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Single channel and multichannel surface NMR instruments 
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Hardware noise reduction 

Coil Control box 
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Control box Filter Coil Figure-8 



Energy signals: 

Signal Classification 

Power signals: 
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• The surface NMR signal is an energy signal 

 

• Noise can be both energy signals and power signals 

 

SNR - Signal to Noise Ratio 

SNR = 
Root mean square of noise signal 

It is tricky to define an unambiguous and meaningful SNR 

Initial amplitude of surface NMR signal 



Correlated and uncorrelated noise 

• Uncorrelated noise: Filtering and averaging 

• Correlated noise: Other tricks are possible 

• Multichannel correlated noise: 

                                   Quantify using the (multiple) squared coherence function 

 

 

• Correlation: 

𝐸[𝑥 𝑡 𝑥 𝑡 − 𝜏 ] ≠ 0 𝐸[𝑥 𝑡 𝑦 𝑡 − 𝜏 ] ≠ 0 

Is there any linear relationship between 

the signal now and the signal a little later? 

E = expectation operator Analogous expression 

for two channel signals 

Bendat & Piersol: Random Data, 4th edition, Wiley 2010 

Is there any linear relationship between 

the signal now and the signal in a different 

channel a little later? 



Correlated and uncorrelated noise 

Magnitude square coherence function 

(normalized correlation measure) 

| 𝛾𝑥𝑦 𝑓 |
2 =

|𝑆𝑥𝑦(𝑓)|2

𝑠𝑥𝑥(𝑓)𝑠𝑦𝑦(𝑓)
 

0 ≤ |𝛾𝑥𝑦 𝑓 |
2 ≤ 1 



Examples of surface NMR data 

The ‘prototype’ NMR signal is a decaying sinusoidal wave 

𝑁𝑀𝑅 𝑡 = 𝐴𝑒
−
𝑡
𝑇2
∗
cos(2𝜋𝑓𝐿𝑡 + 𝜑) 

Low noise example from Skive, 

Denmark, NoiseRMS = 37 nV 



Examples of surface NMR data 

Data from Odder, Denmark 



Examples of surface NMR data 

Data collected nearby a Denmark-Norway HVDC powerline 

• Signal processing breaks down if the detector system is nonlinear (clipping / saturating) 



Classification of noise in surface-NMR 

Impulsive noise / spikes 

Other noise sources? 

Powerline harmonics 

50 Hz / 60 Hz, some electrical trains at 16    Hz 

Nearly stationary 

2
3 

Instrument noise  

Amplifiers 

ADC quantization noise 

Electric fences 

Sferics (thunderstorms) 



Stacking (averaging) 

• Incoherent  / random noise is suppressed 

 

• Synchronous noise, if present, will be enhanced! 

 

• Time consuming 

 

• More advanced stacking schemes possible – e.g. throw away outliers 

 

𝑆𝑁𝑅 ∝  𝑁 where N = number of stacks 

• The simplest way of reducing noise 



Stacking (averaging) 



Digital filtering 

Data are sampled into the digital domain: x(t) = x(nTs)=x(n) 

filter 
x(n) y(n) 

“z-transform, the digital counterpart to the Fourier transform” 

Filters are implemented as difference equations 

𝑦 𝑛 = 𝑏0𝑥 𝑛 + 𝑏1𝑥 𝑛 − 1 + 𝑏2𝑥 𝑛 − 2 + …   − 𝑎1𝑦 𝑛 − 1 − 𝑎2𝑦 𝑛 − 2  − …  

Transfers functions relate input and output Y(z)=H(z)X(z) 

𝐻 𝑧 =
𝑏0 + 𝑏1𝑧

−1 + 𝑏2𝑧
−2 +⋯

1 + 𝑎1𝑧
−1 + 𝑎2𝑧

−2 +⋯
 



Notch filtering 

𝐻 𝑧 =  
1 − 2 cos 2𝜋𝑓0/𝑓𝑠 𝑧

−1 + 𝑧−2

1 − 2𝜁 cos 2𝜋𝑓0/𝑓𝑠 𝑧
−1 + 𝜁2𝑧−2

 

The transfer function of a 2nd order notch filter is given by 

f0 is the frequency of the notch and ζ controls the width of the notch 

f0=2.1 kHz 

fs=19.2 kHz 

ζ=0.995 



Notch filtering – A little quiz 

Assume we have an NMR signal with fL=2108 Hz, 

T2
*=50 ms, A=200 nV and apply a notch filter at 

2100 Hz to remove a powerline harmonic. What is 

the effect on the NMR pulse? 

t0 

200 nv 

t0 

200 nv 

t0+Δt 

A: Nothing B: Delay C: Attenuation D: Distortion 

t0 t0 

200 nv 200 nv 

100 nv 



Multichannel filtering 

Coil 

ADC Coil 

ADC + 

Digital Filter 

+ 

- 

NMR signal and noise 

Noise 



Multichannel filtering in complex noise environments 

• Primary coil and reference coil 

• Two noise sources N1 and N2 

𝑆𝑁1(𝑧) =  
𝐻𝑁1𝑃(𝑧)

𝐻𝑁1𝑅(𝑧)
 𝑆𝑁2(𝑧) =  

𝐻𝑁2𝑃(𝑧)

𝐻𝑁2𝑅(𝑧)
 

• The optimum noise cancelling transfer functions are given by 

And they are not necessarily equal! 



Multichannel filtering in complex noise environments 



Multichannel filtering 



Despiking 

• To remove spikes they must first be identified through a (semi-)automatic process 

• If spikes can’t be removed using multichannel filtering other methods must be used 

• What makes a spike a spike? 

threshold 

• How do we remove a spike? 

t 

x(t) 



Despiking 



Despiking - preemphasis 

Nonlinear energy operator (NEO)(Teager-Kaiser) 

𝑦 𝑛 = 𝜑 𝑥 𝑛 = 𝑥2 𝑛 − 𝑥 𝑛 + 1 𝑥(−1) 

Smoothed nonlinear energy operator (SNEO) 

𝑦 𝑛 = 𝜑 𝑥 𝑛 = 𝐿𝑜𝑤𝑝𝑎𝑠𝑠[𝑥2 𝑛 − 𝑥 𝑛 + 1 𝑥(−1)] 

• Preemphasize spikes before thresholding 



Despiking - preemphasis 

Improved peak to baseline ratio 

with preemphasis 

zoom 



Despiking – ensemble based threshold 

NMR signal is detected by SNEO 

• Apply threshold along stacks instead of along time 

time 

si
g
n
al

 

Median absolute deviation (MAD) 

𝑀𝐴𝐷 = 𝑚𝑒𝑑𝑖𝑎𝑛𝑖{ 𝑥𝑖 −𝑚𝑒𝑑𝑖𝑎𝑛𝑗 𝑥𝑗 } 

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ∝ 𝑀𝐴𝐷 



Despiking – multichannel results 



Modelbased despiking 



Subtraction of powerline harmonic noise 



Subtraction of powerline harmonic noise 

𝑝 𝑛 = 𝑁𝑀𝑅 𝑛 + ℎ 𝑛 + 𝑤 𝑛 + 𝑠𝑝𝑖𝑘𝑒𝑠(𝑛) 

ℎ 𝑛 =   𝐴𝑞 cos(2𝜋𝑞𝑓0𝑛 + 𝜑𝑞  )

𝑞

 

=  𝐶𝑞 cos(2𝜋𝑞𝑓0𝑛) + 𝐷𝑞 sin(2𝜋𝑞𝑓0𝑛)

𝑞

 

𝑡𝑦𝑝𝑖𝑐𝑎𝑙𝑙𝑦 10 ≤ 𝑞 ≤ 80 

• Recorded surface NMR signal decomposition 

• Powerline harmonic noise model 

• Assumption: Aq, f0 and 𝜑𝑞  are constant within one measurement 

random noise 



Subtraction of powerline harmonic noise 

Data recorded in Odder, Denmark with a Numis Poly 



Subtraction of powerline harmonic noise 

• Fundamental powerline frequency can be determined to within ~1 mHz 

Data recorded in Odder, Denmark with a Numis Poly 



Subtraction of powerline harmonic noise 

Data recorded in Odder, Denmark with a Numis Poly 



Subtraction of powerline harmonic noise 

In this particular case, approximately 

96% of the recorded energy resides in 

powerline harmonics 

f0 = 50.020 Hz 

Small spikes are  

visible after powerline 

harmonics removal 

• before 

• after 



What happens if the Larmor frequency is close to m × f0? 

𝑠 𝑡 = 𝑠0 cos 2𝜋𝑓𝑙𝑡 + 𝜙 𝑒
−𝑡/𝑇2

∗
 𝑠0 = 200 𝑛𝑉,  𝑇2

∗= 50 𝑚𝑠  

• Synthetic signal embedded in a real noise record, 32 stacks, 500 ms long 

(1) Simple stacking,   (2) Multichannel Wiener filter,  (3) Model-based powerline removal 

• Spikes blanked out in all experiments 

The model is fitted on last 

250 ms and extrapolated 



Example from Ristrup 

Two harmonic series 



Example from Ristrup 

Final RMS values 

Multichannel Wiener filtering: 

Harmonic subtraction: 

 ~150 nV 

~ 60 nV 

multichannel 

filtering 

harmonic 

subtraction 



Multichannel Wiener filtering 

Harmonic subtraction 

Example from Ristrup 



Other approaches  



1. Quality assurance 

 

2. Spike identification 

 

3. Harmonic subtraction 

 

4. Second spike identification 

 

5. Multichannel filtering, if applicable 

 

6. Stacking of records 

Our ‘recipe’ for noise reduction 


