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Bio-magnetic signal detection using new digital signal processing approaches and modified hardware in non-

shielded environment.  

 

Take-Home Messages  

• Improving upon our previous magnetocardiography (MCG) sensing system, we report new digital signal 

processing (DSP) approaches and modified hardware that enable detection of wider bandwidth and lower 

strength bio-magnetic signals in non-shielded environments.  

• The reported system enables the passive detection of bio-magnetic signals that have a signal strength as low as 

8.76 pT and frequency range as wide as 100-1000Hz with one coil and 24 minutes of recording time in a 

regular non-shielded laboratory environment. 

• For the first time, the reported system empowers the seamless detection of magnetomyography (MMG), 

evoked Compound Action Potentials (eCAP), and magnetoneurography (MNG) signals, among other bio-

magnetic signals, opening unexplored opportunities for the future of medical diagnostics, monitoring, and 

treatment. 

• The proposed system considerably outperforms our previous design: noise levels at 10 Hz and 100 Hz are 

reduced by ~46% and ~92%, respectively, while detection sensitivity is improved by ~94% across a ~3333% 

wider signal bandwidth. 

• The recording time, number of coils and DSP components (notch filtering, averaging, Ensemble Empirical 

Mode Decomposition, EEMD, filtering) can be parameterized and adjusted to fit diverse clinical needs. 
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Abstract: We report a coil-based passive sensing system and associated Digital Signal Processing (DSP) capable of detecting 

extremely weak and wideband bio-magnetic signals without the need for shielding. Our previous work showed potential in this 

direction but was limited to detecting magnetocardiography (MCG) signals that are the strongest emanated by the human body as 

well as narrowband. In a major step forward, we advance our DSP with notch and Empirical Mode Decomposition filters, in 

addition to bandpass filtering and averaging utilized in the past and refine our coil design. We characterize the system’s noise 

performance, analyze effectiveness of the DSP methods, and validate performance in vitro. The proposed system considerably 

outperforms our previous design: noise levels at 10 Hz and 100 Hz are reduced by ~46% and ~92%, respectively, while detection 

sensitivity is improved by ~94% across a ~3333% wider signal bandwidth. That is, signals as low as magnetomyography (MMG) 

and evoked Compound Action Potentials (eCAP) and of frequency range comparable to magnetoneurography (MNG) can now 

be retrieved passively, in non-shielded environments. As a proof-of-concept, we utilize a single sensor and 24 minutes of 

recording; however, these parameters are scalable, as is the strength and frequency range of detectable bio-magnetic signals. To 

this end, we include discussions on how the hardware and DSP components can be parameterized and adjusted to fit diverse 

clinical needs. The proposed system can empower seamless detection of MCG, MMG, eCAP, and MNG, among others, opening 

unexplored opportunities for the future of medical diagnostics, monitoring, and treatment.  

 
Keywords — Bio-magnetic fields, bioelectromagnetics, Digital Signal Processing, induction coil, medical sensing. 

 

I. INTRODUCTION1 

UMANS emit various bio-magnetic signals due to 

changes in the ionic currents flowing through different 

parts of the body. Contrary to the corresponding electric 

signals, bio-magnetic signals do not get attenuated by 

biological tissues; do not suffer by low accuracy when 

originated by deep tissues; are not limited to unidirectional 

signal retrieval; are not restrained to 2-dimensional (2D) 

views; and can be obtained in a non-contact manner.  

As would be expected, interpreting these naturally 

emitted bio-magnetic signals can enhance our 

understanding of underlying physiological functions. For 

example, magnetocardiography (MCG) can help identify 

diverse cardiac defects, including, but not limited to, 

myocardial ischemia and angina [1]-[3]. 

Magnetoencephalography (MEG) can empower next-

generation brain-machine interfaces [4], recognize eye 

blinks for diverse applications [5], localize seizures [6] and 

brain lesions [7], diagnose mild traumatic brain injury [8], 

and help study neural plasticity [9], language function [10] 

and cognitive workload [11]. Magnetomyography (MMG) 
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may be used for labor immanency prediction [12] [13], face 

and whole head muscular activity monitoring [14], and for 

researching hand innervation [15]. Magnetoneurography 

(MNG) can be used to visualize the propagation path of 

evoked compound action currents (CAC) along peripheral 

nerves [16] and quantitate peripheral nerve regeneration 

[17]. As one type of MNG, magnetospinography (MSG) 

can be used to evaluate neural activity in the cervical spinal 

cord [18] and diagnose cervical conduction blocks in 

myelopathy patients [19].  

Unfortunately, recording bio-magnetic signals is 

extremely challenging. One reason is that field strength is 

extremely weak, in the order of ~10-10 to 10-15 T, i.e., 

several orders of magnitude lower than the earth’s magnetic 

field which is in the range of 10-4 T [20] [21]. In addition, 

signals such as MNG and MMG cover a wide range of 

frequencies (e.g., from 100 Hz to 1000Hz) that further 

impede detection, as noise across the range is interfering 

with the signals [22]. In turn, devices used for capturing 

bio-magnetic signals are very limited. The most common 

examples include Superconducting Quantum Interference 

Devices (SQUID) and Atomic Magnetometers (AM) that 

suffer from bulkiness, high operation cost, need for 

excessive shielding, low sensor fabrication yield, and 

constrained recording environments [23]-[27]. 

To address these limitations, we recently reported a 

miniaturized induction coil-based sensing system that can 

record MCG activity in non-shielded environments [28]. 
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We note that the proposed sensor is the only one available 

in the literature that is concurrently small, low-cost, and 

operable without shielding. Currently the state-of-the-art 

currently relies on SQUID sensors that are bulky, cost 

millions of dollars, and operate in shielded rooms. The 

closest competitor to our technology would be atomic 

magnetometers (such as spin exchange relaxation-free 

(SERF) magnetometers by QuSpin [29]) which are 

comparable in size and cost effective. However, most 

atomic magnetometers can only operate in near zero 

ambient magnetic field which requires the use of bulky and 

costly magnetic shielded rooms. Our study demonstrated a 

4-coil sensor array that was capable of capturing emulated 

human MCG activity within 15 min of recording time. 

There are, however, three main aspects benefitting this 

performance. First, cardiac bio-magnetic signals are the 

strongest generated by the human body (order of 10-10 T). 

Second, cardiac signals are relatively narrowband (8 to 35 

Hz), implying that a standard bandpass filter and cycle 

averaging employed at the signal processing stage can 

considerably remove wideband noise and uncorrelated 

noise. Third, the highest frequency component of MCG lies 

outside the power line frequency of 60 Hz and its 

harmonics, implying that the abovementioned filtering can 

readily eliminate power line noise as well. In turn, our 

sensor reported in [28] is not suitable for detecting bio-

magnetic activity other than MCG. 

In a major step forward, we herewith expand our sensor’s 

ability to detect much lower and more broadband bio-

magnetic signals that may also include the 60 Hz harmonics 

in their band. The major contribution lies in an improved 

Digital Signal Processing (DSP) method that integrates 

notch filters and Ensemble Empirical Mode Decomposition 

(EEMD) filters, in addition to bandpass filtering and 

averaging (multiple cycle averaging and multiple sensor 

averaging) reported in the past, to reduce environmental 

and power line noise.   

Concurrently, coil dimensions are slightly modified as 

compared to our previous design to better fit the ideal 

dimensional ratios reported in [28]. In vitro experimental 

results for single-coil recordings averaged over 24 min 

confirm that our improved system can detect bio-magnetic 

signals as low as 8.76×10-12 T (comparable to the typical 

signal strength of MMG [12] [13] [15]), with frequency 

ranging from 100 to 1000 Hz (comparable to the MNG 

frequency range [22]). That is, compared to [28], we can 

detect ~94% times lower signals, across ~3333% times 

wider bandwidth. Also, the noise levels at 10 Hz and 100 

Hz are reduced by ~46% and ~92% as compared to [28]. A 

detailed comparison between our previous [28] and this 

work is provided in Table I. We remark that the selected 

coil configuration and frequency range are not limiting, the 

DSP methods discussed in this paper can be applied to other 

available biosensors and can be extended to other 

applications with even lower signal strength and wider 

bandwidth (e.g., by adding more averaging cycles, 

increasing the number of recording coils, and incorporating 

additional notch filters).   

The rest of the paper is organized as follows. Section II 

discusses the new coil design, DSP methods employed, and 

how each of these DSP methods can be used in combination 

with others. Section III reports our in vitro experimental 

set-up. Section IV provides experimental results and 

discusses the effectiveness of each of the DSP methods. 

The paper concludes in Section V. 

II. METHOD AND PROCEDURE  

A. System Overview   

The proposed system is designed based on [28] and is 

shown in Fig. 1. In brief, coil sensor(s) are used to collect 

the bio-magnetic signal and are each connected to an 

amplifier (gain=1000) to enable signal capturing by an 

Analog- to-Digital Converter (ADC). The coil sensor(s) 

themselves are placed in proximity to the signal source 

(e.g., upon the chest for sensing the bio-magnetic signal of 

the heart), while the rest of the electronics are placed 

further away to reduce noise. Depending on the signal 

strength and bandwidth, multiple coils and amplifiers may 

be needed for the recording. The idea is to average multiple 

signals such that the noise floor is reduced. Concurrently, a 

gating signal that is synced with the bio-magnetic signal is 

recorded and sent to the ADC. The goal of this gating signal 

is to help identify repeating cycles for subsequent averaging 

in DSP. Depending on the application, this may be the 

electrical signal naturally emanated by the human body  

(e.g., electrocardiography (ECG) or pulse signal in the case 

of MCG, eye blinking in the case of MEG) or a stimulus 

input signal (e.g., ocular stimulation signal for MMG, 

evoked action potentials for MNG).  

 
Fig. 1. Overview of the sensing system employed in this work.   

TABLE I 

PERFORMANCE COMPARISON  

Parameters 
Previous 

work [28] 
This work 

Number of Coil Sensor(s) 4 1 

Recording Time 

15 min (yet 

scalable with 

number of 
coils) 

24 min (yet 

scalable with 

number of 
coils) 

Coil Size (Height × Diameter) 11×15 mm 12×16.6 mm 

Noise Performance at 10 Hz 70 pT/√Hz 32.45 pT/√Hz 

Noise Performance at 100 Hz 5.08 pT/√Hz. 4.656 pT/√Hz 

Lowest Detectable signal 1.56×10-10  T 8.76×10-12  T 

Bio-magnetic Frequencies  8-35 Hz 100-1000 Hz 

Bio-magnetic Bandwidth 27 Hz 900 Hz 
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In this paper, we focus on improving our original DSP 

reported in [28] to enable detection of wider bandwidth and 

lower-level bio-magnetic signals. As a worst-case scenario, 

we select the bandwidth of MNG as the most wideband 

among most bio-signals (100 Hz to1000 Hz, viz. ~3333% 

wider than [28]) and seek to improve the sensitivity beyond 

the MCG level that was achieved in [28]. In total, four 

methods are studied in terms of their effectiveness to reduce 

noise, i.e., bandpass filtering and averaging proposed in 

[28], as well as notch filtering and EEMD explored here for 

the first time. Specifically, bandpass filtering is used to 

focus the raw data in the targeted signal frequency range. 

Averaging includes both averaging over a period of time as 

well as averaging over multiple coil sensors. It is used to 

cancel out uncorrelated noise that is not repeating at a fixed 

frequency. To this end, and particularly for applications that 

require short recording times, one can increase the number 

of coil sensors to make up for the missing bio-magnetic 

cycles being averaged. Next, notch filters are added to 

eliminate the power line noise that is overlapping with the 

targeted signal frequency range. Finally, EEMD [30] is 

used as the final de- noising method to improve the signal’s 

overall clarity. To maximize the efficiency in de-noising 

different raw bio-magnetic signals, the abovementioned 

four methods can be arranged in various sequences and 

used to different extents, as will be discussed in Section 

II.C (e.g., one can reduce the number of notch filters for 

environments with high Signal to Noise Ratio (SNR) or 

when the targeted bio-signal has narrower bandwidth).  

B. Coil Sensor   

The coil sensor employed in this work is slightly 

modified vs. [28] to increase sensitivity in its axial direction 

and to better fit the ideal dimensional ratios reported in 

[28], viz. Di (inner diameter)/D (outer diameter) = 0.56 and 

l (length or height of the coil)/D = 0.7182. Here, we select 

Di=9.3 mm (same as in [28]) and modify the rest of the 

parameters to fit the exact ratios above. The coil parameters 

are shown in Fig. 2. With sensitivity, S, being proportional 

to D2.5, and since D in this work is slightly larger (~1.11 

times) than [28], the coils of Fig. 2 have an added 

advantage.  

  To demonstrate the sensitivity of the system (coil sensor 

and amplifier), noise performance is measured in a non-

shielded environment which is the environment the system 

will operate in. The achievement of adequate detection 

sensitivity is made possible through (a) the modified sensor 

design and (b) the new DSP. Improvement due to the 

modified sensor design is hereafter quantified by the noise 

performance. The power spectrum density is shown in Fig. 

3. Here, a Helmholtz coil providing uniform sinusoidal 

magnetic field is used to convert the electric unit (Volt) to 

magnetic strength unit (Tesla). For our coil at 10 Hz, 100 

Hz and 1000 Hz, noise is measured to be 32.45 pT/√Hz, 

4.65 pT/√Hz, and 205.8 fT/√Hz, respectively. Comparing to 

[28], at 10 Hz and 100 Hz, the noise density is reduced by 

~46% and ~92%, respectively (Table I). Comparing our 

sensor’s sensitivity to that of a commercially available 

SERF magnetometer (by QuSpin), SERF appears to have 

better noise performance (i.e., 7-10 fT/√Hz) [29]. However, 

the sensitivity reported in this paper is measured in a non-

shielded environment (a standard laboratory environment) 

while for SERF it is measured in a shielded environment. 
Further, our coil sensor is significantly smaller and lighter 

as compared to other induction coil-based sensors [31]- 

[33]. Eventually, when combined with the proposed DSP, 

bio-magnetic signals with wide frequency range and pT-

level strength can be detected.  

C. Digital Signal Processing 

 Our proposed DSP includes the 4 methods outlined in 

Section II.A and is hereafter described considering a bio-

magnetic signal with a frequency ranging from freql to 

freqh. The bio-magnetic signal and the synced gating signal 

are both recorded simultaneously for a period of time 

producing m repeating bio-activity cycles per coil. In total, 

n number of coil sensors and amplifiers are used to record 

the bio-magnetic signal, producing n sets of recorded raw 

bio-magnetic signals, namely (raw1, raw2 … rawn) with 

each of these raw signals containing m repeating cycles. We 

herewith describe a generic scenario, such that not all of the 

listed methods may be eventually needed and/or not to the 

same extent, depending on the targeted signal and 

experimental conditions.  

Method 1: Bandpass filtering. Bandpass filters with 

passband frequency from freql to freqh are employed to all 

sets of the raw bio-magnetic signal (raw1, raw2 … rawn) to 

focus the collected signal in the targeted frequency range. 

This process produces the corresponding signals (bp1, bp2 

… bpn). 

Method 2: Notch filtering. As is well known, notch filters 

remove background noise at specific frequencies. For most 

cases of non-shielded environments, the strongest 

background noise at fixed frequency is the power line noise 

and its harmonics (in the US, at 60Hz, 120Hz, 180Hz, etc.). 

Notch filters at these frequencies are applied to all sets of 

 
Fig. 3. Sensitivity of the proposed system (coil sensor and the amplifier) 

measured in a non-shielded environment.   

 
Fig. 2. Coil design parameters employed in this work and fabricated 
prototype.    
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the band passed signals (bp1, bp2 … bpn), to produce 

(ntchbp1, ntchbp2… ntchbpn). Here, not all power line noise 

components within freql to freqh need to be notched out, 

but rather only those with higher power. The process is to 

start notching out the noise component (from across 60 Hz, 

120 Hz, 180 Hz, etc.) with the highest power, followed by 

the second highest, etc. until the final retrieved signal (after 

all DSP methods have been employed) is visible with the 

desired clarity/resolution. The notch filters are built using 

the model of a bandstop filter in Matlab with a very narrow 

stop band (2 Hz). The filter is designed as the minimum-

order FIR filter that can achieve a stopband attenuation of 

60 dB and transition band steepness of 0.85 where a 

steepness of 1 represents the ideal bandstop response. The 

delay introduced by the filters is compensated after the 

filtering. 

Method 3: Averaging. This method aims to eliminate 

uncorrelated noise and entails: 

(1) Averaging over repeating cycles of the signal. This 

approach averages the m number of bio-activity cycles 

recorded by each of the coil sensors. Specifically, the 

aforementioned (ntchbp1, ntchbp2… ntchbpn) can be re-

written for m cycles within the data set of each sensor as 

(ntchbp1_cycle1 … ntchbp1_cyclem; ntchbp2_cycle1 …n 

tchbp2_cyclem; …; ntchbpn_cycle1…ntchbpn_cyclem). The 

averaging process delivers one averaged cycle per coil, 

namely Aventchbp1 for coil 1, which is the sum of all cycles 

(ntchbp1_cycle1 … ntchbp1_cyclem) divided by m. This is 

repeated for n coils to deliver (Aventchbp1 … Aventchbpn). 

To locate the abovementioned m cycles, the gating signal 

that is recorded simultaneously with the bio-magnetic 

signal is used, as detailed in Section II.A.  

(2) Averaging over multiple coil sensors. This approach 

averages the cycle-averaged signals from across all coil 

sensors. That is, the n number of averaged data 

(Aventchbp1, … Aventchbpn) are summed and divided by 

n, delivering the final averaged signal, Aventchbp. If m is 

large enough, meaning the signal is recorded for a long 

period of time, then n can be smaller. Accordingly, for 

applications where recording for long periods of time is not 

desirable (i.e., small m), more coils (i.e., large n) can be 

used instead. Hence, the recording times in Table I are 

indicative and rather scalable with the number of coils. In 

this work, we select n=1, that leads to the longest possible 

recording time as a worst-case scenario.  

Method 4. EEMD filtering. EEMD with customized 

thresholding [30] is used to de-noise the final averaged bio-

magnetic signal (Aventchbp). This customized thresholding 

method has been reported to be most effective in de-noising 

ECG signals with Additive Gaussian White Noise (AWGN) 

[30]. Here, it is the first time that EEMD is explored within 

context of passive detection of bio-magnetic signals. To this 

end, we first decompose the signal (Aventchbp) into 

multiple zero-mean oscillating Intrinsic Mode Functions 

(IMFs) using the EMD algorithm. Then, these IMFs are 

thresholded using a customized thresholding function [30]. 

The final de-noised signal (namely, final retrieved bio-

magnetic signal in Fig. 1) is reconstructed by summing all 

the thresholded IMFs and the residual.  

 As mentioned earlier, each of these four methods can be 

used alone or in combination and their individual 

parameters can be chosen according to specific needs. For 

example, for bio-magnetic signals that are narrowband and 

with high signal strength (e.g., MCG), bandpass filtering 

alone is sufficient to remove the noise. For bio-magnetic 

signals that are extremely weak (e.g., evoked compound 

action potential, eCAP, signals) and/or recording is 

happening in extremely noisy environments, all four 

methods may be employed for adequate noise reduction.  

III. EXPERIMENT DESCRIPTION 

A. Overview  

The high-level goal of our experiment is to validate that 

the proposed DSP and accompanying sensing system can 

capture wideband bio-magnetic signals with extremely 

weak strength. More specifically, we aim to: (a) identify the 

minimum field strength that can be detected for our targeted 

100 Hz to 1000 Hz range per Section II.A, and (b) evaluate 

the effectiveness of each of the DSP methods reported in 

Section II.C. An overview of the experimental set-up is 

shown in Fig. 4. Per Fig. 4(a), a function generator is 

outputting two identical, synced, bio-signals constructed by 

adding up multiple sinusoidal waves of same magnitude 

and with frequencies ranging from 100 Hz to 1000 Hz at 10 

Hz intervals. One of these two signals is used to emulate the 

gating signal which is later used in DSP (as per Section 

II.C), while the other is connected to an attenuator and fed 

into a circular, 8-cm-diameter phantom (Fig. 4(b)). Here, 

the circular phantom is used to convert the electric signal 

into magnetic and is a single-turn circular loop as a proof-

of-concept. The 8 cm phantom diameter is chosen as an 

example: since we report results using the signal strength at 

the recording site (i.e., where the coil sensor(s) is/are 

placed), the phantom diameter is not relevant as long as the 

current flowing on the loop is adjusted accordingly. The 

attenuator is added to bring down the signal strength, as our 

function generator can only output a minimum of 1 mV 

peak-to-peak (pk-pk) signal. When feeding the circular 

phantom, the connection wires are twisted to eliminate 

 
Fig. 4. (a) Block diagram of the experimental setup. (b) Overview of one 
sensing coil placed upon the bio-phantom.  (c) In vitro experimental setup.  
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possible electrical inference.  

The emulated bio-magnetic signal is picked up wirelessly 

at 15 mm distance away from the phantom (see Fig. 4(b)) 

through our sensing system of Fig. 1 (i.e., coil sensor(s), 

amplifier, and ADC). This 15 mm distance is chosen as an 

example and represents the typical distance between the 

spinal cord nerve bundle and the skin for MSG detection. A 

3D-printed fixture, shown in Fig. 4 (b), is used to secure the 

phantom and coil sensor(s) at their designated spaces. A 24-

bit multi-channel ADC by National Instruments is 

employed, with all channels sampling at 5 kHz. The 

amplifier board is powered at ±10V and placed far away 

from the coil sensor(s) to eliminate electronic noise. The 

bio-magnetic signal (namely, “final signal” in Fig. 4(a)) is 

eventually retrieved after DSP. An overview of the in vitro 

experimental set-up is shown in Fig. 4(c). It is placed in a 

regular (unshielded) laboratory environment.   

B. Experimental Setups 

To identify the minimum detectable signal level (see 

Section IV.A), we use a 30 dB attenuator that brings the 

current circulating in the phantom down to 0.632 μA pk-to-

pk. This current level corresponds to a maximum z-

component magnetic field strength of 8.76×10-12 T at 15 

mm distance away from the phantom, per the coordinate 

system of Fig. 4(b). We find this by using the CST low-

frequency solver to simulate the set-up of Fig. 4(b) and a 

500 Hz sinusoidal current of 0.631 μA pk-pk as the 

excitation signal that is fed into the circular phantom. Here, 

the 500 Hz frequency is chosen as lying within the bio-

magnetic signal range (100-1000 Hz). We also note that, 

since the phantom is a simple single-turn circular loop with 

low-frequency current circulating, then, based on Biot-

Savart’s law, the frequency of the exaction signal will not 

contribute to the maximum magnetic field strength it 

generates. As would be expected, the maximum field 

strength will occur at each ¼ and ¾ wave cycle. For these 

instants, Fig. 5(a) shows the z-component magnetic field 

strength generated by the circular phantom at 15 mm 

distance, i.e., where the recording coil(s) is/are placed. As 

seen, the maximum z-direction field strength at the 

recording plane is 8.76×10-12 T which lies in the lower 

range of typical MMG and eCAP signals [12] [13] [15]. To 

run this experiment for identifying the minimum detectable 

signal, two coil sensors are placed in the center of the 

phantom, 15 mm away, picking up the z-direction signal. 

Recording lasts 60 min, but – as will be discussed in 

Section IV – the bio-magnetic signal can be retrieved with 

only 24 min of data coming from only one coil sensor.  

To further explore the effectiveness of each of the four 

DSP methods of Section II.C (see Section IV.B), one 

additional experimental setup is studied. Here, a 10 dB 

attenuator is used after the function generator to bring the 

current circulating in the phantom down to 6.2 μA pk-to-pk. 

Following a similar CST simulation as above, the 

maximum field strength at the recording plane (i.e., 15 mm 

away from the phantom) is now 8.59×10-11 T (Fig.5(b)). We 

pursue this experiment to explore cases of stronger bio-

magnetic signals such that not all powerline noise within 

the frequency range needs to be notched out to produce a 

clear signal. In so doing, the effectiveness of adding a 

varying number of notch filters can be analyzed. In this 

setup, one coil sensor is employed to pick up the emulated 

bio-magnetic signal that is again placed in the center of the 

phantom, 15 mm away, collecting the z-direction signal per 

the coordinate system of Fig. 4(b). We record data for 45 

min, but – as will be discussed in Section IV – the bio-

magnetic signal can be clearly retrieved with only 22 min of 

data.   

IV. EXPERIMENTAL RESULTS 

A. Minimum Detectable Signal 

Per Section III.B, we use the 30 dB attenuator and have 

two coil sensors (n=2) capturing two sets of raw magnetic 

signals (raw1, raw2). Data are collected for a total of 60 min. 

However, during DSP, we gradually reduce the number of 

coils and duration of the recording to find the minimum 

values beyond which the bio-magnetic signal can no longer 

be retrieved. These minimum values end up being one coil 

with 24 min of recording time. Comparing the 1.56×10-10 T 

signal that was retrieved in our previous work [28] vs. the 

8.76×10-12 T signal that is retrieved here, we achieve ~94% 

improvement in sensitivity. Also, the bio-magnetic signal 

bandwidth of 27 Hz in our previous work [28] is now 

increased to 900 Hz, implying ~3333% wider frequency 

range that also includes powerline noise and its harmonics.   

Fig. 6 assesses the effectiveness of the new proposed 

DSP in retrieving wideband and extremely weak bio-

magnetic signals. The retrieved signal (solid blue line), 

along with the gating signal (dashed red line) are synced, 

 
Fig. 6. Retrieved bio-magnetic signal using 24 minutes of recording time 
and one coil sensor for a 30 dB attenuator. Processed using (a) the new 
proposed DSP and (b) the old DSP in [28] 

 
Fig. 5. Simulation result of the maximum z-component magnetic field 

strength generated by the circular phantom at 15 mm distance where the 

recording coil(s) is/are placed. A (a) 30 dB and (b) 10 dB attenuator is 

connected to the function generator that is outputting 1 mV pk-to-pk.  
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confirming that the retrieved signal is indeed the desired 

one. Note that, employing the methodology discussed in  

[28], the final retrieved signal can readily be converted 

from Volts to Tesla. Here, we show voltage as a more 

straightforward representation of the signal collected. Fig. 

6(a) employs all four new DSP methods, while Fig. 6(b) 

employs the old DSP proposed in [28]. Comparing the two, 

the final retrieved bio-magnetic signal can be clearly seen 

in Fig.6(a) while in Fig. 6(b) the signal cannot even been 

seen. This validates the effectiveness of the proposed four 

new DSP methods. To achieve the performance of Fig. 

6(a), all four DSP methods described in Section II.C are 

employed. Specifically, through Method 1 to Method 4, the 

raw signal (raw1) is first transformed to bp1 to focus the 

frequency within freql to freqh (100-1000 Hz). Then, 15 

notch filters (namely, at 120, 180, 240, 300, 360, 420, 480, 

540, 600, 660, 720, 780, 840, 900, 960 Hz) are applied to 

bp1, producing ntchbp1. Here, we remark a tradeoff between 

the number of notch filters and the clarity of the final 

retrieved signal. In this particular case, all powerline noise 

harmonics within freql to freqh are notched out to produce 

the clearest signal possible. Since only one coil is used 

(worst case scenario per Section II.C), Aventchbp1 and 

Aventchbp delivered by Method 3 are the same. The final 

retrieved signal is then reconstructed from the EEMD-

filtered Aventchbp signal.  

B. Parametric Study  

To assess the effectiveness of each of the DSP methods 

of Section II.C, we pursue both experimental setups of 

Section III.B, i.e., (a) 10-dB attenuator (8.59×10-11 T 

maximum bio-magnetic signal) with one coil sensor, and 

(b) 30-dB attenuator (8.76×10-12 T maximum bio-magnetic 

signal) with two coil sensors. Experimental results for these 

two cases are shown in Fig. 7 and Fig. 8, respectively. In all 

plots, the blue solid line shows the final retrieved bio-

magnetic signal, and the red dashed line shows the gating 

signal. 

Specifically, Fig. 7(a) shows the bio-magnetic signal 

retrieved using 22 min of recording time (part of the total 

45  min of the recording) with 9 notch filtes at frequencies 

120, 180, 240, 300, 360, 420, 480, 540, 780 Hz, and EEMD 

filtering at the end. Fig. 7(b) shows the corresponding 

retrieve signal when all 45 min of the recording are used for 

post-processing (along with the same 9 notch filters and 

EEMD). If we maintain the 45 min recording and add a 

tenth notch filter at 660 Hz (in addition to the ones above), 

in addition to EEMD, the resulting signal is that of Fig. 

7(c). Finally, if we use the 45 min recording and all 10 

notch filters, but skip the EEMD filtering step, the peak of 

the bio-magnetic signal can still be retrieved, but noise 

masks the weaker signal parts, Fig. 7(d). Finally, to 

understand the effect of averaging multiple sensors, Fig. 

8(a) and Fig. 8(b) are obtained from 24 min of data 

averaged over two coil sensors and one coil sensor, 

respectively, using 15 notch filters at frequencies listed in 

Section IV.A. EEMD filtering is omitted in Fig. 8 to save 

computational time. 

As seen, results in Fig. 7(a) and Fig. 7(b) confirm our 

hypothesis in Section II.C, Method 3, with the final 

retrieved signal in Fig. 7(b) being clearer than that in Fig. 

7(a). That is, longer recording times produce a much clearer 

signal as longer time leads to more repeating cycles being 

averaged, such that less uncorrelated noise is present in the 

final plot. Similarly, when signals are averaged over more 

coil sensors, more repeating cycles (due to increased 

number of coils this time) end up being averaged. That is, 

the final retrieved signal when averaging over more coils is 

anticipated to be clearer. This is indeed the case shown in 

Fig. 8(a) and Fig. 8(b). Comparing the final retrieved signal 

in Fig. 7(b) and Fig. 7(c), more notch filters lead to a 

clearer signal. This is because more notch filters eliminate 

more harmonics of the power line noise, reducing the fixed 

frequeny noise appearing in the final retrieved signal. 

Lastly, EEMD filtering applied at the end can effectively 

smooth out the zero mean oscillation. In turn, the final 

signal after EEMD filtering is proven to be much smoother 

(shown in Fig. 7(c) and Fig. 7(d)).  

In summary, our proposed approach provides several 

degrees of freedom in terms of hardware (i.e., number of 

coils) and DSP (i.e., different types of DSP methods and 

different extent to which they can be employed or even 

eliminated). Signal-averaged MCG can be used to identify 

 
Fig. 8.  Final retrieved bio-magnetic signal from experiment with 30 dB 

attenuator and two coil sensors, using 24 min of recording and 15 notch 
filters but not EEMD: (a) averaging data from two coil sensors, (b) using 
data from one coil sensor. 

 
Fig. 7.  Final retrieved bio-magnetic signal from experiment with 10 dB 

attenuator and one coil sensor: (a) 22 min of recording with 9 notch filters 

and EEMD, (b) 45 min of recording with 9 notch filters and EEMD, (c) 45 
min of recording with 10 notch filters and EEMD, (d) 45 min of recording 

with 10 notch filters but without EEMD.  
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late potentials (LPs) which, together with other parameters, 

can assess risk of sudden cardiac death, evaluate syncope, 

identify tetralogy of Fallot and myotonic dystrophy, and 

provide values in risk stratification of patients with Brugada 

syndrome [34]. In other cases, bio-magnetic signals such as 

electrically or magnetically triggered MNG/MSG as well as 

physical-activity-triggered MMG appear strictly 

periodically with the applied stimuli. Hence, the averaged 

signals represent the actual corresponding magnetic signal 

emitted from the body. These evoked bio-magnetic signals 

can be used for applications including: detection of 

peripheral nerve and spinal cord related injury [35], 

visualizing of neuron activities along the spinal cord [36], 

and remote detection of female pelvic floor function 

associated with levator ani muscle contraction [37].These 

parameters can be adjusted per case, depending on the bio-

magnetic signal to be retrieved (amplitude, frequency, and 

bandwidth) and the clinical requirements (recording time, 

post-processing time).  

V. CONCLUSION 

In this paper, we built on our prior work and introduced a 

new DSP approach with modified hardware sensing system 

for wideband, low-strength bio-magnetic signal detection in 

non-shielded environments. Noise density of this new 

system at 10 Hz and 100 Hz is reduced by ~46% and ~92%, 

while in vitro experimental results indicate that it can detect 

bio-magnetic signals as low as 8.76×10-12 T (comparable to 

the lower range of typical MMG and eCAP) at a signal 

bandwidth of 100 to 1000 Hz (comparable to MNG 

frequency range) using only one coil sensor and 24 minutes 

of recording time. This is an improvement of ~94% in 

sensitivity and ~3333% in bandwidth. Notably, the number 

of coils and DSP components (notch filtering, averaging, 

EEMD filtering) can be parameterized and adjusted to fit 

diverse clinical needs.  

In the future, we plan to conduct in vivo validation on 

animal models and human subjects.  
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