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Abstract— Conventional fetal of fetal scalp sampling needs
an invasive method to acquire blood sample to the fetus. In this
paper describes a suggested non-invasive technique employing
magnetic  induction  spectroscopy based on hydrogen
conductivity in pH solution. Four types of transmitter-receiver
(Tx-Rx) coil pairs are developed and test with frequency range
from 2MHz to 10MHz. The phase reading from both reference
channel, and sample channel is taken and the phase change is
calculated from the differences between both channels. The
result shows that the phase is decreased as the pH value of the
solution increase. Circular pair of Tx-Rx shows a good
sensitivity reading while square pair Tx-Rx shows a linearity
result. From the result obtained, it is proved that single channel
magnetic induction spectroscopy can be used as a non-invasive
pH meter as an alternative to invasive pH meter.

Index Terms— Fetal Scalp Sampling; Magnetic Induction
Spectroscopy; Receiver; Transmitter.

. INTRODUCTION

pH is a degree of acidity or alkalinity of the solution. This
pH value is limited by the value of hydrogen or hydroxyl
ions presents. Acid solution consists of higher relative
number hydrogen ions, while alkaline or basic solution
consists of higher relative number of hydroxyl ions [1], [2].
The retention of the hydrogen and hydroxyl can vary over
15 orders of magnitude in water. Henderson-Hasselbalch
equation is used to describe the derivation of pH as a
quantity of acid. This derivation is applicable in biological
and chemical system which employing pKa, the negative log
of the acid dissociation constant. Besides that, the equation
is also beneficial for estimating the pH of buffer solution
and getting the equilibrium pH in acid-base reaction. In
blood pH, the Henderson—Hasselbalch equation can be used
to relate the pH of blood to constituents of the bicarbonate
buffering system [3]. The normal value of the pH is slightly
basic which 7.25 [4]. This value is often brought up to as
physiological pH in biology and medicine.

A.Fetal Scalp Sampling

Fetal hypoxia or intrauterine hypoxia is the condition
occurs where the fetus is deprived an insufficient oxygen
[5]. Fetal scalp blood sampling is one of the techniques that
used to detect this fetal hypoxia. This procedure performed
when is in active labor to determine whether the baby is
getting enough oxygen [6]. The purposes of this testing are

to prevent unnecessary intervention by investigation of pH
and lactate values of fetal blood when there is suspicion of
fetal compromises. Fetal scalp testing is a common test used
before the mother giving birth to determine the oxygen level
of the baby through blood pH. This test is important because
it will determine whether the fetal is ready to be delivered as
well as to find the most suitable technique to deliver the
baby, either normal birth or caesarean [7], [8]. Conventional
technique for this test requires the doctor to slice the fetal
scalp a bit using forceps and draw the blood from there [4].
The blood then taken to the lab for analysis, which
consuming times [9]. This method may lead to continuing
bleeding in fetal scalp and swollen, which is very dangerous
to the fetal, besides arise trauma to the mother. Besides that,
the analysis of pH requires a relatively large amount of
blood (30-50 pl), and sampling failure rates of 11-20% have
been reported [10]. Thus, non-invasive technique is
proposed as an alternative to this fetal conventional method.

B.Magnetic Induction Spectroscopy

For the non-invasive technique, single magnetic induction
setup (MIS) is suggested as the best way to detect low
conductivity of biological tissues. This is because MIS is
sensitive to all biological tissue properties (conductivity,
permittivity, permeability), however, conductivity is always
considered as it is the dominant compared to other
properties [11], [12]. This single channel spectroscopy
consists of one transmitter and one receiver. The AC signal
is supply to the transmitter and generate primary field. After
the fields penetrate into the object with conductivity, eddy
current will induced. These eddy current depends on object
dielectric which in this case, conductivity. The object will
produce secondary field, which weakens the original
primary field, due to Lenz’ Law [13]. This secondary field
will receive by the receiver [14]. The eddy current produced
because of the Faraday’s Law of Induction, where time-
varying magnetic field, H induces an electrical field E.

Study of electromagnetic field will involve with
Maxwell’s equation. The Maxwell’s equation is:

VV XE = —jwB Q)
VX H = (0 + jwe)E 2
V:-D=p 3
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V-B=0 (4)

From that equation, when electromagnetic is penetrating a
sample, induced eddy current are created by the material
itself. This occurs because of electrical properties of the
sample is passive [15]. We can use Biot-Savart law to
calculate the strength of the magnetic field from any areas in
the ROl when induced eddy current are created. The
equation of Bio-Savart law is:

Jdv x p

B= = F 5
Ho v 47_[p3 ()

Based on the equation above, we should know that the
magnitude of the field strength of magnetic, B is relies on
the volume and also the area covered by the field dV [16].
The formula below show how frequency depends on the
field is penetrating inside the samples which are:

1 2
d=— f— (6)
W |pugye,tand

Thus equation represent which is d is penetration depth, ®
is frequency, p is permeability, &, is free space
permittivity,&, is relative permittivity and tan o is loss
factor [15]. Thus, this how Maxwell equation is expanding
on the concept of the magnetic field.

Numerous researches concentrate on using different
methods to simulate the interaction between matter and
radiated energy, however the Magnetic Induction
Spectroscopy (MIS) is preferred as it eliminates some
difficulties of fully non- contacting inductive coupling
between the sensor and the sample or in this case biological
tissue [17]. Funk et al [18] found that magnetic field can
penetrate cells more deeply than electric field, as the cell
membranes high dielectric property has a shielding effect. It
also can influence chemical and biochemical reactions
because human body is ‘semitransparent’ to magnetic field
[19]. Hevia — Montiel et al applied MIS Setup to detect
early breast cancer. They suggested that the utilization of
tissue bioimpedance estimations by multiple frequency
magnetic fields as a valuable alternative to detect non-
invasively breast neoplasm and MIS was used to measure
the electrical properties of tissue at different frequencies
[20].

Simulation of multi-frequency induced current was done
by Cesar et al [21]. Their aim was to assess analytically and
experimentally the inductive phase shift as a function of
multi-frequency induced in breast cancer condition. The
magnetic induction method was used to anticipate the
inductive phase shift as a function of the bulk electrical
properties in typical breast volumes with tumors in
particular positions.

C. Phase Shift Measurement

The phase shift or phase angle is the time relationship of
two periodic signals of the same frequency. Phase
measurement is a process of defining the phase deviation
between two periodic signals, the input signal and the
reference signal.

Phase detector is a device that used to detect or measure
the phase difference between two input signals. To measure
the phase in digital technique, the two input signals are

converted into a square form. In fact, there are various phase
measurement methodologies applied in measuring phase
shifts or phase angles in the magnetic induction
spectroscopy system. In magnetic induction setup, these two
field are sensed by a receiving coil, and the phase shift
between the exciting field and the superimposed field is
proportional to the conductor of the object and signal
frequency [22]. The phase shift usually measured by phase
measurement hardware. The most common phase
measurement hardware that uses in magnetic induction is
lock-in amplifier [23]-[25].

Deng et al [26] studies on the phase shift method to
measure the blood perfusion of biological tissues. The dual
reciprocity boundary element method (DRBEM) was
applied to numerically solve the transient and non-linear
two-dimensional bio-heat transfer in biological bodies
subject to a sinusoidal heat flux at the skin surface.

Rojas et al [27] proposed a numerical simulation
technique to detect a phase shift through measurement of
induced electrical currents due to a radio frequency signal of
brain edema. Phase shift shows sensitivity to the presence of
the edema or hemotoma increased with frequency.

The development of non-invasive optical polarimetric
glucose sensing Cotc et al [28]. This prototype utilizes a true
phase measurement technique in order to monitor in vivo
glucose concentration. The helium neon laser light was
applied which coupled through a rotating linear polarizer
along with two stationary linear polarizers and two detectors
to produce reference and signal outputs whose amplitudes
varied sinusoidally with a frequency of twice the angular
velocity of the rotating polarizer, and whose phase was
proportional to the rotation of the linear polarization vector
passing through the glucose solution.

II.  METHODOLOGY

A.Hardware Development

The MIS system is mainly consists of three sub-system
which are the sensor jig, signal conditioning circuit and the
host computer.

Four pairs of transmitter and receiver coil had been
developing. The design includes two types of transmitter
coil and four types of receiver coil had been developed and
had been fabricated on the PCB board. There are two types
of pair which is square coil and circular coil pair. The coil
specification of transmitter was shown in Table 1 while the
coil specification for receiver shown in Table 2.

Table 1
Design specification of transmitter design
: Circular Square
Properties Coil Coil
Outer diameter 5.0cm 5.0cm
Inner diameter 4.0cm 4.0cm
Number of 5 turns 5 turns

turns

The data will transfer to the PIC for preprocessing and
display in the laptop. Visual Basic C# is used to develop the
Graphical User Interface (GUI).
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Table 2
Design specification of receiver design

Properties Circular Circular Square Square
P Pair 1 Coil 2 Coill1  Coil 2
Quter 6.0 cm 6.0 cm 6.0 cm 6.0 cm
diameter
_Inner 5.2¢cm 4.8 cm 5.2cm 4.8 cm
diameter
Number of 8 turns 12 turns 8 turns 12 turns

turns

B.Hardware Setup

The transmitter and receiver coil was placed facing
vertically to each other. Then, the transmitter coil was
connected to the excitation circuit and Channel A from the
frequency source, while the receiver coil was connected to
detection circuit and Channel B from the frequency source.
Typically, the excitation circuit excites the transmitter coil
and the generated primary field. According to the mutual
inductance technique, an eddy current is induced in the
region of interest generate the secondary field. The eddy
current produced was depending on the conductivity of the
object [29]. The field will detect by the receiver coil with
the help of receiver circuit. The range of frequency used is
in MegaHertz (MHz). This frequency is choosing to increase
the induced or secondary field. This is because the
biological tissue has a very small conductivity value (¢ < 3
Smt) [22], [30]. The phase detector used in this experiment
is AD8302. This is because AD8302 is a fully integrated RF
IC for measuring differences in phase between two signals
with a resolution of 10 mV/degree [31].

C. Experimental Procedure

pH solution from the range 7.20 — 7.40 was prepared as
the solution of interest. Interest solution is placed on the
sensor jig for 2 minutes. 2 minutes is choosing to give
capacitor in the phase detector some times to charge and
discharge. The phase reading will show in the GUI.

The MIS system needs to be connected to the 5V of
power supply and also power generator. The power
generator was set up to 1V peak-to peak/VPP. The phase
detector will send the phase shift through wireless to the
computer by 2.4 GHz XBee XB24-Z7WIT-004 modules.
The output of the system or the phase shift will be display
on graphical user interfaces (GUI) as a phase shift display.
The GUI will calculate the mean, standard deviation, mode
and median of the output data. The time setting to obtain the
data is set to 120 seconds per data input. Thus each solution
will be measured about 2 minutes; additional 2 minutes will
be measured without solution for reference purpose.

I1l.  RESULT AND DISCUSION

The data collection will consist set of data with 4 pair coil
that had been develop before, the first pair is circular pair of
with 5 turn Tx and 8 turn of Rx coil followed by second
circular pair with 5 turn Tx and 12 Rx coil and then the third
is square pair with 5 turn Tx and 8 turn Rx coil. Last pair is
square pair with 5 turn Tx and 12 turn Rx coil. The 5 sample
of different pH value (7.20, 7.25, 7.30, 7.35, and 7.40) are
tested on every pair coil sensor. Each pair are tested with 5
different frequency of 2MHz, 4MHz, 6MHz, 8MHz and

10MHz which set up in the power generator.

The result obtained was observed and arranged all the
data in the Microsoft Excel according to the 4 pairing coil
with different frequency. The phase change calculated by
the difference between the references of output with the
mean of phase output for every frequency from 2MHz to 10
MHz. Table 3 shows the result of phase change for circular
pair of coil with 5 turns for transmitter and 8 turns for the
receiver. The data in the table show that phase shift value is
negative value which this shows that magnetic field produce
in the receiver is negative. Thus, this due to the secondary
field generated by the receiver coil opposed the direction of
the primary field. The value of phase changes decreases for
every increment of frequency and phase change, decreasing
inversely proportional to the pH value when increase. The
value in Table 3 then plotted in graphical form as shown in
Figure 1.

Table 3
Phase change of 5Tx-8Rx pair

pH Value 2MHz 4MHz 6MHz 8MHz 10MHz
7.20 -0.098 -0.279 -0.410 -0.346 -0.590
7.25 -0.248 -0.160 -0.438 -0.570 -0.858
7.30 -0.193 -0.208 -0.636 -0.853 -1.049
7.35 -0.209 -0.412 -0.894 -1.147 -1.618
7.40 -0.250 -0.571 -0.916 -1.334 -1.619
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Figure 1: Result of phase change for Circular Pair (5Tx-8Rx)

Figure 1 shows that from 6 MHz to 10 MHz, the phase
shift values are gradually decreased against the increment of
pH value. In other hand, at 2 MHz show an increment at pH
value of 7.30 with -0.193 degree of phase shift. n the same
time, at 4 MHz also show some increment at 7.25 and 7.30
pH values with -0.160 and -0.208 degree phase shift. From
the result, frequency of 10 MHz shows a huge different
phase shift between each frequency. In addition, at 8 MHz
show a linearity of decreasing phase shift along the
increment of pH value applied.

Thus, the graph of phase shift against the pH value is
plotter by using MATLAB software for all 4 pair. The
graphs are as shown in the Figure 2-4 for each pair.
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Figure 2: Result of phase change for Circular Pair (5Tx-12Rx)

The Figure 2 shows most of the frequency gives linearity
decrement from 7.20 to 7.35 pH value and at 7.40, pH the
value gently start to increase. At 10 MHz show shows
suddenly drop of value at 7.25 pH value and continue a with
a linearity decrement.
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Figure 3. Result of phase change for square pair (5Tx-8Rx)

From Figure 3, from 2 MHz to 6 MHz show a steadily
dropped and show linearity along the graph dropped.
However, at 8 MHz show some fluctuated decrement of
value from 7.25-7.35 of pH value. Then followed by 10
MHz, which inversely rose along the graph due to when
setting up the power generator for 10 MHz, the phase
reaches a maximum value of 180 degree. Thus the power
generator needs to be set up inversely, which negative
phase. This makes the 10 MHz are differ from other.
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Figure 4. Result of phase change for square pair (5Tx-12Rx)

The Figure 4 point that from 2 MHz to 4 MHz gives a
linear decrement along the graph and at 6 MHz there are
slightly rose at 7.30 pH value. Differ from other frequency
which 8 and 10 MHz give a steeply increment, which stated
in the paragraph before that the power generator need to be
set up a negative value of phase. This pair shows that it is
not suitable to be used in the MIS system due to unstable
increment or decrement of phase shift, although it show a

linearity decrement but the phase difference between pH
values are too small.

From the result, it shows that phase change decreasing as
the value of pH increase. This is because the greater the
conductivity changes, the greater the phase shift generated
[32]. According to A. Kapus et al [33], a positive values
indicate relative internal acidity, thus this stated that the
increasing value of pH will lead to drop down of the
voltage. As back to basic which the concentration of the pH
depends on the hydrogen ion. The more hydrogen ion were
added the less pH value will be and became acidic. The
conductivity is the measure concentration of all active ions
in the solution. Thus to relate the conductivity to the pH
value is based on what is what the major concentration that
are to calculate. The conductivity of the solution can be
inversely proportional to the value of pH when consider the
OH+ as the main major factor to measures.

By taking only 10MHz result for each pair, the phase then
converts into voltage by using formula of:

G —90
0.01 U]

Vout =

Where, the value of V. is the voltage output is calculated
by the subtraction of the phase shift, G with 90 degree of
shift. Then the value will be divided by attenuation of 0.01.
10 MHz is chosen as the best frequency because the whole
system measurement system requires a phase measurement
accuracy least 0.01° when frequency of the exciting signal is
10MHz, [34]. Linear regression for each pair is then plotted
to show the relationship between the voltage and pH value.
The result was plotted by MATLAB and the graphs are
shown in Figure 5-9.
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Figure 5. Linear regression for circular coil pair (5TX-8RxX)

The linear regression are based on the Voltage against the
pH value with 10 MHz are applied to the system. Based on
Figure 5, the developed equation determined as follow:

ypredictgd = _466.8x + 43281 (8)
R* = 0.9194 ©)
Where y is the predicted degree of the phase change, X is

the pH value of the solution and R? is coefficient of
determination.
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Figure 6. Linear regression for circular coil pair (5Tx-12Rx)

Next is the circular pair that consists with 5 turns for
transmitter and 12 turns for receiver. Linear regression
plotted as shown in Figure 6 and the developed equation is
determined as follow:

ypred[cted = —569.8x + 5062.2 (10)

R? =0.9058 (1)

Where vy is the predicted degree of the phase change, x is
the pH value of the solution and R? is coefficient of
determination. The Figure 7 show that linear regression plot
for square pair with 5 turns in transmitter coil and 8 turns in
receiver coil.
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Figure 7. Linear regression for square coil pair (5Tx-8Rx)
The third equation that identified from Figure 7 as follow:

Ypredicted = —524.4% — 2696.6 (12)

R? = 0.9472 (13)

Where y is the predicted degree of the phase change, R? is
the coefficient of determination and x is the pH value of the
solution. In Figure 7, clearly can be seen three values of the
actual value are near to the predicted value, but the other 2
value are much different the distance between the real and
the predicted data.
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Figure 8. Linear regression for square coil pair (5Tx-12Rx)

Last but not least, the linear regression of square pair
(5Tx-12Rx) is plotted as shown in Figure 8 and the equation
is determined as follow:

Ypredictea = —862.4x —5181.3
R? =0.8991

(14)
(15)

Where vy is the predicted degree of the phase change, x is
the pH value of the solution and R? is the coefficient of
determination. In this Figure 9, all data are aligned near to
the predicted value. The two results proved that the linearity
of the square pair 1 and 2 are much more linear than the
round pair. Thus, by determining all the best fit equation for
each of the pairing coil, the relationship between produced
voltages at the receiver over the pH value of the solution of
interest through application of magnetic induction technique
are determined. From this equation, any unknown pH value
of a solution can be predicted based on voltage.

In other hand, from those 4 pairs the Figure show that the
circular shape proved the increasing of pH will lead to
decreasing of the voltage output. Thus, this proves that
voltage is inversely proportional to the pH. Besides that,
both square pairs show an increment of voltage when the pH
value are increasing. This is due to changes in phase
direction which is negative phase in power generator when
using a square pair. The limit for generator is 180 phase, but
square coil pair need a higher degree of phase. Then square
coil pair still acceptable and proved that there are relation
between pH and the voltage. In other hand, the orientation
of the coil is one of the factors that change the phase to
become negative value.

Circular type is chosen as the best transmitter and receiver
coil because it has a higher sensitivity value [35]. As the
result, the graph shows large different bending on each point
of pH value. According to Norhisam Nisron et al [35] result
show that circle coil will give more sensitivity performance
but inversely it will give low linearity.

IV. CONCLUSION

In conclusion, it proves that the MIS setup can be used to
analyses a different hydrogen conductivity of pH solution.
The final result shows the capability of the system to detect
a small and large pH value. So, this system is applicable to
use in detecting the pH value of fetal scalp blood non-
invasively. The potential of this setup to detect smallest
changes in the pH solution makes it an excellent non-
invasive technique to detect blood pH within 7.20-7.40.
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Circular type of transmitter and receiver coil is preferred as
it is more sensitive. The range of frequency must be higher
to increase the capability of eddy current induced. Basically
the system is easy to design and much cheaper compared to
other current image tomography devices. For future works,
the resolution of this MIS setup can be increased to make
the setup more accurate.
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