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We present how to optimize the operation condition including frequency of the orthogonal fluxgate sensor in

this paper. The orthogonal fluxgate sensor was fabricated with a Co-based amorphous wire with 10 mm long

and 100 μm in the diameter and a 270-turn pickup coil wound on the amorphous wire. In order to investigate

the frequency dependence of the sensitivity, output spectra of the sensor which was connected by using a coax-

ial cable with various lengths of 0.5-5 m were measured with a RF lock-in amplifier. The maximum sensitivities

were obtained at different frequencies according to coaxial cable lengths. It was found that the optimal opera-

tion frequencies, at which maximum sensitivities were appeared, were almost identical to the frequencies of

impedance resonance. The maximum sensitivity and optimal operation frequency were 1.1 V/Oe (≈ 11000 V/T)

and 1.25 MHz respectively.
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1. Introduction

Fluxgate (FG) sensors have been attracting great interests

in magnetic engineering area for a long time as practical

sensors in the magnetic field range of 10−7-10 Oe [1-5],

because they show low offset drift, high sensitivity, and

excellent linearity in room temperature operation. Since

an orthogonal fluxgate (OFG) sensor can be constructed

without excitation coil, it has an additional advantage

comparing with conventional fluxgate sensors in their

simple structure [6-10]. Recently, A few research groups

reported noticeable improvements in linearity and sensi-

tivity of OFG sensors fabricated with amorphous wires

[7-9], when they operated OFG in the fundamental mode.

However, the operation frequencies were several tens kHz

in their studies, although it is supposed that the higher

sensitivity could be obtained at the higher operation

frequency, because the sensitivity is proportional to the

operation frequency [1, 2, 10]. As the FG sensor is

operated in higher frequency, the higher output/sensitivity

could be obtained according to Faraday’s law. However,

there are sensitivity reduction factors including LC reson-

ance of the pickup coil and skin effect of the amorphous

wire. Therefore, the operation frequency should be decid-

ed though systematic designing of equivalent circuit of

the sensor pickup coil. The purpose of this study is to

investigate how to decide the operation frequency of the

OFG sensor fabricated with a cobalt base amorphous wire

which is connected to instrument with 50 Ω-matched

coaxial line. We report in this paper the relation between

output property of the OFG sensor and impedance of its

pickup coil, when the sensor connected to instrument with

a coaxial line of which length is too long to be neglected.

2. Experimental Method

The OFG sensor was fabricated with a CoFeSiB amorph-

ous wire with the length of 10 mm and the diameter of

100 μm (AC-2T made by Unitika Co. [11]) and a sole-

noid-shaped pickup coil with 270 turns of Cu wire with

the diameter of 100 μm. The length of pickup coil sole-

noid was 3.2 mm. Fig. 1(a) shows a photograph of the

fabricated orthogonal fluxgate sensor and schematic view
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of the sensor element, and Fig. 1(b) shows the equivalent

circuit representative of the pickup coil and coaxial cable.

The resistance of the pickup coil and coaxial cable (~10

Ω for the pickup coil and below 0.1 Ω/m for the coaxial

cable at 1 MHz) are neglected in Fig. 1(b), because they

are sufficiently smaller than reactance values of pickup

coil and coaxial line. The axial component of the alter-

native magnetic flux which is proportional to an external

magnetic field generates an electromotive force in the

pickup coil. The amorphous wire was soldered to the

electrode on a PCB. In order to prevent the electrical field

noise, the sensor mounted on a PCB was put in an

aluminum case with 5 mm thick.

In this study, impedance of the pickup coil is as

important as sensor output, since we try to establish a

connection between impedance of the pickup coil and

sensitivity. Fig. 2(a) shows the measurement setup for

impedance spectra of the pickup coil using a network

analyzer (HP 8714) through reflection method. The 50 Ω-

matched coaxial lines with the length of 0.5 m - 5 m were

used to connect the pickup coil to a network analyzer.

Fig. 2(b) shows the measurement setup for the output

signal of the fabricated orthogonal fluxgate. The coaxial

lines with the length of 0.5 m - 5 m were used to connect

the pickup coil to a RF lock-in amplifier (SR 84412). The

output of the sensor was measured with both alternative

excitation current of 50 mA and DC bias of 30 mA, and

the operating frequency was varied from 300 kHz to 2

MHz. The DC bias was applied to suppress a magnetic

noise caused by movement of magnetic domain walls.

And, the DC bias makes a unipolar excitation of the mag-

netic wire and a fundamental mode output. Sasada et al

explained well how to suppress a magnetic noise with

adequate DC bias and how to improve sensitivity and

resolution of OFG by applying a unipolar [8, 9]. 

3. Results

Since the sensitivity of an OFG is typically proportional

to its winding number N, cross section area of its mag-

netic core A, and operation frequency f, the f should be as

high as possible to prevent reduction of the sensitivity in

the case of small-sized OFG sensors in which the N and A

are restricted [10]. The f is limited due to the LC reson-

ance occurred by inductance and stray-field capacitance

of the pickup coil around the magnetic core and trans-

mission line, coaxial line in this study, as well as perfor-

Fig. 1. (Color online) Photograph of the fabricated orthogonal

fluxgate sensor and schematic view of the sensor element (a)

and equivalent circuit representative of the pickup coil and

coaxial cable (b). 

Fig. 2. (Color online) Measurement setups for impedance

spectra of the pickup coil (a) and output voltage of the sensor

(b). 
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mance of the signal conditioning circuit in common. 

Fig. 3 shows the operation frequency dependences of

output voltages of the fabricated OFG sensor. The sensor

was connected to a RF lock-in amplifier by using the

coaxial cable with 0.5, 1, 3 and 5 m.

The output voltage was checked by applying the ex-

ternal magnetic field of 1 Oe. The output voltage was

largely dependent on operation frequency, and the maximum

sensitivities were obtained in the optimal frequencies

which were dependent on the cable length. The maximum

sensitivity and optimal operation frequency were respec-

tively 1.1 V/Oe (= 11000 V/T) and 1.25 MHz in the case

of 0.5 m-coaxial cable. The optimal frequencies and

sensitivities tended to decrease with increasing of the

cable length. This tendency could be well explained with

the measured frequency dependence of impedance of the

pickup coil including coaxial cable. Fig. 4 represents the

frequency dependence of impedance of the pickup coil.

The calibration point for impedance measurement was

indicated in Fig. 2(a). 

In this study, we have employed the lumped parameter

model (shown in Fig. 1(b)) because the total length is

very shorter than wavelength (at 1 MHz, 300 m in air).

From the equivalent circuit shown in Fig. 1(b), it is easy

to understand that the series inductances and parallel

capacitances, respectively, can be added together. Since

the resistance of the cable and pickup coil can be neglect-

ed, the impedance resonance frequency can be calculated

approximately by Eq. (1). 

(1)

Lt = Lp + Lc, where Lc = l × d

Ct = Cp + Cc, where Cc = c × d

Where, l and c are series inductance per unit length and

parallel capacitance per unit length of the coaxial cable

respectively. From the characteristic impedance of the

coaxial cable 50 Ω, it is not so hard to calculate the l ≈ 2.5

× 10−7 H/m and c ≈ 1 × 10−10 F/m. And, the inductance Lp

≈ 2.1 × 10−4 H and the capacitance Cp ≈ 1.5 × 10−11 F of

the pickup coil was deduced from the measured impedance

spectra. In this configuration, Z ≈ jωLt at sufficiently low

frequency and Z = j(ωLt – 1/ωCt) at high frequency neg-
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Fig. 3. (Color online) Frequency dependence of output volt-

ages of the sensor. The sensor output was connected to RF

lock-in amplifier by using a coaxial cable with 0.5-5 m long.

Fig. 4. (Color online) Frequency dependence of impedance of

the pickup coil. The pickup coil was connected to network

analyzer by using a coaxial cable with 0.5-5 m long.
Fig. 5. (Color online) Cable length dependence of the LC res-

onance frequency and optimal operation frequency. 
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lecting the series resistance R and parallel conductance G.

The calculated resonance frequencies by using Eq. (1)

were 1.36 MHz, 1.02 MHz, 618 kHz and 483 kHz for the

cable lengths of 0.5 m, 1 m, 3 m and 5 m, respectively.

Fig. 5 clearly shows the correspondence of the LC re-

sonance frequency and optimal operation frequency in

which the maximum sensitivities were obtained. The

higher output was obtained as the impedance of the

pickup coil was larger. This could be explained with the

maximum power transfer theorem [10]. Because the input

impedance of the lock-in amplifier was ~1 MΩ, the larger

impedance of the pickup coil close to 1 MΩ was pro-

fitable to obtain high sensitivity. 

4. Conclusion

The output voltage and impedance of the orthogonal

fluxgate sensor, which was fabricated with a Co-based

amorphous wire and a pickup coil, were investigated in

this study. The optimal operation frequencies, in which

the maximum sensitivities were obtained, and maximum

sensitivities of the sensor were decreased with increasing

of the cable length. The tendency of output voltage dep-

endent on frequency was much similar to the impedance

spectra of the pickup coil showing possibility of that the

sensor performance could be estimated by evaluating the

impedance spectra, and of that the operation frequency

could be decided by that. These correspondences are

explained with the maximum power transfer theorem.
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