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Abstract.  A novel magnetovision system was developed based on miniature, highly 

sensitive Quantum Well Hall Effect (QWHE) Sensors. This system consists of a 

handheld, portable 1616 QWHE sensors array, and an adjustable electromagnet, 

which can generate both DC and AC magnetic fields.  The system has high spatial 

resolution due to the use of the small size sensors (QWHE) compared to conventional 

coils. By using a superheterodyne technique, magnetic fields in the range of nano to 

micro Tesla can be detected both for DC and AC operations, respectively. In DC 

measurements, this system can also be used as a MFL testing equipment, which can 

provide 2 dimensional graphical images results similar to MPI but without its inherent 

drawbacks. By using low frequency magnetic fields, non-magnetic materials such as 

aluminum, copper and stainless steels can also be examined allowing for deeper 

defects below the surface to be detected. By varying the frequency of the excitation 

magnetic field, different skin depth can be accessed and therefore the full thickness of 

the materials can be tested leading to 3 dimensional visualization of the positions and 

sizes of the defects. Finally, the system can be used in multiple sampling 

measurements to give better signal to noise ratios and in real time measurements for 

fast scan speed requirements.  

1 Introduction  

Non-Destructive Testing (NDT) is the process of inspecting or evaluating materials or 

systems for surface or internal flaws without interfering in any way with them including 

during in-service operation. This technique can be divided into various methods of 

non-destructive testing, each based on a particular scientific principle. The NDT 

technologies most commonly used in industries are: (1) digital radiology and radiography, (2) 
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infrared and optical imaging, (3) magnetic and electromagnetic testing, (4) dye penetrant 

testing, (5) ultrasonic testing, (6) vibration analysis, (7) acoustic emission testing, and (8) 

microwaves and terahertz 
(1)

.  

Among all of the aforementioned methods, one of the most commonly used is the 

magnetic and electromagnetic testing. This includes the following methods:  magnetic flux 

leakage (MFL)
(2)

, Eddy current testing (ECT)
(3)

, magnetic particle inspection (MPI)
(4)

, and 

magnetovision systems (magnetic field scanning systems)
(5)

. All these techniques rely 

heavily, and are limited by, the particular magnetic field sensor used. The most commonly 

used magnetic field sensors in NDT are: superconducting quantum interference device 

(SQUIDs), inductor coils, magnetodiode, fluxgate, giant magnetoresistance (GMR) sensors, 

anisotropic magnetoresistive (AMR) sensors and Hall Effect sensors. As each different NDT 

method relies on different kind of magnetic field sensors, the testing limits are thus set by the 

limitations of each sensor. Among all magnetic field sensors, Quantum-well Hall Effect 

sensors fulfil the requirements of high magnetic sensitivity and reliability, low power 

consumption and small dimensions, large signal-to-noise ratios and low temperature 

dependence, together with reduced process and cost. Therefore, Hall Effect sensors have 

found ever increasing use in the fields of automation, medical treatment and detection 
(6,7)

. 

  Currently, commercial Hall Effect sensors are mostly fabricated on traditional 

silicon-based technology, which has limited sensitivity but benefits from a very sophisticated 

integrated electronics. The main difference between the QWHE and conventional CMOS 

field-effect transistors is the high mobility quantum well (QW) channel. This is a thin layer of 

a narrow band-gap semiconductor sandwiched between two identical larger band-gap 

materials. A thin layer of In.18Ga.82As is sandwiched between two layers of Al.35Ga.65As (Fig. 

1). Electrons from the high bandgap supply layer are transferred into the QW because this is 

energetically favourable for them. These electrons then accumulate at the interface and form 

a high mobility two-dimensional electron gas (2DEG) 
(8, 9)

. 

In this work, a prototype hand held 1616 magnetic field camera has been developed 

(size: 270 mm  135 mm) using 1616 arrays of a new class of highly sensitive Quantum 

Well Effect (QWHE) sensors. The QWHE sensors, denoted as P2A, use 

AlGaAs/InGaAs/GaAs materials and have resolutions of 1 μT at DC and < 100 nT at higher 

frequencies and have been reported previously
 (10)

. 

 

Fig. 1 Schematic illustration of the quantum well channel sensor. 
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2. Design and fabrication of a 1616 QWHE sensor array magnetometer prototype 

2.1 Circuit design of the 1616 array Hall Effect magnetometer 

Figure 2 shows the block diagram of the 2D array magnetometer. For better signal to 

noise ratio, both analogue and digital circuits are in separate planes (i.e. PCB layouts). 

Between these two circuits, a 60 ways board to board connector was used to transfer the 

amplified analogue signals, digital control signals and power connections. The connector 

pins are separated into three parts with grounded pins between each other to decrease 

crosstalk. 

In the digital circuit, four 14-bit 8-channel high speed (500 k samples/s) analogue to 

digital converters (ADC) are used to digitize the analogue signals. The communication 

between ADCs and controlling microprocessor is maintained by means of a high speed SPI 

bus. Low pass filters are used between the ADCs and amplification sections to eliminate 

anti-aliasing effects. Sampled and converted data are collected by a dual core ARM cortex 

M4 microcontroller which has DSP capabilities. A 32 Mb EEPROM and a 256Mb SRAM 

are connected to the microcontroller for both buffering and data storage. Digital filtering is 

used to improve signal to noise ratio with user programmable parameters for different 

requirements.  Incoming data is converted to the frequency domain by means of Fast Fourier 

Transformation for spectral analysis. The processed data are converted to a two-dimensional 

figure and displayed on a 24 bit RGB LCD display. User interaction is established by means 

of a capacitive touch pad on the LCD display. Furthermore, for post processing purposes, the 

data is uploaded to a personal computer via a 100 Base-T Ethernet connection. Figure 2 

depicts the main components of the whole system. 

 
Fig. 2 Circuit block diagram of the 1616 QWHE array magnetometer. 

The analogue part of the circuit depicted in Fig. 2 consists of 256 QWHE sensors in a 

1616 array configuration, 68 x 8-channels multiplexers, 32 low noise instrumentation 
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amplifiers and two different types of sensor drive sources. The analogue circuit is separated 

into four identical modules. In each module, 64 QWHE sensors are arranged as a single 88 

array which is connected to 18  8-channel multiplexers. 16 multiplexers are connected to 

1616 sensor arrays for selecting differential Hall voltage outputs. 8 sensors in each 

horizontal direction are connected in series for biasing. Two multiplexers are used to switch 

the sensor drive bias source between different horizontal lines. Low noise instrumentation 

amplifiers were used for differential signal amplification. The reference voltage of the ADCs 

is used for defining the output midpoint. Two sets of inverter logic gates were used to provide 

the sensors drive bias voltage. In each set, three inverter logic gates were connected in 

parallel to increase the current drive capacity and decrease the charge/discharge time of the 

array elements (Note that due to space limitations, other constant current sources are not 

shown in Fig. 2) 

2.2 Software flowchart 

As mentioned above, the designed 2D Hall array magnetometer uses a microcontroller to 

control the multiplexers (i.e. analogue switches) for scanning and recording the measurement 

data from each sensor. The software flowchart of the main program is shown in Fig. 3. 

 
Fig. 3 Software flowchart of the 2D Hall array magnetometer. 

Auto zero is used to cancel the offset voltage from each sensor. The measurement 

resolution can be controlled via software when the corresponding button has been selected.  

For the particular QWHE sensor (P2A) used here, the voltage sensitivity after 

amplification is 138.6 mV/mT at 0.815 mA (amplifier gain is set to 1000). The minimum 

detectable field (Dmin, which is the same as the maximum sensitivity) for each pixel at a bias 

current of 0.815 mA can be calculated as follows: 

1

min pixel μT  1.8 
(mV/mT) 138.6pixel  16384

V 4.096
  

sensivitypixel  16384

 voltagereference D  

2.3 1616 QWHE sensors array magnetometer prototype  

Pictures of the 1616 QWHE sensor array and the full 2D Hall array magnetometer are 

shown in Figs. 4 and 5 respectively.  
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Fig. 4 Analogue PCB of the 1616 Hall array magnetometer. The inset shows the 1616 

QWHE sensor array in an area of 80 mm  80 mm. 

 
Fig. 5 Picture of the 1616 Hall sensor array magnetometer. (a) and (b) are the front and back 

sides of the magnetometer respectively. The inset shows displayed measurement results of 

two magnets with different polarities. 

2.4 Sensor excitation 

Different from using a constant voltage or a constant current as the bias source, a new 

way was devised to activate the QWHE sensors as shown in Fig. 6. Two inverters controlled 

by two different clock signals are used to bias the QWHE sensors. 

  
Fig. 6 Schematic of two inverters as bias voltage source. 

In Fig. 6, clock1 and clock 2 are used to control the inverters. When one of the inverters 

output is high (1) and the other is low (0), the bias voltage will be applied to the sensors. By 

adjusting clock 1 and clock 2 direction of bias voltage can be controlled. When the direction 

of bias voltage is changed from 0 to 90 degree, the Hall voltage output will also change from 

0 to 90 degree. This gives the circuit the opportunity to shift the detected magnetic field 
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signal from DC or low frequency to a higher frequency. Therefore, the signal to noise ratio 

can be improved. The circuit described above can be used as a magnetic field 

superheterodyne spectrum analyser by using the QWHE sensors as a frequency mixer, where 

clock 1 and clock 2 function as local oscillator (LO). The AC magnetic field can then be 

captured at different frequencies. 

3. Data acquisition using the 1616 QWHE sensors array magnetometer  

3.1 Calibration using Helmholtz coils 

A Helmholtz coil was fabricated for the 1616 Hall array magnetic field camera 

calibration. The Helmholtz coils have 51 turns in each loop (N = 51). The radius of the coils 

(R) and diameter distance between them (L) are 20 cm.  

The calibration results of DC magnetic fields generated by the Helmholtz coil are listed 

in Table 1. The absolute relative error between measured and calculated values is reasonably 

low but also decreases with increasing input operation voltage, probably due to noise effects 

from the PCB. Thus the calibration results of the 1616 QWHE sensors array magnetometer 

shows that the device can be used to detect in the micro-Tesla range magnetic field with an 

absolute error lower than 3%.  

Table 1 Summary of the calibration results. 

Coil voltage (V) 
Coil current 

(mA) 
Calculated B (μT) Measured B (μT) 

Absolute relative 

error (%) 

0.5 61.7 14.1 13.7 2.8 

2 246.6 56.5 55.7 1.4 

4 493.2 113.0 114.7 1.5 

8 986.4 225.9 223.24 1.2 

3.2 DC magnetic-field measurement in MFL mode 

In order to test the performance of the 1616 QWHE sensors array magnetometer, two 

430 stainless steel plates having dimensions of 250 mm  90 mm  19.2 mm were prepared 

for MFL measurements. A single sensor QWHE magnetometer, manually scanned over the 

sample surface, was used for comparison purposes with the 2D magnetic camera output. The 

upper stainless steel plate was designed to simulate a defect by cutting out a hole of size 15 

mm  10 mm  9.2 mm in the middle of the top plate. The lower stainless steel plate was used 

as the field sinking plate. Figure 7 depicts the 3D and cross section schematic images of this 

test sample with defect for MFL testing. 8 rare earth magnet cylinder bars with magnetic 

strength of 440 mT were used to provide the magnetic flux through the test sample. 
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Fig. 7 Schematic illustration of (a) full 3D and (b) cross section schematic images of the test 

work piece with defect for MFL testing. 

The experimental mapping curve using the manually scanned single QWHE sensor 

and the test image using the 1616 QWHE sensor array are shown in Figs. 8(a) and (b), 

respectively, while Figures 8(c) and (d) are the corresponding 3D magnetic field images. It is 

clear from both data sets that the experimental results of the scanned single sensor mapping 

and 2D array magnetic camera are very similar and validate the measurement results of the 

1616 magnetic camera. The values of magnetic fields for the single sensor mapping are 

larger than those of the 2D array, mainly because of the difference in lift-off distances of the 

two instruments. The lift-off distances were 2.5 mm for the single sensor magnetometer and 

4.2 mm for the 2D QWHE array magnetometer. Note that Fig. 8(b) is the (fast) real image 

acquired during testing (in-situ image) while Fig. 8(a) is plotted using a grid-based graphics 

program with the scanned experimental data. The acquisition time was in excess of 2 hours 

for the manually scanned image compared with less than a second for the 2D array.  

 
Fig. 8 (a) and (b) are the experimental manually scanned mapps using a single QWHE sensor 

and the real-time image using the 1616 QWHE sensor array; (c) and (d) are the 

corresponding 3D magnetic field images from the single sensor and 2D 1616 QWHE array 

magnetometer, respectively. 

4. Conclusion and further development  

Magnetic field cameras are the basis for multi-dimensional magnetic-field mapping 

which are capable of detecting simultaneously the Bz component in a 2D plane. To this effect 

a novel 2D 1616 QWHE array magnetometer was designed, fabricated and tested. A 
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bespoke Helmholtz coils was fabricated for calibrating both DC and AC magnetic fields in 

the 2D array. A 430 stainless steel work piece with a cut out defect was prepared for DC 

magnetic field measurements and 2D images obtained which clearly reveal the defects. It 

was also shown that the QWHE sensors can be used as frequency mixers combined with a 

superheterodyne technique for AC magnetic field measurements and this is under further 

studies. The experimental results demonstrate that MFL measurements using the new 1616 

QWHE sensor array magnetometer were successful and in excellent agreement with 

manually scanned 2D images but at a fraction of the acquisition time. 
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