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Chapter 3 – Sensor Performance Enhancement

3.1  New Sensor Design

The measurement of magnetic fields described in the previous chapter is achieved by

detecting the change in optical path length due to external perturbations. The

magnetostrictive material shapes used for sensors are thin ribbons, strips, and cylinders

made of the thin ribbons.  The optical fibers in those cases are bonded onto a flat ribbon

directly to obtain the optical path length change caused by the measurand.  The sensors

however suffer from the bending of the magnetostrictive ribbon, which implies low

sensitivity, unpredictable operating position and large vibration sensitivity.  Hence the

disadvantages of the existing sensor designs limit the low magnetic field detection.

The disadvantages mentioned above can be avoided by introducing a modified sensor

scheme.  The basic concept of the design is to use a magnetostrictive wire as a

reflector/gage in an EFPI based sensor.  The EFPI-sensor uses a hollow core tube for

alignment of the fiber and the reflector/gage.  The Metglas wire discussed in Chapter 2.

is used for the sensor gage.  The schematic of the new sensor is given in Figure 3.1.

Since both the reference fiber and Metglas wire (sensing material) are inserted into the

thin hollow core tube, the transverse movements of the arms are relatively small

comparing to the longitudinal movements induced by externally applied magnetic

fields.  This design provides an inherent advantage of low sensitivity to bending and

vibration.

                                                    Hollow core

 Silica SMF                                                                       Metglas

Figure 3.1  A modified EFPI based sensor design.
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The Metglas wire has the diameter fluctuations and is also severely bent.  The diameter

of the Metglas wire is 125µ m and that of the glass hollow core is 128 µ m.  Hence the

insertion of the wire into the glass tube is difficult.  In order to insert this wire type

Metglas into a guide tube, the inner diameter of the tube should be larger, which means

that the alignment of reflector/gage and input/output fiber is poor.  The sensitivity of the

sensor would be significantly reduced by small misalignment in this sensor

configuration.  Hence in order to increase sensitivity, the Metglas wire gage should be

straightened first.  Since the coefficient of thermal expansion of the Metglas is much

greater than that of the fiber material, the sensor may thus strongly depend on

temperature.  To obtain sensors with high resolution and low temperature sensitivity,

both wire straightening and temperature compensation would be necessary.

3.2  Sensor Gage Performance Improvement

3.2.1  Transverse Field Annealing

The purposes of transverse field annealing are to relieve the residual stress so that the

severely bent Metglas wire can be straightened and to enhance the magnetostriction of

the sensor gage material.  The field annealing produces relatively straight wire to

prevent the magnetostrictive sensitivity loss due to the friction between the bent wire

and the hollow core tube wall, and increases the low magnetic field sensitivity by

rotating magnetic moments.  A transverse field annealing technique is essential to

induce a large magnetostriction.  Here the annealing and measurand field directions are

orthogonal to each other to generate large magnetostriction in the EFPI sensor.  The

magnetostriction of Metglas wire is largely determined by local domain structures.  The

easy axis at a location in the wire is dominantly influenced by the local stress.  The

macroscopic easy axis orientation is the weighted average value of the local vector

directions.  The field annealing relieves the local stress and produces uniaxial magnetic
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anisotropy.  The change of magnetostriction [3.1] before and after applied field is given

by

                                           λ(θ)=3/2 λs [ cos2θ2 - cos2θ1 ]                (3.1)

where θ1 and θ2 are the angles before and after applied magnetic field respectively and λs

is the saturation magnetostriction.  The magnetostriction is proportional to the

difference of the initial and final angles.  Figure 3.2 and Figure 3.3 conceptually

illustrate the domain structure of a transverse annealed Metglas material before and after

an applied magnetic field, where
*

M  is the domain magnetization per unit volume.

Figure 3.2  Domain structure of transverse annealed material.

Figure 3.3  Domain structure of the material after applying longitudinal field 
*

H .

It is assumed that the direction of the magnetization is transverse to the axis and the

local magnetostrictions are directed along easy axis before applying the longitudinal

M
*

1θ 2θ
M
*

H
*
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magnetic field.  Based on this principle, a field annealing system was designed and

constructed to enhance the performance of the Metglas wire based EFPI sensor system.

The preliminary system fabricated is shown in Figure 3.4.  A resistance wire was used to

heat the ceramic tube which produces the temperature range of 382 ~ 400 oC.  In order to

avoid the generation of the 60 Hz magnetic field from the heating system, a DC power

supply was employed to supply the current to the heating coil.  The annealing

temperature was controlled by a microprocessor-controlled temperature controller.  A

solenoid was made on the 6 cm diameter ceramic tube which is suitable for insulating

the heat from the heating coil.  The flux density generated by this coil was 52-82 G.

  

Figure 3.4  Preliminary field annealing system.
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The annealing was prepared by cutting the Metglas wires into several lengths such as

1.25 cm , 2.54 cm and 3 cm.  The wires were inserted into the hollow core tubes with

inner diameter of 150 µ m.  The inserted wires were relatively straight after the

annealing due to the release of the residual stress, which causes the wire bending.  The

time for applying heat from 22 oC to 382 oC was 10 minutes and the annealing

temperature, 382 oC was sustained about 1 hour, then the system was cooled down to 22
oC for 45 minutes.  The

gradient of the temperature rising and cooling down times was controlled by changing

the DC voltage applied to the resistance coil.  The field annealing curve is given in

Figure 3.5.

Figure 3.5  Annealing temperature curve.

The typical magnetostrictive characteristics after the field annealing for Metglas wire is

given in Figure 3.6.  The magnetostriction of the unannealed Metglas wire was

measured to be about half of that of the Metglas sheet material.  The magnetic field

sensitivity of Metglas wire can be enhanced by increasing the wire length.  The

annealing gives a straight wire which prevents the low magnetic field sensitivity loss

due to friction between the hollow core tube and the sensing material.
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Figure 3.6  DC-magnetic field response of Metglas wire (Fe77.5B15Si7.5).

3.2.2  Enhancement of the Performance of Transverse Field Annealed Metglas

Wire

The increase of applied transverse field further increases the uniaxial magnetic

anisotropy, which improves the materials magnetostriction.  In order to largely rotate

the magnetization in the material, a high annealing field may be required when the

magnetic properties of the material are unknown.  The rotation of magnetization is

easily achieved when the material is heated up to the Curie temperature with the
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simultaneous application of a transverse magnetic field.  A slightly increased transverse

magnetic field was applied to the materials by using a ceramic foam insulating block

upon the heating element.  This insulating block allows the decrease in the air gap

between the two transverse field annealing air core solenoids.  The generated transverse

field was 82 Oe which is 30 Oe greater than that of the previous one.  The annealing

temperature was 392 oC and the duration was 120 min same as before.  Figure 3.7 shows

the high field magnetostrictive characteristics of the Metglas wire.  The saturation

magnetostriction is about 8 ppm which is 3.5 ppm greater than that of the 52 Oe

transverse field annealed material.  The low field response is also given in Figure 3.8.

The response of the material is linear in the range of 2 to 6 Oe.  The sensitivity of the

sensor system is 1.25 ppm/Oe in the linear range.  Hence a bias of 4 Oe can be used for

sensitive response and for determination of field direction.  The reflectance of the glass-

air interface is about 4 % and that of the Metglas reflector-air interface may be as high

as 50 %.  If I1 and I2 are the intensities of the two reflections, the fringe visibility is

about 0.54 with short distance between the interfaces.  The intensity I2 is about 11.52

times higher than I1 for very small air gap.  The large reflectance may also cause

instability in lasing system.  In order to avoid the instability of source laser output and

to increase the fringe visibility which has a maximum value when the two intensities are

the same, the air gap between the interfaces was controlled to get maximum fringe

visibility by using micropositioner.
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Figure 3.7  Enhancement of magnetostriction, high magnetic field, with increasing

                         annealing field.

Figure 3.8  Enhancement of magnetostriction, low magnetic field, with increasing

                         annealing field.

The hollow core tube for this sensor was 140 µm that was 10 µm smaller than that of the

preliminary design.  The gage length was 2.5 cm and the diameter was 125 µm.  The

wire is straightened by applying heat at 392 oC for relieving local stress, which enables

the insertion of a long length of the wire (diameter of 125 µm) into the fused silica

hollow core tube (diameter of 140 µm).  Initially the annealing field was applied to the

wire gage transversely to rotate the magnetic momentum to its easy axis.  After the

annealing, the Metglas wire was located in longitudinal direction to get the maximum

magnetostriction.  The schematic of the high field transverse system is given in Figure

3.9.  The magnetic induction of 420G/3.1A can be generated by the flux generator.  This

magnitude is enough to rotate the direction of local magnetization.  Any flux above 100G

virtually gives almost the same magnetostriction for annealed Metglas wires.  The
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annealing is done for 7200 sec at 392 oC, which is slightly lower than the Curie

temperature of the Metglas wire (422 oC) in order not to break or crystallize the material

for each gage.  This system has been used  as a primary field annealing system in this

research.

Figure 3.9  High field transverse annealing system for enhancing sensor performance.

3.2.3  Enhancing Sensor Gage Sensitivity

Since the performance of sensor system can be enhanced further by using a material with

higher magnetostrictive coefficient, a new material was searched, found and

implemented as the sensor gage material.  The shape of the newly found material was a
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wire type with diameter of 125 µm as same as old the material.  The new material is from

UNITIKA Co. in Japan.  Table 3.1 shows the properties of the new material after

transverse field annealing and measurement of the CTE value using the method

described next section.

Table 3.1  Properties of new Metglas material

Parameter Evaluated* Nominal**

Saturation Magnetostriction 27 x 10-6 35 x 10-6

CTE 6.305 x 10-6 /K 8.7 x 10-6 /K

Curie temperature - 437 oC

Crystallization temperature - 530 oC

Composition Fe77.5Si7.5B15

Commercial name UNITIKA AF-10

Geometry 125 µm diameter wire

* Measured and evaluated for specific sensor geometry.

** Nominal values provided by the manufacturer.

Another method to increase sensitivity is to use longer sensor gage length.  The gage

length could be made as large as 12 cm by using a two-stage annealing process.  But for

the stable operation of the sensor and accurate temperature compensation, a sensor gage

length of 4~5 cm is optimal.  Hence a gage length of 4~5 cm is used for fabricating

sensors using the new material.  Thus the total sensor length including the compensator

tube is about 6~7.5 cm.  The old magnetostrictive material shows a saturation

magnetostriction of 6~8 ppm and a linear response of 0.8~1 ppm/G after transverse field

annealing.  The thermal expansion of Metglas for a 4 cm long wire is 0.348 µm/0C as

calculated from the given nominal CTE of 8.7 X 10-6 ppm/K.  For a field of 100 nT, the

expansion of Metglas wire is 0.00004 µm as calculated from the magnetostrictive

coefficient of 1 ppm/G.  This is 0.00115 % of the length change induced by 10C change

in temperature.  Hence temperature compensation is very critical to be able to measure
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very low magnetic fields.  The new material is an amorphous form of Iron-Boron-Silicon.

The composition of the glassy metal is Fe77.5B7.5Si15.  The saturation magnetostriction is

27 ppm after transverse field annealing.  Figure 3.10 shows the magnetostrictive

characteristics of the new material.  The linear response was 5 ppm/G.  This is 5 times

that of the old material.  The phase change of the output for the saturation magnetic field

of 10 G was 14.1 rad (or 2.25 fringes) for a 4 cm long wire.  Hence a 100 nT magnetic

field is calculated to produce a 3.5 mrad phase change, which is 9 times larger than that

of the old material.

Figure 3.10  Magnetostriction of the new material.
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3.3  Sensor Temperature Compensation

3.3.1  Temperature Compensation Scheme

A good sensor design should show both good magnetic field sensitivity and temperature

compensation.  The concept of the passive temperature compensation is utilizing the

different CTE values in the sensor materials used.  As temperature varies the expansion

of each material in the sensor varies differently.  If the air gap between the reflectors is

maintained regardless of ambient temperature changes, the phase change of the

interfering waves will be zero.  For this purpose, a suitable material, borosilicate tube

with CTE of 5.15 ppm/oC, was found and drawn to the dimension needed to fabricate the

EFPI sensor gages using the FEORC fiber fabrication facility.  The basic geometry of the

sensor is given in Figure 3.11.

Figure 3.11  Simple sensor design with a borosilicate compensator.

The balance equation for this sensor geometry is given as

,T/LC.dlL)CC(L)CC( tftfm ∆∆=−−−− 21 (3.2)

where Cm, Cf and Ct are the CTEs of Meglas wire, fiber and hollow core tube,

respectively,and dl is the air gap between the fiber and Metglas wire.  The condition Cm

> Ct  > Cf  is required for the temperature compensation in the sensor geometry.  From

Equation (3.2), the CTE of the borosilicate tube functioning as a compensator should be

Cf

Ct

Cm

L2 L1

Borosilicate tube
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greater than CTE of the fused silica fiber and smaller than that of the Metglas wire.  The

air gap remains constant if the Right Hand Side (RHS) term of Equation (3.2) is zero.

This condition says 100 % temperature compensation.  Since we always know the sensor

gage length L1, the compensator length is obtained to solve Equation (3.2) for L2.  The

expansion of Metglas due to temperature, for a 4 cm long wire is 0.348 µm/oC as given

by,

C/m.C/m.lCTET/l oo
mett µ∆∆ 34801041078 26

00 =×××=×= −−  (3.3)

For a 100 nT magnetic field, the Metglas wire expands 0.00004 µm as given by

m.mmGG/ppmlBfictivecoefMagnetostrl m µ∆ 00004010411 2
00 =×××=××= −*

   (3.4)

This is 0.0115% of the length change induced by 1 oC change in temperature.  Hence,

temperature compensation is crucial required to achieve low magnetic field

measurement. These calculations are based on the assumption that the CTE of Metglas

wire is 8.7 ppm/ oC, linear expansion of the wire by magnetic field is 1ppm/G and the

sensor gage length is 4 cm long.  The typical time domain signal output of an EFPI based

sensor for large measurand is shown in Figure 3.12.

Figure 3.12  Time domain sensor output signal due to large measurand for an

                               EFPI-based sensor.
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The phase change extraction from the interferometric fringes involves not only counting

the number of fringes, but also taking into account the leading and trailing incomplete

fringes.  Since V=(Vm1-Vm2)(1+cosϕ)/2+Vm2 as shown in Figure 3.12, the phase changes

can be expressed as

ϕ01=cos-1[2(V01-Vm2)/(Vm1-Vm2)-1] (3.5)

ϕ02=cos-1[2(V02-Vm2)/(Vm1-Vm2)-1]                        (3.6)

and

ϕ11=cos-1[2(V11-Vm2)/(Vm1-Vm2)-1] (3.7)

ϕ12=cos-1[2(V12-Vm2)/(Vm1-Vm2)-1] (3.8)

Hence ϕ1=ϕ02-ϕ01 and ϕ2=ϕ12-ϕ11 .  The air-gap change is given as l= ϕλ/4π.  Thus total

air-gap change using Equations (3.5) through (3.8) is thus given as

∆dl=(ϕ1+ϕ2+2π.n)λ/4π. (3.9)

where n is the number of full wavelength change in fringe.  Hence the change in

measurand, ∆T, is calculated as

∆T=[( ϕ1+ϕ2+2π.n)λ/4π]/[C mL1 + CfL2 - (L1 + dl + L2)Ct ] (3.10)

Each parameter such as CTE , gage or hollow core tube compensator/guider length can

be determined by Equation (3.10).  The following is a comparison of measured and

calculated values using Equation (3.10).  The measured values correlate well with the

theory.
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Figure 3.13  A model for extracting parameters.

The analysis uses the values of 2x10-2 m, 8.7x10-6/K, 2x10-6/K, 1300x10-9m for sensor

gage length, CTE of Metglas wire and hollow core tube, and wavelength respectively.

Hence at a given temperature, material parameters can be obtained by changing the gage

length or hollow core tube length in each equation.  These derivations for extracting

parameters such as sensor gage length, compensator length, CTEs of Metglas,

borosilicate compensator tube, and single mode fiber are used for developing more

elaborated method which enhances sensor performance significantly.  Based on this

passive temperature compensation concept, an experimental sensor was fabricated for

evaluation of the passive temperature compensation scheme.  The sensor design is given

in Figure 3.14.
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Figure 3.14  Simple sensor design for evaluation of passive temperature compensation in

                     an EFPI based weak magnetic field sensor.

Passive compensation is essential for long term and practical operating conditions for

interferometric sensors.  An aluminum (Al)-based compensator was used in the sensor.

The temperature compensation result is given in Figure 3.15.  The result shows 99%

suppression in temperature fluctuation from 25.9 oC to 37.3 oC.

Figure 3.15  Effective passive temperature compensation in EFPI based weak magnetic

                    field sensor.
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3.3.2  Precise Evaluation of CTEs in specific Sensor Geometry

Although nominal CTE values can be obtainable from manufacturers, the actual values

of CTEs depend on precise material compositions, manufacturing procedures, and

specific sensor geometry.  The accurate evaluation of CTE of each material in the sensor

thus is essential to achieve proper temperature compensation.  A systematic way is to

introduce and solve simultaneous equations based on temperature balance equation given

by the specific sensor geometry.  Figure 3.16 shows the sensor geometry.

Figure 3.16  A temperature compensated sensor for evaluating CTEs of material used.

The small airgap dl is usually several microns.  This is negligible as compared to the

gage and compensator lengths.  Cm, Ct and Cf are the CTEs of Metglas, compensator tube

and fiber respectively.  The temperature balance equation for the above sensor geometry

is given by,

T/LL)CC(L)CC( fttm ∆∆=−−− 21 (3.11)

where L∆  is the airgap change induced by temperature variation and T∆  is the

temperature change that induces the airgap change.  These parameters are measured

using an oscilloscope and a temperature controller.  When the term TL ∆∆ / = 0, the

Cm Cf

Ct

L2

L1

dl
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temperature compensation is 100 %.  If materials with known CTEs and exact lengths

are chosen, then 100 % temperature compensation could be achieved.  Let Cm = x and Ct

= y.  Two sensors are fabricated with the geometry as shown in Figure 3.16 and with

different gage (L1 ->  a) and compensator (L2 -> b) lengths.  Hence Equation 3.11 can

then be rewritten as

T/Lb)Cy(a)Cx( ff ∆∆=−−− (3.12)

Hence for the two different sensors, the equations become

fC)ab(T/Lybxa 111111 −−=− ∆∆ (3.13)

fC)ab(T/Lybxa 222222 −−=− ∆∆ (3.14)

These can be written in matrix form as follows,
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(3.15)

Equation (3.15) is a linear equation of the form AX = B.  Since the matrix A is non-

singular (all the components have different lengths), the equation has a unique solution

when solved for Cm and Ct.  Here it is assumed that Cf is 0.5 x 10-6 /K.  TL ∆∆ /  is

measured as,

iationvar_eTemperatur

domain_time_in_Fringes_of_Number

T

L •=
2
λ

∆
∆

(3.16)
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3.3.3  Mathematical Adjustment for Temperature Compensation

Even though the CTEs can be calculated  precisely using the method in section 3.4.2, the

accurate controlling of sensor gage length cutting is difficult.  The cutting the Metglas

wire after the field annealing is basically limited to the accuracy of 0.5 mm.  In addition

since the sensor ends were fixed by epoxy, the actual length of the each material is

difficult to define accurately.  The spreading of epoxy was accelerated on the one end of

the sensor during the curing by capillary action of the compensator tube.  The control of

the epoxy spreading has an accuracy of ~1.5 mm.  Hence better controlof the

compensator length is needed for compensating all inaccuracy during the fabrication of

the sensors.   The sensor geometry for developing a mathematical method to enhance the

temperature compensation, sensitivity and mechanical strength with control of

compensator length is shown in Figure 3.17.

Figure 3.17  Sensor geometry to obtain exact temperature compensation by calculating

                       ∆L.

The balance equation is given as,

(Cm-Cf)L1 - (Ct-Cf)L2 = ± (∆l/∆T), (3.17)

Cm Cf

Ct

L2

L1
+∆L-∆L
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where Cm, Cf and Ct are the CTEs of Metglas, silica fiber and compensator tube

(borosilicate glass) respectively.  Let

Lexact = L2 ± ∆L (3.18)

When the compensator length is Lexact, the RHS term of Equation (3.18) is zero.

Combining Equations (3.17) and (3.18), we get,

(Cm-Cf)L1 - (Ct-Cf)(L2 ± ∆L) = 0 (3.19)

Using Equations (3.17) and (3.19),

± ∆l/∆T= ±(Ct-Cf)∆L (3.20)

Thus the adjustment ∆L for exact temperature compensation is given as

∆L=(∆l/∆T)/ (Ct-Cf) (3.21)

where the sign of ∆L follows that of Equation (3.17).  The CTE values for sensor

geometry were obtained by the method in the section 3.4.2.  The CTE evaluations were

repeated 6 times and then the statistical average of the values was obtained as, Cm= 6.17

X10-6/K and Ct= 4.83X10-6/K.  Evaluation of ∆l/∆T was done for various combinations

of Metglas/ borosilicate tubes.

Table 3.2  CTE values from various combinations.

Sensor/Compensator

   gage/tube

Cm

(X 10-6/K)

Ct

(X 10-6/K)

Reference

Metglas/Borosilicate 6.17 4.83 Average of 4 experiments

Metglas/Fused silica 11.04 0.5 Tube: ID:150 µm,OD:290 µm

Fiber/Borosilicate - 4.59 Tube: ID:150 µm,OD:290 µm
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As can be seen from the table, the CTE value of Metglas varies by nearly 100%.  This is

due to the heat capacity difference between the two compensator tubes.  The heat

capacity of each material above, depends on the weight and specific heat.  A heavier and

longer tube takes more time to absorb heat and so more time to expand.  Thus the CTEs

evaluated above can be regarded as “effective CTE” for the particular geometry and

dimensions.  The CTE value of borosilicate shows consistency because it is exposed to

ambient temperature directly.

3.3.4  Result of Temperature Compensation

Temperature compensation using the CTE values in the section 3.4.3 was 83.07%.

Figure 3.18 shows the output of a sensor compensated using these values.

Figure 3.18  Uncalibrated sensor output (83.07% compensation).

Using Equation (3.21), new compensator length was calculated from the observed ∆l/∆T.

The temperature compensation obtained with the new sensor was 94.96% as can be seen

in Figure 3.19.
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Figure 3.19  Calibrated sensor output (94.96% compensation).

Thus an improvement of 11.89% was observed.  Based on these observations, in order to

obtain exact compensation, 10 sensors were fabricated with compensator lengths varying

between -4mm to +5mm of the current compensator length.  The evaluation results are

presented in Table 3.3.

Table 3.3  Evaluation of sensors for exact temperature compensation.

# Lm

(cm)

Lt

(cm)

∆l/∆T

µm/0C

comp.

Temp.

Comp.

%

Long

term

Var. %

∆l/∆T

µm/0C

uncomp.

Tube

length,

Lexact cm

Lt-

Lexact

(cm)

1 3.9 5.625 0.0508 78.89 100 0.2406 6.057 -0.432

2 3.85 5.6 0.0305 87.16 100 0.2375 5.98 -0.380

3 3.75 5.65 0.0169 92.70 59.09 0.2314 5.824 -0.174

4 4.2 6.4 0.0100 96.13 83.33 0.2591 6.523 -0.073

5 4.175 6.4 0.0122 95.28 50 0.2576 6.484 -0.084

6 4.2 6.55 0.0080 96.92 25.97 0.2591 6.523 0.027

7 4.2 6.65 0.0035 98.65 25.64 0.2591 6.523 0.127

8 4.225 6.8 0.0047 98.19 28.81 0.2607 6.56 0.240

9 4.225 6.9 - - - 0.2607 6.56 0.340

10 4.25 7.05 0.0189 92.81 55.56 0.2607 6.60 0.450
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The value Lt-Lexact for the 98.65% compensated sensor is actually 0.12cm although it is

intended to be 0.2 cm.  It is extremely difficult to control this length exactly due to the

spreading of the epoxy and inaccurate cutting of the tube.  The spreading of the epoxy

was observed to be 1~1.5 mm  from the end of the tube.  This value was empirically used

in all the subsequent sensor designs.

Figure 3.20  Temperature compensated sensor output (98%).

The temperature evaluation of all the sensors was done in a thermal chamber to ensure a

slow rate of rise of temperature so that the gage and compensator remain at the same

temperature during the experiment.

3.4  Improvement of Fringe Visibility

The polished Metglas endface is extremely bright with a reflectance of more than 0.5.

The air-fiber interface reflectance is 0.04.  Hence the intensity of the second reflection is

nearly 11 times that of the first reflection.  The fringe visibility, as a result, is thus as low

as only 20%.  The system sensitivity is affected by this low fringe visibility as small

fluctuations in the laser output mask the effect of low magnetic fields.  The fringe
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visibility can be controlled by reducing the reflectance of Metglas wire and increasing

the air gap between the Metglas wire and the reference fiber.  Making the airgap large

causes misalignment between the arms and makes it more susceptible to vibrations.

Another way to increase the fringe visibility is to polish the endface of the Metglas fiber

at an angle.  The output of the laser used in the system is single mode.  The geometry is

shown in Figure 3.21.

Figure 3.21  Modified sensor gage endface.

The tangential component of the electric field is continuous at the core-cladding

boundary (I) and air core interface (II).  At the interface I, the critical angle is given as

0
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45111 469
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At interface II, the tangential component is continuous as

csinnsinn θθ 13 2 = (3.23)

From eq. (3.24), the angle ϑ is obtained as
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01
2
1 996

3

1 .)(sin n
sinn c == − θθ (3.24)

Thus any value of ϑ , smaller than 6.990 satisfies the critical angle condition.  The

sensors currently being made, have a slant angle of 50.  As a result a fringe visibility of

92% was obtained for one of the sensors.  Figure 3.22 shows the output of this sensor.

The airgap is adjusted to be about 2.64 µm.  Hence this method gives both high fringe

visibility and lower vibration sensitivity due to the smaller airgap.

Figure 3.22  Improvement in the fringe visibility.

3.5  Sensor Biasing and Packaging Methods

3.5.1  Sensor Biasing
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Biasing the sensor in the region of maximum magnetostriction is one of the key issues in

the design of the sensor.  As can be seen from the magnetostriction curve (shown in

Figure 3.10) of the new Metglas material, the curve has maximum slope and linearity in

the region between 1 G and 10 G after transverse field annealing.   Thus in order to get

maximum sensitivity from the sensor, it is necessary to DC bias the sensor such that it

operates in this linear region.  Several biasing methods were considered and investigated

for this purpose.  One way of biasing the sensor was to use a small coil wound over the

sensor package.  This could provide a steady, controllable and uniform DC magnetic

field over the entire length of the sensor material.  The operating point of the sensor

could also be controlled in this case using feedback from the sensor output itself.  But

the sensor becomes not-pure optical and would loose some of inherent advantages

possessed by optical sensors such as immunity to electromagnetic interference (EMI).

Permanent magnet-based field biasing methods seem promising and was investigated in

detail.  The principle of the method is illustrated in Figure 3.23.

Figure 3.23  DC bias method using single permanent magnet.

In this method, a single permanent magnet was attached to one of the ends of the sensor

at appropriate distance such that the field over the sensor material was enough to bias the

sensor in the linear region.  But the problem with this method was that the field was

highly non-uniform due to the use of a single, strong magnet and the sensor, after

packaging was quite bulky, even without thermal insulating material around it.  To

V-grooved sensor base

Permanent magnet
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partially solve this problem, two small pieces of permanent magnets are used as shown in

Figure 3.24.

Figure 3.24  Using two, small permanent magnets for DC biasing the sensor.

In this case, the field over the sensor length is significantly less non-uniform as compared

to the single magnet scheme, though it is still non-uniform.  The magnets are smaller.

Since the field also decays at a very fast rate as one moves away, so the possibility of the

DC bias affecting the external field to be measured is reduced.  As two magnets are used

instead of one, the magnetic field is much more uniform along the line joining the two

magnetic poles.  Because of these advantages, these two magnets-based bias method is

chosen for sensor packaging.

3.5.2  Sensor Packaging

Sensor packaging is another important area in the development of the system.  Not only

does the package protect the sensors from external mechanical disturbances but it also

helps reduce the effect of external parameters like temperature on the sensor.  This is

very significant as temperature fluctuations around the sensor result in a highly unstable

sensor output.  Two new sensor packaging schemes were developed.  In the first scheme,

the sensor-pair was placed on a V-grooved aluminum base, the base was filed down to

V-grooved sensor base

Permanent magnets
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much smaller dimensions.  The DC bias was provided by a pair of small permanent

magnets.  Once the sensor pair and the magnets were ready, the entire assembly was

wrapped in an aluminum foil, covered by thermally insulating ceramic putty and sealed

in a cylindrical brass tube.  The ceramic putty used for it’s thermal insulating property

has a thermal conductivity of 0.65 BTU/Hr.OF.Ft2 at 500  OF.  Figure 3.25 shows the

packaging scheme using a V-grooved base.

Figure 3.25  Packaging scheme using V-grooved base.

The principal advantages of the above scheme are sensitivity and stability.  Since the

sensors are held in place by the sides of the V-grooves, bending of the sensor is almost

completely avoided. As a result, the movement of the sensor wire inside the tube is

restricted to the longitudinal axis only.  This enhances the sensitivity of the sensor.  As

the sensor is held in place by the V-grove, it is much less susceptible to vibration. Hence

it is more stable than a free-standing sensor.  The disadvantage of this scheme is the

bulky size of the whole package.  The V-grove base is quite bulky.  This problem is

eliminated in the other packaging scheme developed.  However, there is a tradeoff

between the package size and the sensitivity-stability of the sensors.  Thus the new

sensor package though smaller in size and compact, is less sensitive than the V-grove

package.  Figure 3.26 shows the other packaging scheme.

V-grooved sensor base
wrapped in aluminum foil

Permanent magnets

Brass tube

Ceramic putty
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Figure 3.26  Packaging scheme using glass tubes.

In this scheme, each sensor is sealed inside a small, glass, capillary tube.  The two glass

tubes (one for each sensor) are attached to a single base material and two permanent

magnets are attached to the two ends of the tubes.  The entire assembly is then coated

with a ceramic putty as in the previous case and sealed inside a brass, cylinder.  The

sensor package, in this case is significantly smaller than the previous scheme.  One main

advantage observed in both the sensors due to the use of ceramic putty, was the stability

of the output.

3.6  Signal Demodulation

3.6.1 Introduction to Signal Demodulation

Since the EFPI sensor is an interferometric sensor, it suffers from certain inherent

limitations common to the majority of interferometric fiber sensors.  First of all,

Brass tube

Glass capillary tubes

Permanent magnets

Sensors

Ceramic putty
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sensitivity of the sensor is sensitive to the operating point of the sensor.  Since the fringe

variation for the lowest measurement value, 100 nT, is 1/400 of quarter fringe, the

accurate control of the point is hence essential for reliable performance.  Since the

wavelength of the light source used is on the order of microns, the accurate adjustment

of the operating point is difficult.  The second limitation is observed from the fact that

the relationship between the optical path difference and output intensity is periodic.

Unique determination of the optical path difference is thus difficult to achieve with the

conventional signal detection schemes.  If the operating point of the sensor is driven

near the sensitivity minima, the peak or bottom of the fringe, there is no way to

determine the direction of applied strain.  To overcome these limitations, the quadrature

phase detection scheme is employed.

3.6.2  Principle of Quadrature Signal Demodulation

The quadrature demodulation ensures the signal phase detection regardless of the initial

phase point of an EFPI sensor.  Using two 90o phase shifted sensors gives optimal phase

signal at any optical path difference in the interferometer.  The sensor for one-

dimensional magnetic field detection is given in Figure 3.27.

Figure 3.27  90o phase shifted sensor system for quadrature signal demodulation.

Metglas wire sensor gauges Reference arms

Hollow core glass tube

Sensor 1

Sensor 2

I1=I10(A1+B1cosϕ)

I2=I20(A2+B2sinϕ)

Glass substrate
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The output intensity in a two-beam interferometer may be written as

                                                     I = I0( A + Bcosϕ   )            (3.25)

where ϕ  is the phase difference between the two beams, and  A and B are constants.  If

there are two interferometers with their output signals 90 o out of phase, then the output

intensities of the two interferometers are

                                               I1 = I 10( A1 + B1cosϕ  ) (3.26a)

and

                                                I2 = I 20( A2 + B2sinϕ  ) (3.26b)

where  the coefficients are defined similarly as in Equation (3.25).  In order to recover

the phase signal ϕ , the quadrature demodulation algorithm is applied as follows.  The

change in phase signal ∆ϕ  is of interest instead of the absolute value of ϕ  in

measurement.  When the change in phase signal is small, the following approximations

hold

                                                     ∆ ∆I I B1 10 1= − sinϕ ϕ             (3.27a)

and

                                                     ∆ ∆I I B2 20 2= cosϕ ϕ                        (3.27b)

Defining a signal S in the following way

                                                     S I I= +( ) ( )∆ ∆1
2

2
2              (3.28)



55

It can be easily proved that if the coefficients of the two signals in Equation (3.27) are

adjusted to be equal, i.e., I B I B K10 1 20 2= = , the signal defined in Equation (3.28) will

be

                                                                S K= ∆ϕ                                                  (3.29)

In short, by taking the two steps described in the Equation (3.27) and Equation (3.28),

the output signal S will be linearly proportional to the change of phase signal and

independent of the initial value of the phase signal ϕ .  Each sensor can be either

adjusted to the output of 1+cosϕ  by adjusting the air gap to have the intensity at the

peak or bottom position of peak to peak interference fringe, or to 1± sinϕ  by bringing

the intensity middle of the fringe.  Figure 3.28 shows 90o phase shifted sensor outputs

produced from the expansion of Metglas sensor gages of 2 cm long with applying heat

to the tip of it.  Hence small changes in phase can be readily detected at any position in

each sensors.  When the output of one of the sensors becomes fade, the other sensor

output becomes maximum.

Figure 3.28  A detailed presentation of 90o phase shifted  sensor system.
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3.6.3  Circuit Design for Quadrature Signal Demodulation

Once the distance between the Metglas wire and the fiber is adjusted such that the two

sensors are about 90 degrees out of phase, the next stage is to get an electrical output

from these sensors and condition them in a way as to get the phase information from

them.  The laser source used for the sensor system also has a photo detector inside and

gives an electrical output proportional to the input signal.  The electrical output from the

sensors is given as follows for general cases

                                             V1 = Vdc1  + Vmax1(1+ cosϕ )           (3.30a)

                                             V2 = Vdc2 + Vmax2 (1+ sinϕ )  (3.30b)

where the Vdc term is due to the difference in the intensities of the primary and secondary

reflections and is dependent on the source output, gain of the amplifier, cleave angles of

the fiber and wire, and actual gap length.  The Vmax term is due to the interference of the

primary and secondary reflections.  In order to get the phase information from this

signal, it is necessary to eliminate the Vmax and Vdc terms.  The resulting signal is

differentiated to get the following output,

                                                       V1’ = - sinϕ ∆ ϕ                                        (3.31a)

                                                       V2’ = cosϕ  ∆ ϕ                                         (3.31b)

These outputs are then squared and added to remove the sine and cosine terms, and

finally the square root of the resulting signal is obtained, which is only ∆ ϕ .  The main

advantage of this kind of a signal demodulation scheme is that the output is independent

of the initial phase ϕ , and is dependent only on the change in phase, which is really of

interest.  Moreover, maintaining the initial phase constant is difficult as source

fluctuations, thermal variations and other minor changes affect the initial operating

point. But it be may be safely assumed that these will affect both the sensor arms to the

same extent and the phase difference between them will be maintained.  The block
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diagram of this scheme is as shown in Figure 3.29.  The gain, A, between the

differentiator and the squaring circuitry is added to match the output and input of these

circuits.  The output of the demodulation circuit on the whole is not just ϕ∆  in this case

but is A times ϕ∆ .

+

+

A 1= 1/V max1 +

+

+

A 2 = 1/V max2

A

A

( ) 2

( ) 2

Square-
Root
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V 1

V 2
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Figure 3.29  Block diagram of the analog quadrature demodulation circuit.

The block diagram shown in Figure 3.29 is implemented by using simple Op-Amps and

IC AD 734 which is an Analog Multiplier-Divider.  The circuit diagram for the

demodulation scheme is shown in Figure 3.30.
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Figure  3.30  Circuit diagram for the analog demodulator.
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3.6.4  Evaluation of Quadrature Signal Demodulation Circuit

In order to evaluate the performance of the demodulation circuit, measurements for

various initial and transition  operating points were taken.  The inputs were externally

generated and applied to the circuit.  The observations and results are shown in Tables

3.4 through 3.7.  The normalized outputs are given as

                                                     V1 =  1+ cos  ϕ           (3.32a)

                                                     V2 = 1+ sin ϕ         (3.32b)

The values of V1 and V2 were initially calculated and then applied externally to the

circuit.  The range of this demodulation scheme is valid when the optical phase change

is smaller than unity.  A large change in phase generates nonlinear distortion.  The

operating range specified in this project is of 1 mG to 0.4G which does not cause such a

problem.

Table 3.4  Initial phase = 0 deg

Initial Phase (deg) Change in Phase

(deg)

V
1
 (v) V

2
 (v) Output (v)

0.0 0.0 2.0 1.0 0.196

0.1 0.1 1.999 1.002 0.54

0.2 0.2 1.999 1.004 0.69

0.3 0.3 1.999 1.005 1.02

0.4 0.4 1.999 1.007 1.26

0.5 0.5 1.999 1.009 1.6

0.6 0.6 1.999 1.011 1.8

0.7 0.7 1.999 1.012 2.11

0.8 0.8 1.999 1.014 2.48

0.9 0.9 1.999 1.016 2.74

1.0 1.0 1.999 1.017 3.04

1.1 1.1 1.999 1.019 3.35

1.2 1.2 1.999 1.021 3.5

1.3 1.3 1.999 1.023 3.73
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1.4 1.4 1.999 1.024 3.83

1.5 1.5 1.999 1.026 4.28

1.6 1.6 1.999 1.028 4.39

1.7 1.7 1.999 1.03 4.78

1.8 1.8 1.999 1.031 4.95

1.9 1.9 1.999 1.033 5.08

2.0 2.0 1.999 1.035 5.5

The gradient of this curve is 5.304/2.  Hence the calibration factor for the phase signal is

0.377.  If the output voltage is 3.83 V, then the measured phase signal is 3.83 x 0.377 =

1.444 degrees.  From the table, the actual value of this signal is 1.4 degrees.  The

relative error of this circuit is thus |1.444-1.4|/1.444 = 3.05%.  This is shown Figure

3.31.

Figure 3.31  Output voltage vs change in phase.
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Table 3.5  Initial phase = 90 deg

Initial Phase (deg) Change in Phase

(deg)

V
1
 (v) V

2
 (v) Output (v)

90.0 0.0 1.0 2.0 0.385

90.1 0.1 0.998 1.999 0.612

90.2 0.2 0.997 1.999 0.82

90.3 0.3 0.995 1.999 0.946

90.4 0.4 0.993 1.999 1.165

90.5 0.5 0.991 1.999 1.425

90.6 0.6 0.99 1.999 1.75

90.7 0.7 0.988 1.999 2.01

90.8 0.8 0.986 1.999 2.23

90.9 0.9 0.984 1.999 2.65

91.0 1.0 0.983 1.999 2.81

91.1 1.1 0.981 1.999 3.02

91.2 1.2 0.979 1.999 3.3

91.3 1.3 0.977 1.999 3.63

91.4 1.4 0.976 1.999 3.78

91.5 1.5 0.974 1.999 4.09

91.6 1.6 0.972 1.999 4.39

91.7 1.7 0.97 1.999 4.65

91.8 1.8 0.969 1.999 4.85

91.9 1.9 0.967 1.999 5.12

92.0 2.0 0.965 1.999 5.22

The gradient of this curve is 4.735/1.9.  The resulting calibration factor for the phase

signal is 0.401.  If the output voltage is 3.02 V, then the measured phase signal is 3.02 x

0.401 = 1.211 degrees.  From the table, the actual value of this signal is 1.1 degrees.

The relative error of this circuit is |1.211-1.1|/1.211 = 9.17%.  This is shown Figure

3.32.
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Figure 3.32  Output voltage vs change in phase.

Table 3.6  Initial phase = 180 deg

Initial Phase (deg) Change in Phase

(deg)

V
1
 (v) V

2
 (v) Output (v)

180.0 0.0 1.0 0.0 0.09

180.1 0.1 0.998 0.0 0.55

180.2 0.2 0.997 0.0 0.8

180.3 0.3 0.995 0.0 1.07

180.4 0.4 0.993 0.0 1.28

180.5 0.5 0.991 0.0 1.64

180.6 0.6 0.99 0.0 1.7

180.7 0.7 0.988 0.0 2.16

180.8 0.8 0.986 0.0 2.32
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180.9 0.9 0.984 0.0 2.64

181.0 1.0 0.983 0.0 2.97

181.1 1.1 0.981 0.0 3.05

181.2 1.2 0.979 0.0 3.45

181.3 1.3 0.977 0.0 3.72

181.4 1.4 0.976 0.0 4.1

181.5 1.5 0.974 0.0 4.19

181.6 1.6 0.972 0.0 4.57

181.7 1.7 0.97 0.0 4.8

181.8 1.8 0.969 0.0 5.03

181.9 1.9 0.967 0.0 5.25

182.0 2.0 0.965 0.0 5.67

The gradient of this curve is 5.58/2.  Hence the calibration factor for the phase signal is

0.358. If the output voltage is 3.05 V, then the measured phase signal is 3.05 x 0.358 =

1.092 degrees. From the table, the actual value of this signal is 1.1 degrees.  Hence the

relative error of this circuit is |1.092-1.1|/1.092 = 0.73%.  This is shown in Figure 3.33.

Figure 3.33  Output voltage vs change in phase.
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Table 3.7  Initial phase = 0 deg

Initial Phase (deg) Change in Phase

(deg)

V
1
 (v) V

2
 (v) Output (v)

0 0 2.0 1.0 0.001

10 10 1.985 1.174 0.778

20 20 1.94 1.342 1.646

30 30 1.866 1.5 2.46

40 40 1.766 1.643 3.27

50 50 1.643 1.766 4.05

60 60 1.5 1.866 4.81

70 70 1.342 1.94 5.52

80 80 1.174 1.985 6.2

90 90 1.0 2.0 6.83

100 100 0.826 1.985 7.41

110 110 0.658 1.94 7.93

120 120 0.5 1.866 8.38

130 130 0.357 1.766 8.79

140 140 0.234 1.643 9.12

150 150 0.134 1.5 9.38

160 160 0.06 1.342 9.44

170 170 0.015 1.174 9.67

180 180 0.0 1.0 9.71

This curve is very non-linear, hence there is no way the phase signal can be exactly

determined even if the output voltage is known.  This is shown in Figure 3.34.   The

resulting nonlinearity of each phase is due to the nonlinear characteristics of the analog

divider in the circuitry.
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Figure 3.34  Output voltage vs change in phase.

3.6.5  Signal Demodulation Circuitry with Intensity Normalization

In order to measure the magnetic field accurately, the signal processing on the output of

the two sensors has to be stable and with as low additional noise as possible.  Since the

small fluctuation in laser source affects the intensity of the sensor output, the output of

the sensor needs to be stabilized.  The fluctuation of the laser intensity due to thermal

and electrical changes, which are usually inevitable in practical conditions, affects

reference signal and reflecting signal.  It is thus important to normalize the laser intensity

in the signal detection.  The block diagram of the signal demodulation circuitry with

normalization is shown in Figure 3.35.
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Figure 3.35  Block diagram of signal demodulation circuitry with intensity

normalization.

The output of each sensor and the output of the laser source form the three inputs to the

demodulation system.  At the first stage, the sensor outputs are normalized to account for

the fluctuations in the laser output due to driver current and temperature.  Then the initial

signal value of each sensor output is subtracted from this normalized output to get a

differentiated signal.  The output of the differentiator only depends on the applied

magnetic field.  This small signal is then amplified and squared.  The outputs of the two

quadrature phase shifted channels are then added. The square root of this signal is

directly proportional to the applied magnetic field and is displayed as the output of the

demodulation box.  Figure 3.36 shows the circuit diagram of the one-dimensional

quadrature signal demodulation scheme.
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Figure 3.36  Demodulation circuit diagram with intensity normalization.

3.7  System Performance Analysis

The entire system using the new sensors was evaluated for linear response to magnetic

field.  The DC bias to the sensor material was provided by two small magnets placed at

the ends of the sensor.  The two sensors in each pair were quadrature phase shifted to

reduce signal fading common to interferometric measurement methods.  System

calibration curves for five sensors are shown in Figures 3.37 to 3.39.  The minimum
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detectable magnetic flux density for relatively short duration was as low as 50 nT (sensor

package Tube 3).  Output of the demodulation box for a 100 nT flux density was in the

range of 10~50 mV for the five sensor packages fabricated so far.  The output variation

for each sensor depends on the gage length and the physical stress imposed during the

packaging of the sensors.  All sensors using the new magnetostrictive material, new bias

method with two small magnets and new packaging method, showed good responsivity

to 100 nT flux.

Figure 3.37  Output of sensor (Tube 3).
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Figure 3.38  Output of Sensor (Tube4).

Figure 3.39  System calibration curve (without ceramic insulator).


