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Abstract - The importance of magnetic sensors in their use to explain some of the complex phenomena relating to geomagnetic 

storms and solar-terrestrial systems, most of them still have problems of sensitivity, noise level and linearity due to the 

magnetic material used in designing them. This study developed a ferrite-based, highly sensitive Fluxgate Sensor (FS) for 

earth's magnetic field explorations using Manganese Zinc (MnZn) ferrite alloy ring core material. The characteristic of the 

fluxgate sensor was modeled using a trans-impedance operational amplifier and high-quality band-pass filter using multiple 

feedback band-pass filter MFB-BPF. The result shows that with an optimum core diameter of 12.82mm and excitation current 

of 25mA, the core was saturated at an excitation frequency of 2kHz with the maximum magnetic field of ±49.44μT (i.e. 4.34V 

towards the North Pole with corresponding field 49.44μT(49,440nT) and 0.187V towards South Pole with the corresponding 

field -49.44μT(-49,440nT)) and sensitivity of 87.78mV/μT was realized. The developed FS has reduced sensor dimension, less 

power consumption, enhanced sensitivity, less noise level and lower fabrication cost, thus meeting the earth's magnetic field 

studies requirements. 

Keywords - Fluxgate sensor, Manganese Zinc Ferrite, Multiple feedback, Alloy ring, Operational amplifiers, Magnetic field. 

1. Introduction 
Fluxgate sensors are commonly used magnetic field 

sensors for measuring DC or low-frequency AC magnetic 

field vectors [1]. Earth magnetic field sensors less than 1mT 

used for low field strength and low-frequency magnetic field 

with less than 1 kHz used for earth's magnetic field studies 

include; Anisotropic-Magneto-Resistance (AMR), fluxgate 

sensor, Giant Magneto-Impedance (GMI), and Giant 

Magneto-Resistance (GMR) sensors [1]. Traditional 

Fluxgate Sensor (FS) comprises a ferromagnetic core, wire-

wound excitation and pickup coils [2]. They have low noise, 

high sensitivity, and good sensing accuracy. However, when 

compared to other competitive magnetic sensors such as 

Magneto-Impedance (MI) sensors and Magneto-Resistance 

(MR) sensors etc., the traditional Fluxgate Sensors are larger 

due to wire-wound coils, more power requirement and less 

integration capability [1, 2]. Due to developments in system 

miniaturization, the recent progress in miniature Fluxgate 

Sensors (FS) with Printed Circuit Board (PCB) and magnetic 

on Silicon fluxgate (coils replaced with metallic layers and 

layers interconnections) has been bright [1]. However, they 

have limitations on the handiness of space; the total number 

of metallic layers and coil turns will result in higher noise 

levels and lower sensitivity of the sensors.  

 

Fluxgate sensor design problems usually involve many 

design variables with multiple objectives under complex 

non-linear constraints [3]. The sensitivity and noise level of 

the Fluxgate Sensor depends on the number of windings, the 

size of the core and the relative permeability of the core 

material used [4]. The core material causes demagnetization 

that determines the magnitude of the sensor voltage [5]. It 

can magnetize with very high permeability (μr ~ 105) [6], 

less coercivity, and saturation magnetic induction at 550mT 

[7]. Due to the low power losses of the ferrite alloy, early 

fluxgate sensors were made-up of ferrite as magnetic core 

material [8]. However, ferrite-based fluxgate sensors display 

ill sensor performance due to their low permeability [7]. 

Precedence literatures concentrated on NiFe permalloy as the 

magnetic core material because of its high permeability [9]. 

Yet, the high saturation magnetic flux density and low 

resistance [10] of iron-nickel led to the outgrowth of Co-

based amorphous alloy. The Co-based amorphous alloy soft 

magnetic material became an ideal substitute for Permalloy 

due to its high permeability, low coercivity, suitable 

temperature, and aging stability [11]. Hence, it is widely used 

in producing fluxgate sensors [12]. High resistance to 

electricity is suitable in the cores of magnetic field sensors to 

reduce eddy currents. Square-loop can be magnetized in 

either of the two directions by an electric current. This 
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property makes them useful in the memory cores of digital 

computers since it enables a tiny ferrite ring to store binary 

bits of information. Records of the earth's magnetic field 

strength and low-frequency magnetic field disturbances 

require a small size, highly sensitive, low noise, and stable 

magnetic field sensor with directional capabilities.  

 

Hence, the objective of this study is to design and 

construct a ferrite based high sensitive fluxgate sensor using 

multiple feedback band-pass filters considering the critical 

parameters of the appropriate commercial-off-the-shelf 

MnZn ferrite ring core such as high initial magnetic 

permeability, lower saturation flux density, and high 

excitation frequency of the magnetic material. The Fluxgate 

Sensor will be designed using traditional techniques with 

wire-wound excitation and pickup coils to achieve high 

sensitivity by employing analytical model equations. The 

performance responses of the fabricated FS will be evaluated 

by measuring the sensitivity at different locations to obtain 

the total earth's magnetic field intensity for each location for 

comparison with the International Geometric Reference Field 

standard values. 

2. Materials and Methods 
2.1. Materials 

The materials used for the design and development of 

the ferrite based high sensitive fluxgate sensor and their 

specifications include Tektronix TPS 2024B Two Channel 

Digital Oscilloscope, UT-51 LCR Meter, Tenmars TM-191 

Magnetic Field Strength Meter, Tektronix (0-72V, 1.2A) 

PSW 4721 Programmable DC Power Supply, Bar Magnet, 

Tektronix 2050 Digital Multi-Meter, Analog Magnetic 

Compass, 5kHz Testing Board, 0.508mm (SWG 25) wire, 

0.361 mm diameter (SWG 30) copper wire, Manganese Zinc 

(MnZn) ferrite alloy ring, and Vero board. 

2.2. Methods 

The method for the realization of the ferrite-based high-

sensitive fluxgate sensor using Multiple Feedback Band-pass 

Filters covers circuit designing, hardware construction and 

output test analysis. 

2.2.1. Design Method 

The design of the ferrite-based high-sensitive fluxgate 

sensor using a Multiple Feedback Band-pass Filter was 

carried out in a stage-by-stage method according to the block 

diagram as shown in Figure 1. 

Frequency Generator Design Method 

Following the work of Ripka [13], this frequency 

generator is a square wave oscillator designed by using three 

NOT gates from a CMOS logic chip having three 

independent inverters (IC 4069BD). The proposed frequency 

generator circuit is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Block diagram of the fluxgate sensor 
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Fig. 2 Proposed square wave generator stage [13] 

The frequency of the oscillator is determined by the 

potentiometer 𝑅2 fixed resistor 𝑅3 and capacitor 𝐶1 as 

defined in the work of Semiconductor [14]: 

𝐹 =
1

2.2×𝑅𝑥×𝐶1
      (1) 

Where F is the frequency in Hz, 𝑅𝑥 is the series 

combination of resistors 𝑅2 and 𝑅3 in ohms and 𝐶1 is the 

capacitance of the capacitor. 

𝑅𝑥 =  𝑅2 + 𝑅3      (2) 

Frequency Divider Design Method 

The designed frequency divider is a dual-type IC 

4013BP; it consists of two flip flops that can be used 

independently and can divide the incoming square wave 

frequency into two from the 1.0kHz – 10 kHz oscillator. 

Following the work of Semiconductor [14], the proposed 

frequency divider is shown in Figure 3. 

Excitation Drive Design Method 

The frequency divider stage is a voltage-to-current 

converter stage that produces a weak analog output current, 

which is insufficient to drive the magnetic core to saturation 

directly. Hence, the need for current amplification by use of 

complementary emitter-follower [15]. Following the work of 

Karthik [16], a low-noise class-AB power amplifier is 

employed in this study using NPN and PNP transistors Q1 

and Q2, respectively, as complementary emitter-follower, as 

shown in Figure 4. Resistor 𝑅4 and diode 𝐷1 biased the 

NPN transistor 𝑄1 while 𝐷2 and 𝑅3 biased the transistor 

𝑄2. 

𝛽 =  
𝐼𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟

𝐼𝑏𝑎𝑠𝑒
      (3) 

Similarly, the value of the biasing resistors 𝑅3 and 𝑅4 

can be obtained as: 

𝑅4 =
𝑉𝑐𝑐−𝑉𝑏𝑒

𝐼𝑟𝑒𝑓
      (4) 

Where 𝑅3 is equal to 𝑅4, 𝑉𝐶𝐶 is the supplied voltage, 𝑉𝑏𝑒 

is the emitter-base voltage, and 𝐼𝑟𝑒𝑓 is the transistor base bias 

current. Resistors 𝑅1 and 𝑅2 are equal in values and set the 

operating current for the output of the transistors. The values 

of the emitter biasing resistors 𝑅1 and 𝑅2 are defined as: 

𝑅1 =
𝑉

𝐼0
ln (

𝐼𝑟𝑒𝑓

𝐼0
)     (5)    

 Where 𝑅1 is equal to 𝑅2, V is the supplied voltage, 𝐼0 is 

the output current, and 𝐼𝑟𝑒𝑓 is the transistor base bias current. 

The two diodes are to bias the transistors and reduce the 

cross-over distortion that occurs when the input waveform 

crosses zero. When the diodes are removed, the oscillator 

output would have to swing 1.4V to turn one transistor ON 

and then put the other transistor OFF.            

The coupling capacitor 𝐶1 blocks the DC component of 

the current source from reaching the excitation resonant 

circuit, isolating the AC signal from any DC bias voltages. 

Thus; 

𝐶1 =
1

3.2𝑓𝑒𝑥𝑐𝑅𝑐𝑜𝑖𝑙
                                (6)                                    

Where C is the capacitance in Farads, and 𝑓𝑒𝑥𝑐 is the 

excitation signal frequency in Hertz. 𝑅𝑐𝑜𝑖𝑙 is the impedance 

on the capacitor's load side, which is the excitation coil 

resistance. 

𝐹𝑒𝑥𝑐 =  
1

2𝜋𝑅𝑒𝐶1
      (7) 

Where 𝑅𝑒 is the emitter bias resistor 𝑅1, which is also 

equal to 𝑅2 in ohms, while 𝐶1 is the output capacitor of the 

drive circuit in Farad. 

 

When transistor 𝑄1 is turned ON, the capacitor 𝐶1 is 

charged smoothly, as the inductor limits the charging current 

𝐿1. The inductor 𝐿1 limits the current drawn from the source 

for the fluxgate excitation current. 
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Fig. 3 Proposed frequency divider stage [14] 

 

 

 

Fig. 4 Voltage to current converter stage [16] 

Geometrical Dimensions Design Method 

The ring core material used in this research is 

Manganese Zinc Ferrite (MnZn) because of its high 

resistivity, reducing the core's eddy current, low saturation 

flux density, and high relative magnetic permeability. 

The effective cross-sectional area Acore of the core 

material as explained in Core Electronics [17] is: 

Acore =  
(do− di)hc

2
  (m2)    (8) 

The effective magnetic path length lcore as defined by 

Core Electronics [17] is given as: 

lcore =  
π(do+ di)

2
  (cm)     (9) 

According to Kim et al. [18], the right wire size must be 

considered to prevent the insulation from melting due to 

Joule heating. Therefore, the number of excitation coil turns 

𝑁𝑒𝑥𝑐 is defined as:  

Nexc =  
πdi

dw
     (10) 

Where, 𝑑𝑖 is the inner diameter of the magnetic core and 

𝑑𝑤 is the winding wire diameter. The inductance 𝐿𝑒𝑥𝑐 of the 

excitation coil is calculated based on the magnetic 
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permeability using the equation defined by Core Electronics 

[17]: 

𝐿𝑒𝑥𝑐 =  
0.4πμcN2Acore

leff × 108      (11) 

The area of the sensing coil is defined as: 

𝐴𝑠𝑒𝑛𝑠𝑖𝑛𝑔 = 𝑑𝑜  ×  ℎ𝑐     (12) 

The number of winding turns of the sensing coil depends 

on the diameter, 𝑑𝑤 of the wire that is used, the packing 

factor k (k ≈ 0.85 [19]) and the dimensions of the coil [7]. It 

is defined as: 

Nsensing =  
𝑑𝑜×ℎ𝑐

𝑑𝑤
2      (13) 

Sensing coil inductance without the core, as defined by 

Lundin [20] and Dehmel [19], is: 

𝐿𝑎𝑖𝑟 = 𝑘
𝜇0𝑁𝑠𝑒𝑛𝑠𝑖𝑛𝑔

2 𝐴𝑠𝑒𝑛𝑠𝑖𝑛𝑔

𝑙𝑠𝑒𝑛𝑠𝑖𝑛𝑔
     (14) 

Where 𝑘 is a magnetic field non-uniformity correction 

factor (also known as Nagaoka's coefficient), Nagaoka's 

coefficient is generally between 0.7 and 0.95 for pickup coils 

and always smaller than 1 [19]. The demagnetization factor, 

as explained in Primdahl [21], Primdahl [22], and Graef et al. 

[23], can be defined as: 

𝐷𝑔𝑙𝑜𝑏𝑎𝑙 = 0.223
𝑡𝑐𝑜𝑟𝑒

𝑑𝑚
     (15) 

Where, 𝑡, 𝑑 and 𝐴𝑐𝑜𝑟𝑒 imply core thickness, average core 

diameter and cross-sectional core area, respectively. When 

the relative permeability, 𝜇𝑟 and global demagnetization, 

𝐷𝑔𝑙𝑜𝑏𝑎𝑙 are known, then following the work of Primdahl [21], 

the apparent permeability, 𝜇𝑎 is defined as:  

𝜇𝑎 =
𝜇𝑟

𝐷𝑔𝑙𝑜𝑏𝑎𝑙(𝜇𝑟− 1)+ 1
     (16) 

The inductance of the sensing coil with the core is 

defined from the expression in Lundin [20] as: 

𝐿𝑠𝑒𝑛𝑠𝑖𝑛𝑔 = 𝑘
𝜇0𝑁𝑠𝑒𝑛𝑠𝑖𝑛𝑔

2 (𝐴𝑠𝑒𝑛𝑠𝑖𝑛𝑔+2(𝜇𝑎−1)𝐴𝑐𝑜𝑟𝑒)

𝑙𝑠𝑒𝑛𝑠𝑖𝑛𝑔
  (17) 

Synchronization Switch Design Method 

The PNP transistor and 4066BD quad analog switch 

were used as synchronization switches due to their low 

charge injection to avoid offset problems, as shown in Figure 

5. To cause the base current to flow in a PNP transistor, the 

base needs to be more negative than the emitter (current must 

leave the base) by approximately 0.7 volts for a silicon 

device or 0.3 volts for a germanium device. 

The transistor base current is defined as: 

𝐼𝑏 =  
𝐼𝑐

𝛽
       (18) 

The value of the input resistor 𝑅1 is determined as: 

𝑅1 =  
𝑉𝑟𝑒𝑓− 𝑉𝑏𝑒

𝐼𝑏
      (19) 

Therefore, the value of the load resistor 𝑅2 is defined as: 

𝑅2 =  
+𝑉𝑠

𝐼𝑐
𝑙𝑛 (

𝐼𝑏

𝐼𝑐
)      (20) 

Where 𝐼𝑏 is the transistor base current, 𝐼𝑐 is the transistor 

collector current, β is the transistor dc gain, 𝑅1 is the base 

resistor, 𝑅2 is the load resistor, 𝑉𝑟𝑒𝑓 is reference signal input 

voltage, 𝑉𝑏𝑒 is the emitter-base voltage, 𝑉𝑆 is the supplied 

voltage +𝑉𝑠. 

Analog Conditioning Output Design Method 

To produce a DC output voltage proportional to the 

applied external static (DC) magnetic field and further boost 

the fluxgate signal, a high-quality factor Q band-pass filter 

configuration at 5 Hz lower bound and 10 Hz upper bound 

frequency was designed for experimentation, as shown in 

Figure 6. Following the work of Evans [24], the Analog 

conditioning stage of the sensing coil output comprises a 

coupling capacitor to block the quasi-static feedback current, 

a trans-impedance amplifier, and a high-quality factor band-

pass filter was implemented using an MFB-BPF 

configuration at 10 Hz frequency. 

The sensing coil resonant frequency is obtained based on 

2nd, 3rd, 4th, and 5th harmonic frequencies using the equation: 

𝑓2𝑛𝑑 =  
1

2𝜋√𝐿𝑠𝑒𝑛𝑠𝑒𝐶𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡
     (21) 

Equation (21) can be rewritten as: 

𝐶𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 =  
1

(2𝜋𝑓2𝑛𝑑)2𝐿𝑠𝑒𝑛𝑠𝑒
    (22) 

If the gain for the amplifier U1a stage is 𝐺𝑈1𝑎, the value 

of the resistor 𝑅1, and the value of the feedback resistor 𝑅2 is 

obtained from the amplifier gain formula as: 

𝐺𝑈1𝑎 =  
𝑅2

𝑅1
      (23) 

The value of the parallel capacitor 𝐶1 will be calculated 

based on the cut-off frequency 𝑓0 given as:  
 

𝑓0 =  
1

2𝜋𝑅2𝐶1
      (24) 

∴ 𝐶1 =  
1

2𝜋𝑓0𝑅2
      (25) 
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Fig. 5 Synchronization switch stage [13] 

 
Fig. 6 Analog conditioning stage of the fluxgate sensor with 2nd order MFB-BPF [24] 

For the second order MFB-BPF, the low-pass filter cut-

off frequency is 5Hz, and the high-pass filter cut-off 

frequency is 10Hz, where the mid frequency is obtained as: 

𝑓𝑚 =  √𝑓𝑙 ∗ 𝑓ℎ      (26) 

The Filter Transfer Function is obtained as follows: 

𝑉0

𝑉𝑖
=  

−𝑠(
1

𝑅4𝐶2
)

𝑠2+ 𝑠(
𝐶2+ 𝐶3
𝑅3𝐶2𝐶3

)+ 
1

𝑅3𝐶2𝐶3
(

1

𝑅4
+ 

1

𝑅7
)
    (27) 

Filter mid-frequency 𝑓𝑚 is given as: 

𝑓𝑚 =  
1

2𝜋
 . √

1

𝑅3𝐶2𝐶3
(

1

𝑅4
+ 

1

𝑅7
)    (28) 

Equation (27) can be reduced to: 

𝑉0

𝑉𝑖
=  

−𝐺(2𝜋𝑓𝑚)𝑠

𝑠2+ 2𝜀(2𝜋𝑓𝑚)𝑠+ (2𝜋𝑓𝑚)2    (29) 

The input resistor  𝑅4 is given as: 

𝑅4 =  
1

2𝜔𝑚𝐺
      (30) 

The attenuation resistor 𝑅7 is given as: 
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𝑅7 =  
1

𝜔𝑚(2𝑄− 𝐺)
      (31) 

Also, resistor 𝑅3 is given as: 

𝑅3 =  
𝑄

𝜔𝑚
      (32) 

Where the pass band gain is given as: 

𝐺 =
𝑅3

𝑅4
 .

−𝐶3

𝐶2− 𝐶3
      (33) 

Considering U1b, the gain resistor 𝑅6 describes the gain 

of the low pass filter as: 

𝐺 =  
𝑅6+ 𝑅5

𝑅6
      (34) 

2.2.2. Hardware Construction Method 

The prototype construction of the Fluxgate Sensor was 

carried out following the design specifications. The designed 

circuit prototype was first constructed on a breadboard and 

later transferred to a Vero board for permanent soldering and 

packaged in a casing. 

2.2.3. Circuit Testing Method 

The developed FS was then characterized to ascertain its 

functionality. Accordingly, the excitation coil was excited 

while the output of the sensing coil was conditioned using an 

amplifier and the proposed filters. The sensor was exposed to 

the external and earth's magnetic fields. The excitation coil 

signal waveforms were examined by connecting the digital 

signal oscilloscope to the input and output of the sensor 

excitation stage on the testing board.  

The voltage sensitivity 𝑆𝑠𝑒𝑛 of the sensors as defined by 

Tumanski [7] is given as: 

𝑆𝑠𝑒𝑛 =  
change in output

change in input
  

That is, 

𝑆𝑠𝑒𝑛 =  
𝑑𝑉2𝑓

𝑑𝐻𝑒𝑥𝑡
      (35) 

Where 𝑉2𝑓  is the second harmonic voltage of the 

excitation signal and 𝐻𝑒𝑥𝑡 is the external magnetic field. The 

multiplying factor is defined as: 

𝐶𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑀𝑎𝑔𝑣𝑎𝑙

𝑉𝑡𝑜𝑡
      (36) 

The value of the corresponding voltages for each 

magnetic field for each component was measured from the 

relationship: 

𝑀𝑎𝑔𝑣𝑎𝑙 =  𝐶𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑉𝑚𝑒𝑎𝑠    (37) 

Where 𝑀𝑎𝑔𝑣𝑎𝑙 is the corresponding magnetic field 

value, 𝐶𝑓𝑎𝑐𝑡𝑜𝑟 is the scale factor, and 𝑉𝑚𝑒𝑎𝑠 is the voltage 

obtained from the fluxgate sensor output during field 

measurements. All the output voltages obtained from the 

fluxgate sensor during magnetic field measurements were 

multiplied by the scale factor to obtain the magnetic field 

corresponding to the measured output voltages. The total 

magnetic field intensity, F, obtained by the corresponding 

earth's magnetic field component at Locations A, B and C is 

given by:  

𝐹 =  √𝑋2 + 𝑌2 + 𝑍2     (38) 

Where X is the Northward magnetic field component, Y 

is the Eastward magnetic field component, and Z is the 

downward magnetic field component. Similarly, the 

measurement accuracy (%) of the magnetic field is defined 

as: 

% 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
𝑀𝑚𝑒𝑎𝑠

𝑀𝑟𝑒𝑓
 × 100%    (39) 

Where 𝑀𝑟𝑒𝑓 is the IGRF magnetic field standard values 

and 𝑀𝑚𝑒𝑎𝑠 is the total magnetic field values obtained from 

the magnetic field measurement at different locations (A, B 

and C) using the developed fluxgate sensor with MFB-BPF. 

3. Results 
3.1. Design Analysis 

3.1.1. Frequency Generator Design Stage 

If the value of the capacitor is chosen to be 2.7nF and 

the resistor R1 value is 10 kΩ, the maximum frequency of 10 

kHz could be achieved when resistor R2 is zero ohms, and 

only resistor R3 exists. Therefore, the value of resistor R2 is 

calculated using Equation (1) as: 

10 × 103 =
1

2.2×𝑅3×2.7×10−9   

𝑅3 =  16.835𝑘Ω  

Also, for the minimum frequency of 1.0 kHz, by using 

the series combination of resistors 𝑅2 and 𝑅3 the value of the 

timing resistor 𝑅𝑥 is calculated by using Equation (1) as:  

1.0 ×  103 =  
1

2.2 ×𝑅𝑥 × 2.7× 10−9  

𝑅𝑥 =  168.350𝑘Ω  

Since 𝑅𝑥 is a series combination of 𝑅2 and 𝑅3, then from 

equation (2).  

𝑅2 =  168.350𝑘Ω − 16.835𝑘Ω = 151.515𝑘Ω  

Therefore, resistors 𝑅1, 𝑅2 and 𝑅3 with capacitor 𝐶1 are 

the timing components where the total charge on the 
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capacitor is proportional to the voltage. Varying the value of 

the potentiometer resistor 𝑅3 will result in changing the 

output frequency of the oscillator. 

3.1.2. Frequency Divider Design Stage 

The frequency divider is a Dual-type Flip-Flop. Pins D1 

& D2 are meant for data input which could be logic 1 or 0. 

Pins CP1 and CP2 take the clock for Flip Flops 1 & 2. This 

clock input is of the edge-triggered type, so it switches 

output states to sudden changes in voltage level. The SD1 

and CD1 and SD2 and CD2 are Set and Reset pins of the 

respective Flip Flops. To connect the IC 4013 as a Frequency 

divider, the complement pin (~Q) is connected to the data 

input D1 of the flip flops. The feedback signal of the 

complement (~Q) pin connected to the data input divides the 

clock signal frequency of any range by half. Connecting the 

next Flip flop in such a way gives a signal of F/4 of the 

original frequency from the square wave oscillator. Thus we 

can obtain F/8 and F/16 signals by connecting the Flips Flops 

in continuous sequence [14]. 

 

3.1.3. Excitation Drive Design Stage 

In order to reduce power consumption by the designed 

sensor and drive the magnetic core into saturation, a 5V 

power supply is applied to the voltage-to-current converter, 

with a specified drive current of 25mA. By considering a 

current gain 𝛽 of 15 and a collector current 𝐼𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 of 

25mA, the base current 𝐼𝑏𝑎𝑠𝑒 was found from Equation (3) 

as: 

15 =  
25 × 10−3

𝐼𝑏𝑎𝑠𝑒
  

                                      ∴ 𝐼𝑏𝑎𝑠𝑒 = 1.66𝑚𝐴 

The values of the biasing resistors 𝑅3 and 𝑅4 were found 

using Equation (4): Therefore, by using an emitter-base 

voltage of 0.7V, the resistor 𝑅4 is calculated as: 

𝑅4 =  
5− 0.7

1.66 × 10−3 = 2.58 𝑘Ω  

Therefore, by considering the excitation frequency of 2 

kHz and in order to obtain the right size for the capacitor 𝐶1, 

emitter resistor 𝑅𝑒 is chosen to be 15Ω. Hence, capacitor 𝐶1 

is calculated using Equation (7): 

2  × 103 =  
1

2 × 3.142 × 15 ×𝐶1
  

∴ 𝐶1 = 5.3𝜇𝐹  

3.1.4. Geometrical Dimensions Design 

Assuming the geometrical dimensions of the ferrite ring 

core are chosen such that that internal radius, di, is 0.763 cm, 

outer radius, do, is 1.282 cm and height, hc, is 0.532 cm, the 

effective cross-sectional area Acore of the core, the material 

is calculated using Equation (8): 

Acore =  
(1.282− 0.762) ×0.532

2
  (cm2) = 0.138cm2  

The effective magnetic path length lcore was calculated 

using Equation (9): 

lcore =  
3.142 × (1.282+ 0.762)

2
  (cm) = 3.211cm  

Considering the wire's demagnetization factor and 

temperature increase, the wire diameter of 0.508mm 

Standard Wire Gauge (SWG 25) was chosen as the excitation 

coil. The inner diameter of the ring is used to determine the 

number of excitation coil winding as the winding turns used 

to be denser at the inner diameter than the outside diameter 

of a ring core. Therefore, the number of excitation coil turns 

𝑁𝑒𝑥𝑐was found by using Equation (10): 

 Nexc =  
3.142 ×0.00762

0.000508
 turns = 47 turns  

By using Equation (11), the inductance 𝐿𝑒𝑥𝑐 of the 

excitation coil is calculated based on the magnetic 

permeability of 10,000 given as: 

∴ 𝐿𝑒𝑥𝑐 =  
0.4 ×3.142 ×10000 ×472×0.138

3.211 × 108 = 11.93𝑚𝐻  

The area of the sensing coil was calculated based on the 

assumption that the outside diameter and height of the ring 

core are equal to the length and breadth of the sensing coil 

using Equation (12): 

∴ 𝐴𝑠𝑒𝑛𝑠𝑖𝑛𝑔 = 0.01282 ×  0.00532 = 6.820 × 10−5𝑚2  

By considering sense coil winding capacitance, the wire 

diameter of 0.361mm Standard Wire Gauge (SWG 30) was 

chosen as the fluxgate sensing coil. Assuming that the 

outside diameter forms the winding length, the number of 

winding layers equals the ring core height. Then using 

Equation (13), the number of the sensing coil winding turns 

is calculated as: 

∴ Nsensing =  
0.01282×0.00532

0.0003612 ≅  523 𝑡𝑢𝑟𝑛𝑠  

Sensing coil inductance without the core was calculated 

using Equation (14): 

∴ 𝐿𝑎𝑖𝑟 =
0.85 ×1.2568 ×10−6 ×5232 × 6.820×10−5

0.00532
≅ 1.55𝑚𝐻  

 The demagnetization factor was obtained using 

Equation (15): 

∴ 𝐷𝑔𝑙𝑜𝑏𝑎𝑙 =
0.223 × 0.375

0.907
≅ 9.22 × 10−2  



Samson Dauda Yusuf et al. / IJAP, 9(3), 19-33, 2022 

 

27 

The apparent permeability, 𝜇𝑎 was calculated using 

Equation (16): 

∴ 𝜇𝑎 =
10 ×103

9.22 ×10−2 × (10 ×103− 1)+ 1
≅ 10.83  

Inductance of the sensing coil with core was calculated 

using Equation (17) as: 

 

∴ 𝐿𝑠𝑒𝑛𝑠𝑖𝑛𝑔 =  

0.85 × 1.2568 × 10−6  × 5232 × (6.820 × 10−5 + 19.66 × 0.138 × 10−4)

0.01282
 

≅ 7.738𝑚𝐻  

3.1.5. Synchronization Switch Design Stage 

Assuming a load current 𝐼𝑐 of 10mA and a transistor 

gain of 50, the base current was found using Equation (18) 

as: 

∴ 𝐼𝑏 =  
10 × 10−3

50
= 2 × 10−4𝐴    

The value of the input resistor 𝑅1 was found from 

equation (19), with the assumption that the maximum 

𝑉𝑟𝑒𝑓 from the driving stage is 2.5V, 

∴ 𝑅1 =  
2.5− 0.7

 2 × 10−4 
= 9.0𝑘Ω  

Similarly, the value of the load resistor 𝑅2 was 

calculated from Equation (20) as: 

∴ 𝑅2 =  
5

10 × 10−3 𝑙𝑛 (
2 × 10−4

10 × 10−3) = 1.956𝑘Ω  

The transistor's output is fed to the control pin (pin 1) of 

the analog switch. This switch will be turned ON and OFF at 

the rate of the reference frequency being used in the fluxgate 

sensor design. 

3.1.6. Analog Conditioning Output Design Stage 

The sensing coil resonant frequency was obtained based 

on the 2nd, 3rd, 4th, and 5th harmonic frequencies of the 2 kHz 

drive frequency of the MFB-BFs. Using Equation (22), for 

the second harmonic frequency, when 2f = 4 kHz, the 

parallel capacitor needed to be connected across the sensing 

coil to extract the 2nd harmonic frequency signal is: 

∴ 𝐶2𝑛𝑑 =  
1

(2 ×3.142×4 × 103)2 ×7.738 × 10−3  = 204.5𝑛𝐹  

For the 3rd harmonic frequency, when 3f = 6 kHz, the 

parallel capacitor needed to be connected across the sensing 

coil to extract the 3rd harmonic frequency signal is: 

∴ 𝐶3𝑟𝑑 =  
1

(2 ×3.142×6 × 103)2 ×7.738 × 10−3 = 90.91𝑛𝐹  

For the 4th harmonic frequency, when 4f = 8 kHz, the 

parallel capacitor needed to be connected across the sensing 

coil to extract the 4rd harmonic frequency signal is: 

∴ 𝐶4𝑡ℎ =  
1

(2 ×3.142×8 × 103)2 ×7.738 × 10−3 = 51.13𝑛𝐹  

For the 5th harmonic frequency, when 5f = 10 kHz, the 

parallel capacitor needed to be connected across the sensing 

coil to extract the 5th harmonic frequency signal is: 

∴ 𝐶5𝑡ℎ =  
1

(2 ×3.142×10 × 103)2 ×7.738 × 10−3 = 32.72𝑛𝐹    

Therefore, the 2nd, 3rd, 4th, and 5th harmonics capacitors 

needed to extract the corresponding frequency signals are 

204.5nF, 90.91nF, 51.13nF, and 32.72nF, respectively. 

By using 34dB gain for the amplifier U1a stage and 

considering the value of the resistor 𝑅1 to be 10 kΩ the value 

of the feedback resistor 𝑅2 was calculated using Equation 

(23) as: 

∴ 50 =  
𝑅2

10 × 103  

∴ 𝑅2 =  500 𝐾Ω  

Similarly, the value of the parallel capacitor 𝐶1 was 

calculated based on a 4 kHz cut-off frequency 𝑓0 by using 

Equation (25) as: 

∴ 𝐶1 =  
1

2 ×3.142 ×4 × 103×500 × 103 = 79.56𝑝𝐹    

For 2nd order MFB-BPF, the low-pass filter cut-off 

frequency is 5Hz, and the high-pass filter cut-off frequency is 

10Hz, where the mid frequency is calculated using Equation 

(26) as: 

∴ 𝑓𝑚 =  √5 ∗ 10 = 7.07 𝐻𝑧  

By chosen capacitor 𝐶2 to be 2.2µF and a voltage gain 𝐺 

of 5 with a mid-frequency of 7.07Hz and a filter quality 

factor 𝑄 of 0.52, the input resistor 𝑅4 is calculated using 

Equation (30) as: 

∴ 𝑅4 =  
1

4∗3.142∗7.07∗2.2 × 10−6∗5
= 1.0231𝐾Ω  

Also, the attenuation resistor 𝑅7 was calculated using 

Equation (31) as: 

∴ 𝑅7 =  
1

2∗3.142∗7.07∗2.2 × 10−6∗(2∗0.52−(−5))
= 1.693𝑘Ω  
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While the resistor 𝑅3 was calculated using Equation (32) 

as: 

∴ 𝑅3 =  
0.52

2∗3.142∗7.07∗2.2 × 10−6 = 5.32 𝑘Ω  

Where the pass band gain is known from Equation (33) 

as: 

Using Equation (33), Capacitor 𝐶3 was therefore found 

to be 83.11µF. 

Assuming a gain of 5 and a gain resistor 𝑅6 is selected to 

be 4.7kΩ. The feedback resistor 𝑅5 for the low pass filter 

gain is calculated using Equation (34) describes the gain of 

the filter as: 

∴ 𝐺 = 5 =  
4.7 ×103+ 𝑅5

4.7 ×103   

∴ 𝑅5 = 18.8𝑘Ω  

3.1.7. Overall Schematic Circuit Diagram 

The input signal to the ADC was filtered to reduce the 

noise of the designed and developed fluxgate sensor from 

external sources. The overall schematic circuit diagram for 

the designed fluxgate sensor with MFB-BPF is shown in 

Figure 7. 

The 2nd order MFB-BPF was used to remove the 

unwanted frequency components from the sensing coil signal 

and produced a DC output voltage proportional to the applied 

external magnetic field. 

3.2. Construction of Fluxgate Sensor with MFB-BPF 

3.2.1. Circuit Construction 

The excitation coil was driven by the oscillator range of 

frequency between 1 kHz to 10 kHz. The inner diameter of 

the ring was 76.20mm, while the outer diameter was 

12.82mm with a 5.32mm core height. Considering the wire's 

demagnetization factor and temperature increase, the wire 

diameter of 0.508mm (SWG 25) was chosen as the excitation 

coil. The coils were wound with 47 turns of excitation coil 

with consideration for denser winding at the inner diameter 

than the outside diameter of the ring core. While 523 turns of 

copper wire with 0.361 mm diameter (SWG 30) were wound 

on coil bobbin for sensing coil. The fluxgate assembly stages 

are shown in Figure 8. 

 

 
Fig. 7 Circuit diagram of the designed fluxgate sensor with MFB-BPF 
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Fig. 8 Fluxgate Sensor Assembly: (a) Excitation and Sensing (b) 

Excitation and Sensing coils Coupling and (c) Excitation coil at the 

Centre of the sensing coil 

 
3.2.2. Casing and Packaging 

The constructed fluxgate sensor was provided with a 

plastic casing for protection measuring 15cm x 12.5cm with 

7cm height. It has 3nos. Of 0.5cm diameter holes spaced by 

3.75cm for three key switches for backlight, Reset and 

power. It also has 1no of 7cm x 2.3cm holes for LCD. The 

isometric diagram of the top and front view of the developed 

fluxgate sensor casing is shown in Figure 9 (a & b), while 

the complete casing for the packaged device showing the top 

and side view is shown in Figure 10 (a & b). 

Figure 4.10: schematic diagram of FS casing 

Figure 4.11: showing  top view of FS casing 

 
Fig. 9a Side view isometric diagram of casing 

Figure 4.10: schematic diagram of FS casing 

Figure 4.11: showing  top view of FS casing 

 
Fig. 9b Top view isometric diagram of casing  

 
Fig. 10a Side view of the complete packaged device 

 
Fig. 10b Top view of the complete packaged device 

3.3. Output Test Analysis 

To evaluate the performances of the developed MFB-

based fluxgate sensor, the sensor was exposed to the earth's 

magnetic field by turning the sensor to 3600 on the 

horizontal plane. The voltage produced and the magnetic 

field when the sensor was pointed towards the North Pole, 

South Pole and East/West were recorded and presented in 

Table 1. 

Table 1. Magnetic field and output voltage 

Geomagnetic 

Components 

Output 

Voltages 

(V) 

Corresponding 

Magnetic Field 

Values (nT) 

North 4.34 49440 

East/West 2.5 0 

South 0.187 -49440 

 

Since the earth's magnetic field is between 30μT to 50μT 

[34], the developed fluxgate sensor was therefore considered 

capable of electronic compasses. The output of the developed 

fluxgate sensor was clamped to the mean of 2.5V (for 0nT) 

so that if no magnetic field is present, the output voltage will 

be 2.5V. Setting this criterion was due to the bi-directional 

nature of the earth's magnetic field, so 2.5V to 4.34V was 

allocated for the positive field (towards the North Pole), and 

0.187V to 2.5V was for the negative field (towards the South 

Pole). The magnetic field corresponding to the output voltage 

is shown in Table 1. 

If the second harmonic voltage of the excitation signal 

𝑉2𝑓 is 4.34V, and the external magnetic field 𝐻𝑒𝑥𝑡 is 

49.44µT, then the voltage sensitivity Ssen of the sensors is 

calculated using Equation (35) as: 

𝑆𝑠𝑒𝑛 =  
4.34

49.44
= 87.78 𝑚𝑉 𝜇𝑇⁄   

The multiplying factor  obtains using Equation (36) as: 

𝐶𝑓𝑎𝑐𝑡𝑜𝑟 =  
49440.00

4.34
= 11391.71 𝑛𝑇 𝑉⁄   

𝑆𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 = 11391.71 𝑛𝑇 𝑉⁄      
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Table 2. Output voltages and magnetic fields from an optimized sensor at different locations 

Earth's Magnetic 

Field 

Components 

Location A Location B Location C 

Voltages (V) Magnetic 

Field (nT) 

Voltages (V) Magnetic 

Field (nT) 

Voltages (V) Magnetic 

Field (nT) 

X-Component 2.990 34061.21 2.967 33799.20 2.929 33366.318 

Y-Component 0.018 205.05 0.019 216.4424 0.024 273.40 

Z-Component 0.114 1298.65 0.155 1765.715 0.335 3816.22 

 

For the possibility of using the developed sensor for 

measuring the earth's magnetic field, the sensor was used to 

measure the magnetic field at different geomagnetic 

locations. The earth's magnetic field consists of three 

components: the vertical component (called Z-component) 

and the two horizontal components (called X and Y-

components). Since, according to Ali et al. [26], the earth's 

magnetic field exist everywhere, the magnetic field 

corresponding to the output voltages measured for each 

magnetic field component at the selected locations were 

calculated using Equation (37). For location A the calculated 

magnetic fields for the X, Y and Z –components are: 

𝑀𝑎𝑔𝑎(𝑋) =  11391.71 ×  2.990 = 34061.21 𝑛𝑇  

𝑀𝑎𝑔𝑎(𝑌) =  11391.71 ×  0.018 = 205.05 𝑛𝑇  

𝑀𝑎𝑔𝑎(𝑍) =  11391.71 ×  0.114 = 1298.65 𝑛𝑇  

A similar method was used to calculate the magnetic 

field components for locations B and C. The results of the 

output voltages and the corresponding magnetic fields 

measured at different geomagnetic locations are presented in 

Table 2. 

The total magnetic field intensity, F, was calculated 

using Equation (38) as:  

𝐹𝑎 =  √34061.212 + 205.052 + 1298.652  

= 34086.5745 𝑛𝑇   

 𝐹𝑏 =  √33799.20 2 + 216.44242 + 1765.7152 

= 33845.98 𝑛𝑇  

𝐹𝐶 =  √33366.3182 + 273.402 + 3816.22)2  

= 33584.9588 𝑛𝑇  

The result of the corresponding calculated earth's 

magnetic field intensity at the three geomagnetic locations is 

compared with the total magnetic field strength obtained 

from the International Geomagnetic Reference Field (IGRF) 

and presented in Table 3. The device's accuracy was also 

calculated using Equation (39); the results are also presented 

in Table 3. Thus; 

 

% 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦𝑎 =  
34086.5745

34067.50
 × 100% = 99.998%   

% 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦𝑏 =  
33845.98

33852.70
 × 100% = 99.98%    

 

% 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦𝑐 =  
33584.9588

33592.90
 × 100% = 99.976%  

 

Table 3. Comparison of magnetic fields from IGRF with prototype 

fluxgate sensor 

Parameters Total Magnetic Field Intensity 

Values 

Location 

A 

Location 

B 

Location 

C 

FS Total 

Magnetic Field 

Intensity, F 

34086.57 33845.98 33584.96 

IGRF Standard 

Mag. Field 

intensity, F 

34067.50 33852.70 33592.90 

Measurement 

accuracy (%) 

99.99 99.98 99.98 

 

From Table 3, the total magnetic field intensity results 

using the developed fluxgate sensor are comparable with the 

IGRF Standard. 

An accuracy of 99.99% for locations A, B, and C, 

respectively, validates the possibility of using the developed 

fluxgate sensor for earth's magnetic field exploration like a 

compass. The performance of the designed and developed 

MFB-BPF-based fluxgate sensor in this study was compared 

with previous work done by other researchers on fluxgate 

sensors, such as Can and Topal [27], Schoinas et al. [28], and 

Miles et al. [29] and the result is presented in Table 4. The 

voltage sensitivity, magnetic field magnitude, excitation 

current, and sensor core diameter of the present study 

compared with previous research are presented in Figure 11. 

From Table 4, the present study has a smaller sensor 

core size (diameter) as compared to the optimum core 

diameter suggested in the solutions reported by Can and 

Topal [27], Schoinas et al. [28], and Miles et al. [29].  
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Table 4. Comparison of current work with some existing fluxgate sensors 

Reference Core Diameter 

(mm) 

Max. B 

(±μT) 

Excitation 

Frequency (kHz) 

Excitation 

Current (mA) 

Sensitivity 

(mV/μT) 

Core Material 

Can & Topal [27] 20.00 60 n/a 2.17 11.40 Cobalt Metglas 2714A 

Schoinas et al. [28] 15.00 40 100 300 25.00 Vitrovac 6025 Z 

Miles et al. [29] 26.98 n/a 5.0 800 n/a Permalloy 

Present Study 12.82 49.44 2.0 25 87.78 MnZn Ferrite 

 

Lower excitation frequency as compared to Schoinas et 

al. [28] and Miles et al. [29] due to reduced core dimension, 

which has resulted in the demagnetization effect of the core, 

thereby reducing excitation current and hence the power 

consumption. Higher voltage sensitivity than the sensors 

reported in Can and Topal [27] and Schoinas et al. [28]. The 

optimum dimension and geometry of the sensor core, sensing 

coil, and detection circuit significantly enhanced the voltage 

sensitivity by a factor of 7.7 due to the matching of the 

excitation and detection circuits aided by the MFB-BPF 

employed in this research. A much simpler realization of the 

ferromagnetic core concerning Can and Topal [27], Schoinas 

et al. [28], and Miles et al. [29] due to the reduction of the 

sensor core and the BPF designed without sacrificing 

precision or size of the sensor. 

 

 
Fig. 11 Comparison of the present study with previous ones 

4. Discussion 
The designed fluxgate sensor with MFB-BPF has been 

carried out using a MnZn Ferrite core material, and the 

designed sensor, when subjected to various test, have 

revealed vital information. Findings have shown from this 

study that the second harmonic voltage of the excitation 

signal for the designed fluxgate sensor is 4.34V, and the 

external magnetic field is 49.44µT, corresponding to the 

sensor's voltage sensitivity of 87.78mV/μT. The high 

sensitivity results from reduced care diameter, reduced  

 

excitation current, and increased magnetic field. This finding 

is not in line with Can and Topal [27], who designed a ring 

core fluxgate magnetometer as an attitude control sensor for 

low and high-orbit satellites and obtained a voltage 

sensitivity of 11.4mV/μT using a Cobalt-based Metglas 

2714A core material. This finding is also not in line with that 

of Schoinas et al. [28], who worked on a flexible pad-printed 

fluxgate sensor and obtained a voltage sensitivity of 

25mV/μT using a Vitrovac 6025 Z core material.  

 

Findings from this study have also shown that the 

designed fluxgate sensor with MFB-BPF, when used to 

measure the earth's magnetic field at different geographical 

locations, has produced satisfactory results with an accuracy 

of 99.99% compared with the IGRF Standard. It implies that 

the developed fluxgate sensor can be used for earth's 

magnetic field exploration and also as a compass in line with 

that of Tarnriseven et al. [30], Schoinas et al. [28], and Topal 

et al. [31], but not similar to that of Douglass et al. [32]. 
 

5. Conclusion 
 The developed Fluxgate Sensor has a smaller core size, 

lower power consumption and excitation frequency due to 

reduced core dimension, which resulted in the 

demagnetization effect of the core, thereby reducing the 

excitation current and the power consumption. The higher 

voltage sensitivity was achieved as a result of matching the 

excitation and detection circuits aided by the MFB-BPF 

employed in the design, and the simple realization of the 

Ferro-magnetic core was due to the reduction of the sensor 

core size and BPF design without sacrificing precision. 

Considering the improved performance of the FS using a 

trans-impedance amplifier and MFB-BPF, the developed FS 

achieved the research objective because of its reduced power 

consumption, enhanced sensitivity, and low cost with 

efficient fabrication. 
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