CHAPTER 3: TwoO ColIL DESIGN

As shown in Chapter 2, the resistance of a single coil transducer increases while the
inductance decreases as the dimensions of the coil are scaled down. This means that
the coil has to be operated at higher frequencies for wL » R. Also, if used in the self-
excited oscillator configuration, the high resistance causes the peak of the magnitude
of impedance of the tank circuit versus frequency plot to decrease in amplitude and
spread out making frequency measurement difficult. In order to get around this prob-

lem, atwo coil planar transformer was investigated.

3.1.0 Measurements

Three two-coil transformer designs were investigated. The mask designs are shown in
Fig. (3-1). All the coils had a line width of approximately 0.03 cm. The separation
between adjacent lines (of two separate coils) was approximately 0.03 cm. The coils
were fabricated on a copper PCB with a metal thickness of 17 um. Large pads were
chosen so as to minimize the effect of the contacts on the measurands. For the spira
coils, a copper wire was soldered from the center to the corresponding pad to complete

the circuit.
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a) Zigzag Caoil b) Finger Coil

g

c) Spira Cail

Fig. (3-1): Two-coil mask designs.
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The test set-up to measure the gain and phase of the two-coil transformersis shown in
Fig. (3-2). In the test set-up an oscillator output is applied to the primary of the two-
coil planar transformer and the HP 4194A Gain/Phase Analyzer measures the gain and
phase at the output (across the secondary coil) as the metal plate is brought closer to

the transformer. Glass coverdlips (thickness [10.015cm) and a glass dide

(thickness [10.125 cm) were inserted between the coils and a metal plate to simulate
the effects of different gaps. The gain and phase at the output was measured for fre-
guencies from 10 kHz to 40 MHz. As a compensation, the oscillator output was con-

nected directly to the gain/phase analyzer.

[primary coil] | secondary coil|

HP 4194 HP 4194
Oscillator Gain/Phase
Output Anayzer
A
gap
Y
S
Meta Plate

Fig. (3-2): Test set-up for measuring gain and phase of the voltage acrossthe
primary coil versustheoutput voltage acrossthe secondary coil for different gaps
between the coilsand the plate.

Shown in Fig. (3-3), Fig. (3-4), Fig. (3-5) and Fig. (3-6) are the measured gain and

phase plots. The solid lines ( ) inal graphs correspond to the gain and phase

of the two-coil planar transformer with no metal plate (or theoretically, the metal plate
at infinity). The dotted lines ( «-----.- ) correspond to the case where the distance
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between the meta plate and the coils is approximately 0.125 cm. The dashed lines
( —— ) correspond to the case where the distance between the coils and the

metal plate is approximately 0.015 cm.

Since the finger coils are not symmetrical, Fig. (3-4) corresponds to the case where the
zigzag part of the finger coilsisthe primary coil and the digitate part of the finger coils
is the secondary and Fig. (3-5) corresponds to the case where the digitate part of the
finger coilsisthe primary and the zigzag part is the secondary. As can be seen from the

plots, the two cases show avery similar response.
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Fig. (3-3): Gain and phase measurementsfor the zigzag coil.
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Finger (1)

Finger (1)

Fig. (3-4): Gain and phase measurement for the finger coil (1).
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Finger (2)

Finger (2)

Fig. (3-5): Gain and phase measurement for finger coil (2).
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Fig. (3-6): Gain and phase measurement for spiral coil.
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In all the cases the gain increases as the frequency increases. The gain for the spiral
coil isthe highest out of all the cails. It can also be seen from the graphs that thereisa

decrease in gain asthe plate is brought closer to the coils.

In all the plots, the phase difference is approximately -90° for low frequencies with the
plate at infinity. At higher frequencies, the phase difference increases in magnitude.
This trend is more noticeable for the zigzag and the spiral coils. The more important
feature of the phase plot is the dip produced in the plot as the plate is brought closer.
This dip increases as the distance between the coils and the plate decreases. The dip
occurs at approximately 100 kHz. This is approximately the same frequency at which
the inductance of the single coil of same dimensions starts to change (spiral coil Fig.
(2-7)). However measurements need to be performed at frequencies higher than 1
MHz for the greatest sensitivity in the case of a single coil. This means that the two-
coil planar transformer type of transducer can be operated at lower frequenciesto mea-

sure the same distances.

The spira coil transducer was chosen as the best design since the change in phase as
the distance between the plate and the coils changes, seems to be more linear than in
the case of the fingers coils and the zigzag coils. The change in phase is also the largest
for the spiral coilsfor agiven distance between the plate and the coil. Also the gain for

the spiral coilsis the highest when compared to the other cails.

3.2.0 PSpice” Model

The spiral coil was chosen as the design to simulate since it gave the best resultsin the

measurements. Shown in Fig. (3-7) is the PSpice” model used to simulate the situation

of aplanar transformer with the metal plate.
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Fig. (3-7): PSpiceD model for atwo-coil planar transformer with the metal plate.

From Fig. (3-7), L primary ad Ryrimary are the inductance and resistance of the primary
COil. L secondary @Nd Rsecondary are the inductance and resistance of the secondary coil.
Due to the symmetry of the spiral Coils, L pyimary = Lsecondary @d Rprimary = Rsecondary-
Lpiate @d Ry are the effective inductance and resistance of the metal plate. The
Rolate term includes the resistance of the plate and the discontinuity. Lgpny and Rgyp.
ply &e the inductance and resistance of the driving circuit (which in this case was the
HP4194A Gain/Phase Analyzer). Z,,oq is the load of the detection circuit (which in
this case was the HP4194 Gain/Phase Analyzer again). M, is the mutual inductance
between the two coils of the planar transformer. M, is the mutual inductance between

the coils and the metal plate. Due to symmetry, the mutual inductance between the pri-
mary and the plate is equal to the mutual inductance between the secondary and the

plate.

L L secondary: Rprimarys Reecondary: M1 @nd M can be calculated using the theo-

primary:
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ries discussed in Chapter 2. Also, as shown previously, Lpjqe = Mp. Note that this

means the inductance of the plate changes as the plate moves closer or further away

from the coils. The only quantity which is yet to be determined is Ry ze-

321 Calculation of Rpjate

Shown in Fig. (3-8) is a model developed by Tuncer and Neikirk [1] to predict the
behavior of a conductor over a ground plane. The paper shows that using this model,
guasi-static analysis can predict the behavior of a transmission line with excellent
agreement between the full-wave and static models over a wide range of frequencies
and dimensions. By assuming a linearly spreading field with ‘h’, which is the gap
between the conductor and the ground plane, the total impedance per unit length
obtained using the quasi-static analysis was fitted to that obtained using the full-wave
calculation. For awidth of (w+6h) in the ground plane, the inductance calculated using
the quasi-static model matched the full wave calculation very closely (within 3%) over

awide range of h/w (height-width ratio range).
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Fig. (3-8): The“w+6h" model developed by Tuncer and Neikirk, used to calculate
Rplate:
plate

This model replaces the conductor over the “ground plane” with a conductor over
another conductor whose width is equal to (w+6h). The mutual inductance between
the conductor ‘1’ and the ground plane is equal to the mutual inductance between the
conductor ‘1" and conductor ‘2'. Using this model, we can calculate Ry 4e Using the
width of (w+6h) as the width of the conductor as seen in the plate. As can be seen, the
resistance of the plate changes as the plate is brought closer or further away from the
conductor (coil). This phenomena aso explains the change in inductance of the plate

as the plate moves closer to or further away from the conductor (coil).



3.2.2 PSpice” Simulation

.PARAM ind =7
.PARAM res= ?
Vsupply 1 0AC 1Volt

hhkhkkkhkhhhkhhhkhhhhhhdhhdhhdhhddhhdhdhdhdddddhddhrddxhdrrdxrk

*Thisis represents the effective internal impedance of the HP4194  *
KKK AR A A AR A AR A A A A Ak Ak Ak Ak hkhkhkkhkkkkhkhkhkkhkhkhkkhkhkhkkhkhkhkhhhdx
Rsupply 1 2a 500hms

Lsupply 2a 2 65nH

hhkhkkkkhkhkkhhhkhhhhhhdhhdhhdrhdxhdhrx

*This represents the transformer primary  *
ER R RS RS SR SRR RS SRR SRR S SRR LR
Rprimary 2 3 0.250hms

Lprimary 3 0 88.46nH

hhkhkkkhkhkhkhhhkhhhhdhhhhhhhdhhdhddhhdhrdxhdx

*The following components are needed since PSpice *
*cannot evaluate the circuit with the floating plate  *
EEEE SRR S SRR S SR RS S SRR SRR RS EEEEEEEEEEEEEEE TS
Ccouplingl 3 6 3pF

Rcouplingl 3 6 100Gohms

khkkkkkkkhkkkhkkkhkkhkhkkkhkkx

*This represents the Plate*
kkkkkkkkkkkkkkkkkkkk%x
Lplate 8 6 {ind}
Rplate 6 8 {res}

Ccoupling2 8 4 3pF
Rcoupling2 8 4 100Gohms

khkkkkhkkkhkkhkhhkhhhkhhdhhhkdhhdhhdhxidxx

*This represents the transformer secondary*
Kkhkhkkhkkhkhkkhkhkhkhhkhkhhkkhhkhkhhkhkhkhkkhhkhkhhkkhkhkhkhx*x
Lsecond 0 4 88.46nH

Rsecond 4 5 0.250hms

khkhkkkhkhkkhhkhhhkhhhkhhhhhhdhhdhhdhddhrdhxdhxhixx

*This s represents the effective load of the HP4194 *
khkhkkkhkkkhkkkhkhkkhhkhkhkhhkhkhhhkhhrhhkhhkrdhrhhkkx
Lload 5 5a 65nH

Rload 5a 0 500hms

Fig. (3-9): PSpiceD Simulation Program
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*kkk*k

*hAl*

*kkkk

Kmutual 1 Lprimary Lsecond 0.6715

*hﬂzf
Kmutual2 Lprimary Lplate { sgrt({ind}/88.46nH)}
Kmutual3 Lsecond Lplate { sgrt({ind} /88.46nH)}

.AC DEC 20 10KHz 40MegaHz
.Probe V(5)

Print ACVm(5) Vp(5)

.END

Fig. (3-9): PSpice™ Simulation Program
The values given in the above program have been calculated using theories devel oped
in Chapter 2. The only variables which can be used to match the experimental curves
are the coupling factor (between the transformer and the plate) and Ryjqe From
M,
PSpice”, the coupling factor [2] is equal to . However since M, =
primarprIate

L piater the equation is reduced to,

L
cf = |—pae Eq. (3-1)
I‘primary

where ‘cf’ is the coupling factor. Note that for Kmutual2 and Kmutual 3, the coupling

factors are equal since L primary = Lsecondary:

323 Effect of variationsin Ryimary (Rsecondary)

An important simulation using the PSpice™ model is the variation in Rorimary (and

Rsecondary)- Due to symmetry, they are equal. This simulation is particularly important
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since as the coils are scaled down, the resistance of the coils increases dramatically
while the inductance can be maintained at a few hundred nanohenries by increasing
the number of turnsin the coils and decreasing the spacing between segments. Shown
inFig. (3-10), are the results of the for the variation in Ryyimary (8Nd Reecondary) (= 0.01
Q =010Q 010 10Q,x 100 Q,> 1000 Qwith Ryze qual t0 0.25 Q and Ly e

equal to 45 nH.
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Fig. (3-10): Phase and gain plotsfor variation in Rprimary (and Rsecondary).
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It can be seen that as the resistance increases the high frequency response of the circuit
changes dramatically. More important however is the fact that the dip region of the
phase plot remains unaffected for six orders of magnitude change in the resistance.

However thisis not without penalty. The gain decreases as the resistance increases.

324 Effect of variationsin L pate and Rpate

In the PSpice”model shown in Fig. (3-7), L primary: Rorimary: Lsecondary @0 Reecondary
can be calculated using models developed in Chapter 2. However, the coupling factor
and Ry ze can be used as fitting parameters in order to match the plots obtained using
PSpice” to the experimental results. Since M, = L piate the coupling factor is a func-

tion of L e ONly, as shown in Eg. (3-1).

Shown in Fig. (3-11) is the PSpice” simulation for variation in L piate- The value of
Rolate 1S 0.05 Q. L4 Varies from 20 nH to 50 nH in steps of 10 nH (= 20 nH, = 30
nH, ¢ 40 nH, ¢ 50 nH).
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Fig. (3-11): Phase and gain plots (using PSpice™) for a variation in Lplate.
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As can be seen from the plots, an increase in L 4 Causes the dip in the phase plot to
increase as the coupling factor is dependant on L, 4. In the gain plot, the effect of the
change in L4 IS to cause a deviation at the frequency at which the dip in the phase

plot occurs. This deviation increases as the value of L 4 increases.

Shown in Fig. (3-12) is the PSpiceD simulation for variation in Ry 4e. The value of
L plate IS €qual to 45 nH. The Ry 4¢ is made to vary from 0.01 Q to 0.04 Q in steps of
0.01Q (= 0.01Q,=0.02Q,¢0.03Q, ¢ 0.04Q).
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Fig. (3-12): Phase and gain plots (using PSpice”) for avariation in Rplate
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As can be seen from the plots, a change in Ry 4 causes the dip in the phase plot to
change in position. As Ry 4 increases, the dip in the phase plot moves towards higher
frequencies. Note that the actual value of the phase at the dip for all the values of Ry qe
isthe same. In the gain plot, a change in the Ry, 4 causes the position of the deviation

to change.

Thus from Fig. (3-11) and Fig. (3-12), we can adjust L ¢ and Ry 4e to determine the
values needed to fit the experimental curves (L4 causes the dip to change in the y

axis and Ry ze Causes the dip to move in the x axis).

3.25 Simulation results

The following values for L yimary, Rorimary @d M1 were computed using the theories
developed in Chapter 2. L yimary @d Ryrimary Can also be experimentally determined

by measuring the inductance and resistance of the primary coil using the HP 4194

Impedance/Gain-Phase Analyzer with the secondary open as shown in Fig. (3-13).
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Rorimary = Rsecondary = 0-25 Q
L primary = L secondary = 88 NH

M, =59 nH (coupling factor = M 29 =0.67)

oL, J(E®)

Using the above computed values in the PSpice” model, the following values of L piate

and Ry ze Were obtained by matching the PSpi ce” plots with the experimental graphs.

Gap(cm) | Lpae(MH) | Rpae(Q)
0.015 44.9 0.0337
0.030 395 0.0288
0.060 313 0.0226
0.090 25.4 0.0177
0.120 21.0 0.0146

Fig. (3-14): PSPice" valuesto match the experimental graphs

L piate Was also determined by calculating M, (the mutual inductance between the plate
and the coil) since L qe = M. Ryj4e Was aso calcul ated using the theories developed

by Tuncer and Neikirk.

Shown in Fig. (3-15) is the comparison between the values for Lyjqe and Ryjze

obtained using the PSpice™ model and those obtained using calculations.
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Fig. (3-15): PSpice” vs. calculated values for L plate @nd Rpjate

It can be seen that the calculated inductance matches values obtained from the
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PSpice” model very well. The calculated resistance however deviates from the

PSpice” model resistance, for small gaps.

Thus as the coils are scaled, we can calcul ate the various component values needed for
the circuit model using theories developed in Chapter 2 (for L primary: Lsecondary: Ropri-
mary: Rsecondary @d Lpjge) @nd Chapter 3 (for Ryj4e). These component values can
then be plugged into a PSpice™ program to simulate the performance of an actual two-

coil transformer type transducer for the eddy current sensor.

3.3.0 Circuit

With the model of the transducer for an eddy-current sensor complete, we need to
focus on the sense and driving circuit needed for the two-coil transducer. Since the
phase between the input voltage across the primary coil and the output voltage across
the secondary coil changes with gap between coils and plate, we need to design a
phase detection circuit. Shown in Fig. (3-16) is the block diagram of the phase detec-
tion circuit [3]. The primary of the planar transformer is excited using an oscillator.
This oscillator also provides areference signal to the phase detector circuit. The output
across the secondary coil is amplified and provided as the other input to the phase
detection circuit. The phase detection circuit measures the phase difference between

the reference signal and the output signal.

As can be seen from phase measurements for the spiral coil (Fig. (3-6)) the operating
range of the frequency is very narrow. Thus ideally an oscillator that produces a rela-
tively clean sine wave is needed [4]. Since sine wave oscillators are difficult to build
monolithically, the oscillator can be built off-chip and the signal to the primary could
be provided through lead wires. The phase shift provided by the lead wires would be

nulled since the same signal is provided to the primary and the phase detector. The
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phase detector, however, would be needed to be built close to the secondary output
(monoalithically with the transducer) so as to eliminate any phase shift that would be

produced if lead wires were attached to the secondary.

Reference Signal Phase
> Adjust

Planar Transformer

Oscillator Amplifier Phase
—> —> > Detector
o o

Display

Fig. (3-16): Block diagram for phase detection circuit
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3.4.0 Potential Applications

3.4.1 An Electromagnetic Accelerometer

An electromagnetic accelerometer using a single coil has already been demonstrated
[6]. The same accelerometer can be fabricated using the two-coil design. Fig. (3-17)
shows a schematic diagram of the accelerometer. The plate is placed on a seismic mass
(or proof mass) which is fabricated at the end of a cantilever beam. The coils are
placed under the plate on the substrate below. The seismic mass causes the cantilever
to bend under the force produced due to acceleration. This moves the plate closer or
further away from the coils. Again, the change in phase between the input across the
primary and the output across the secondary with change in gap can be used as a mea-

sure of the acceleration.

Plate

Fig. (3-17): An accelerometer

3.4.2 An Electromagnetic Bearing Wear Sensor

An ultrasonic bearing wear sensor has been demonstrated by J. C. Chan [5]. A version
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which uses the two-coil designisshownin Fig. (3-18). The metal plate, in this case, is
placed at fixed distance from the planar coils. As the bearing rotates, the friction
between the outer sleeve and the bearing causes bearing wear. Since the metal plateis
incorporated into the outer sleeve, it too wears out (becomes thinner) due to the fric-
tion between the rotating bearing and itself. This causes the resistance of the plate to
increase. The effect of change in plate resistance on the phase is shown in Fig. (3-12).
Thus by measuring the phase difference at a given frequency the resistance of the plate

can be measured which in turn gives a measure of the wear produced in the bearing.

Cail Outer Sleeve

Rotating Bearing

Di€lectric

AAAXAAAAA
VVVVVVVVV

Fig. (3-18): Bearing wear sensor

3.5.0 Summary

This chapter discusses the different two-coil designs. The gain and phase measure-

ments for the different designs are shown. The spiral coils were judged as the best

design. The PSpice” model for the two-coil planar transformer with the plate is

shown. Calculations for the various component values are discussed. Using the
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PSpice” model the effect of variations in component values is explored. It is seen that
the transducer output (phase) is relatively insensitive to variations in the resistance of
the coils. The phase detection circuit is also discussed. Finally potential applications

for the two-coil planar transformer are shown.
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