−4

−7

1.75 × 10

−8

15 (ring)

3.49

7.41 × 10

1.8 × 10

−4

1.8 × 10
1.8 × 10

1.6364 × 10−4
2.182 × 10−4

20 (ring)

1.73

1.69 × 10

30 (ring)

6.78

1.72 × 10−7

2.39 × 10−8

1.8 × 10−4

2.373 × 10−4

50 (ring)

11.1

1.72 × 10

−7

−8

−4

5.455 × 10−4

200 (planar)

77.4

1.65 × 10−7

4.04 × 10

9.21 × 10−10

2.02 × 10

−4

1.8 × 10

2.02 × 10−4

−
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through equation [31]:
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where D is the mean diameter of the ring coil; d is the wire’s diameter;
the parasitic capacitances (Cgi — ground capacitance and Cti — turn
to turn coil capacitance, i = 1, 2) were calculated through equations
of [15]; the mutual inductances on planar coil M were calculated
through equation [32]:
q
1
(2)
M = µ0 (a + b)2 + z 2 ((2 − m) K (m) − 2E (m))
2
4ab
(3)
m =
(a + b)2 + z 2
where a and b are the coils’ radii; z is its distance; K(m) and E(m) are
complete elliptical integrals of first and second kinds [33], respectively.
Also, the measurement of the capacitance inter two coils (planar
vs ring) presents the value of Cpr = 3.1 × 10−11 F.
The equipments used in these experiments were a digital storage
oscilloscope Agilent Technologies DSO3202A with passive probe
N2862A (input resistance = 10 MΩ and input capacitance ' 12 pF), a
function generator Rigol DG2021A and a digital multimeter Agilent
Technologies U1252A.
Figure 1 shows the basic structure of the system in analysis (planar
coil inner ring coil), where the experiments were realized. In these
experiments, the square wave excites planar coil considering ground
as the edge of the disc, and positive voltage as the wire in center,
to observe the phenomena that will be described. Otherwise, output
signals are different, similar to the situation that will be described at
the end of Section 4.
The initial experiments were realized with an excitation of the
primary (planar coil) based on a square wave of 5 Vpp (2.5 Vmax ), with
frequencies ranging from 1 kHz and 300 kHz, observing the responses
of the secondary open circuit (ring coil).
The experimental data obtained in this configuration, a priori,
were sufficient to determine several effects not common, which are
described in the next sections.
3. EXPERIMENTS AND INFORMATION’S
EXTRACTION
Considering the described system, when exciting by low frequency
square wave (in planar coil), the ring coil generates an output response
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similar to step voltage, showing the same response.
To understand the phenomenon in these experiments, we initially
consider the secondary coil as a ring coil with 10 turns, and the planar
coil excited with a signal voltage based on square wave of frequency
f = 1 kHz. In this case, the signal response of the ring coil presents as
Faraday’s law:
dΦ
(4)
emf = −
dt
that we can observe in Fig. 2, where input signal is shown in upper
graph (effect of RL circuit excited by a square wave), and lower graph
is the signal response of the ring coil. In this case, the response signal
in ring coil has positive signal on input planar coil, because the passive

Figure 1. Air core transformer with planar coil of 200 turns as primary
and ring coil as secondary.

Figure 2. Input in primary planar coil with f = 1 kHz square
wave and output according to
Faraday’s law: inverted connection of ring coil to oscilloscope to
warranty same relation with input.

Figure 3. Time expansion in
oscilloscope to 500.0 ns/div and
information’s extraction from the
output signal response.
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probe was inverted for the convenience of analyzing the system.
However, extending the viewing time of the signal in oscilloscope
for 500.0 ns/div (that is shown in Fig. 3), we note that the output signal
shows a variation of a double sine wave, with lower frequency (f10< )
modulating at higher frequency (f10> ), where the index 10 refers to the
number of turns of the used ring coil. Removing the values of these
frequencies for the case of this first experiment, we find approximately
the values of:
f10> = 8.3333 MHz
f10< = 714.285 kHz
from the periods found in this graph. In this case, we find that the
system has a response to the input step voltage, extracted from graphic
of the Fig. 3, approximately given by:
h
i
6
V0 = − sin (52, 359, 668.12t) sin (4, 487, 985.92t) e−3.4×10 t + 0.35
e−1.25×10

5t

(5)

Noting in the same Fig. 3, we see that in the input signal, minimal
variations are found. Using Faraday’s law on Equation (4), we find that
the variable magnetic flux is given by:
Z
Φ (t) = − emf dt
6

Φ (t) = −7.649 × 10−10 cos (47, 871, 682.2t) e−3.525×10 t +
6

+1.04 × 10−8 sin (47, 871, 682.2t) e−3.525×10 t +
6

+5.43 × 10−10 cos (56, 847, 654.04t) e−3.525×10 t −
6

−8.76 × 10−9 sin (56, 847, 654.04t) e−3.525×10 t +
5t

−2.8 × 10−6 e−1.25×10

(6)

which is caused by the current in the planar coil when excited by
step voltage (rise effect of the square wave voltage), which is almost
imperceptible in the upper graph of Fig. 3.
Considering the other ring coils, we find the graphs in Fig. 4.
For these graphs, we can see that the frequencies are
approximately:
f2>
f2<
f5>
f5<

=
=
=
=

35.714 MHz
5.0 MHz
16.667 MHz
2.976 MHz
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 4. Response of the ring coil to: (a) 2 turns; (b) 5 turns; (c) 7
turns; (d) 9 turns; (e) 12 turns; (f) 15 turns; (g) 20 turns; (h) 30 turns
and (i) 50 turns.
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f7>
f7<
f9>
f9<
f12>
f15>
f20>
f30>
f50>

=
=
=
=
=
=
=
=
=
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14.70588 MHz
2.27273 MHz
9.259 MHz
961.539 kHz
7.692 MHz
7.143 MHz
4.545 MHz
2.778 MHz
1.389 MHz

We observe in these graphs, which in ring coils with few turns, the
frequencies increases considerably. When increasing the turn number,
frequencies decreases, until the effect of modulation becomes nonvisible. This effect is visible from ring coil with 12 turns, where the
lower frequency, which modulates the higher frequency, reduces its
amplitude considerably, presenting as AM-DSB modulation, but with
a frequency which cannot be extracted from the graph. Over 15 turns,
lower frequency is imperceptible, which is visible only at exponential
variation over higher frequency.
All graphs in Fig. 4 are repeated until square wave frequency
f = 300 kHz, when other effects appear, which are analyzed and will
be discussed in another paper.
As the induced emf shows these variations, we observe that the
current in planar coil (primary) that generates the variable magnetic
flux has the same variation, being more or less, according to the
turn number in ring coil (secondary). According to [15–17], parasitic
capacitances are found in coils, such that both the primary and
secondary circuits present as RLC circuits response to step voltage.
Also, because the frequency response of the secondary circuit is much
higher than the exciting frequency voltage in primary planar coil, no
variation in system’s response is verified, which remains as a response
to an input step voltage of 2.5 V peak.
4. OBSERVATIONS ABOUT EXPERIMENTS
Looking for flux in Equation (3), which is generated by circulating
current in the primary circuit in response to input step voltage, we see
that the system presents a characteristic of weak damping RLC circuit,
which is almost imperceptible in the oscilloscope. This property of the
planar coil can be analyzed in relation to parasitic capacitances [15–17],
so that the circuit can made as shown in Fig. 5, where M is the mutual
inductance, Li the self inductance of the coils, ri their resistances, Cgi
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the parasitic capacitances in relation to a ground, and Cci turn to turn
parasitic capacitances (i = 1, 2), vi the input signal and v0 the output
signal.
Because of the values of parasitic capacitance, inductance and
resistance of the coil, the circuit responds to the input step voltage
as a weak damping RLC circuit.
Furthermore, the effect of
capacitances between planar and ring coils, mutual inductance,
parasitic capacitances and the self inductance of the ring coil, the
double frequency (modulated frequency) found in the response of the
variable flux is observed, which creates the effect of induced emf.
We can see that such effects are highly visible as response of ring
coils with small turn number, where we see the best visibility of these
effects in 10 turns ring coil.
The observed frequencies in graphs of Fig. 2, Fig. 3 and Fig. 4
define the graph of Fig. 6, which is formalized as function of the turn
number of the ring coil.

Figure 5. Equivalent circuit of the system, considering coils’
resistance and parasitic capacitances.

(a)

Figure 6. Graphic: (a) n vs fn> ; (b) n vs fn< .

(b)
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In these graphs we find that the frequency fn> decreases quickly
with the turn number n, where we see that this frequency is inversely
proportional to the turn number, which relates directly to the inverse
proportionality of the parasitic capacitances, the self inductance and
mutual inductance:
7.1428 × 107
fn> '
(7)
n
This approach is shown in Fig. 7, where the errors are significant,
but it is due partly from diameter of copper wire used, which we can
see in the previous section. In the case of frequency fn< , the relation
is almost linear, as seen in Fig. 6(b).

Figure 7. Comparative Graphic n vs fn> and graph function fn> '
7.1428×107
.
n

(a)

(b)

Figure 8. Graphic: (a) ring coil parasitic capacitance vs fn> ; (b) ring
coil parasitic capacitance vs fn< .
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(a)

(b)

(c)

(d)

Figure 9. Graphics: (a) fn> vs ring coil inductance; (b) fn< vs ring
coil inductance; (c) fn> vs ring coil resistance; (d) fn< vs ring coil
resistance.
Similarly, considering the calculation of the parasitic capacitances
according to Table 1, we find the graphs shown in Fig. 8, showing
similarities with the graphs of Fig. 6.
Verifying graphs of frequencies vs inductances and frequencies
vs resistances of the ring coils, we observe some discontinuities since
used wires which construct these coils varied in some cases, presenting
different diameters, which is observed at specific points of graphics
shown in Fig. 9. We can observe that these graphs have a similarity
with graphs in Fig. 6, although the visible errors are large on points
where diameter of copper wire is 2.02 × 10−4 m.
Also, there are two exponential terms in the ring coil response,
whose values should be the response to the exponential drop in
predominant primary circuit RL (α = 1.25 × 105 ) and exponential
drop specific of the sinusoidal variations when considering the parasitic
capacitance (α = 3.525 × 106 ).
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)
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Figure 10. Responses of the inverted system (ring coil vs planar coil):
(a) Ring coil with 2 turns; (b) Ring coil with 5 turns; (c) Ring coil with
7 turns; (d) Ring coil with 9 turns; (e) Ring coil with 10 turns; (f) Ring
coil with 12 turns; (g) Ring coil with 15 turns; (h) Ring coil with 20
turns; (i) Ring coil with 30 turns and (j) Ring coil with 50 turns.
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However, when the system is reversed, i.e., the planar coil is
defined as the secondary, and ring coil is excited as the primary. The
response of the system for any number of turns in the ring coil is always
similar to the graphs of Fig. 4 (for the turn number greater than 12
turns). A priori, we observe in this case that for an input square wave,
the response of the ring coil has some variations, but the planar coil
maintains an oscillation with exponential decrease, independent of the
turn number in the ring coil. These cases are shown in Fig. 10.
In this inversion between the primary and the secondary we note
that the increase of the number of turns generates a reduction in
observed variation in primary coil (ring) as well a different effect in
secondary response (planar coil), that is a elimination of the symmetry,
which is due to increased inductance and the parasitic capacitance of
the circuit connected as a whole (effect of inversion of capacitances
and inductances in the circuit of Fig. 5 causes changes in its transfer
function). However, these effects are not similar to the initial problem,
only for the case of Fig. 10(j), which is very similar to Fig. 4(i), which
states that for larger turn number in the ring coil (approaching to
turn number of the planar coil), response to an input step voltage
is the same as for any configuration. In this case, we see that these
effects are due to the transfer function of the system, where we find
that the double sine wave is seen only when the turn number ratio
of the coils (planar coil vs ring coil) is between 15 and 25. When
this relationship is not satisfied, the effect of the inductance and
parasitic capacitances changes values in the terms of transfer function,
eliminating this phenomenon of the double sine wave, what has been
observed in other experiments realized with different turn numbers in
planar coil.
5. CONCLUSION
This paper presents initial results of an experimental work, whose
aim is to analyze phenomena generated by parasitic capacitance in
coupled circuits formalized by a planar coil as the primary and a ring
coil as the secondary. These phenomena present as not common by
some numbers of turns in ring coil, when the primary (planar coil) is
excited by a square wave of frequency between 1 kHz and 300 kHz,
which is similar to the effect generated by an input step voltage.
Observed phenomena show the existence of parasitic capacitances,
but present a specific characteristic when number of turns of the
secondary ring coil is reduced, having a specific pattern when the
number is 9 and 10 turns, whose effect is quite noticeable. We can
observe that this phenomenon occurs only when the input signal
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is inserted in the center wire of the planar coil, with the ground
as its edge. The found frequencies, when the number of turns is
reduced, determine feasibility analysis of these effects over wires near
inductances in circuits excited by square waves (as power electronics or
computer systems) in electromagnetic interference analysis. Moreover,
we observe that some specific phenomena are not observed when
the circuit is inverted (planar coil as secondary and ring coil as
primary), where the response does not show the frequency fn< that
modulates the frequency fn> and the double exponential. However,
another effect is presented, which is the elimination of symmetry of
the response sine wave that is observed in ring coils with few turns,
with the increased turn number in the ring coil. Also we note that
the effect appears similar situation described in the first and second
situations described above, when the turn number in the ring coil is
approaching the turn number of the planar coil. We observe that
main effect defined as double sine wave is verified only when the turn
ratio of the coils is between 15 and 25, where the inductances and
parasitic capacitances define values in transfer function that causes
this phenomenon. Otherwise, the double sine wave is unverified, that
is the same effect of inversion of the transformer; in this case, the values
of inductances and parasitic capacitances change the transfer function,
causing the same effect between Fig. 4 and Fig. 10 (the ratio between
the turn number of coils is inverted).
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