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ABSTRACT *'W 
Computer s imulat ion o f  low frequency electromagnetic (LFEiJI) d i g i t a l  

. data acqu is i t i on  i n  the presence o f  natural  f i e l d  noise demonstrgtes 

I several, important l i m i t a t i o n s  and considerations. kl i thout the.,use 'of 'a 

reinote reference noise removal scheme i t  i s  d i f f i c u l t  t o  obtain an adequate 

r a t i o  o f  s ignal  t o  noise below 0.1 H t  f o r  frequency domain processing and 

below 0.3 H t  base frequency f o r  t ime domain processing f o r  a t yp i ca l  

source-receiver configuration. A d i g i t a l  high-pass f i l t e r  substantidl l y  

f a c i l i t a t e s  r e j e c t i o n  o f  natural  f i e l d  noise above these frequ 

a t  loder  frequencies Rthere much longer stacking times are required, i t  

becoms i nef  f e c t  i ve . 

. .  

Use o f  a remote reference t o  subtract natural  f i e l d  noise extends 

these low-frequency l i m i t s  a decade, but t h i s  technique i s  l i m i t e  

resolut ion and dynamic range o f  the instrumentation. Gathering data i n  

short seginents so t h a t  natural  

allows a higher gain s e t t i n g  t o  minimize dynamic range problems. 

I d  d r i f t  Can be offset  f o r  each segment 



INTKODIICTIOiJ 

Low-frequency electrornagneti c ( LFE14) techniques a re  useful where 1 arge 
Lid 

depths o f  explorat ion are  desired, such as i n  geothermal explorat iorl  o r  

reyiona.1 c r u s t a l  studies. As an a i d  i n  opt imizing s ignal  ex t rac t ion  f o r  

LFEiL1 u t i l i z i n g  d i g i t a l  data acqu is i t i on  systems with i n - f i e l d  processing, 

we simulated a d i g i t a l  magnetic f i e l d  receiver on a conputer. 

, 

The basic conf igurat ion modeled consists o f  a v e r t i c a l  magnetic f i e l d  

signal induced by a large hor izontal  loop source a t  t h e  surface o f  a 

homogeneous ha1 f -space, corrupted by syrithet i c natura l  f i e l d  noi se , and 

measured w i t h  .a d i g i t a l  receiver having f i n i t e  reso lu t i on  and dynamic range 

(Fiyure 1). l3y scal ing the integer vsord s ize o f  t he  analog-to-digi ta l  

(A/U) converter t o  the ant ic ipated dynamic range requirement, which i s  

\ 
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, The scheme f o r  remote reference noise subtraction uses a least  squares 

fit t o  f i n d  the  t ransfer  tensor between the base receiver f i e l d  components 

and the hor izontal  f i e l d  components a t  the remote receiver, using a sho 

data segment recorded wi th  the t ransmit ter  o f f ,  This accounts f o r  both 

1 ateral conducti v i  ty  change and re1 a t f  ve a1 ignrnent er rors  between the base 

and r e m t e  magnetometers 

the noise subtraction i n  real time. 

, 

Subsequent LFEM data col l ’ect ion can iinp1e;nent 

L 

I 
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ACTIVE SOURCE SIGNAL 

For detection of targets  having di.mensions and depths t o  tens of a 

kilometers, a large source moment operating a t  low frequencies w i t h  
, 

source-receiver separations of a few kilometers o r  more will be required. 

A one k i  lorneter square loop carrying a current of ten amperes (e  

source inoinent of 107 amp-m2) would be.a practical source obtaipable w i t h  

readily available equip~nent.  Although data would be recorded above 0 

we are concerned mainly w i t h  low-frequency data acquisition because o 

rapidly increasing noise power w i t h  decreasing frequency. 

The current is a square wave for  frequency doimin .processing and an 

alternating-polarity pulse t r a in  w i t h  equal on/off times for time domain 

systems. 

. 

I The vertical magnetic induction i n  gamnas a t  a distance r from a 

and f ree  space permeability* is  given by (Kraichman, 1976): 

~ 

i 

I 

kii 

12d points/cycle i s  adequate for  frequency domain analysis i n  which we 

4 
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il only concerned w i t h  the fundamental but  512 pts/cycle a r e  used for the 

time domain s imula t ions  i n  which vse desire broad-band da ta .  

t SYNTHETIC NOISE 

Generati on 

Natural magnetic field f luc tua t ions  below 0.1 Hz have an amplitude 

density spectrum (defined a s  the square roQt  of the average power densi ty  

spectrum) t h a t  increases  rap id ly  w i t h  decreasing frequency. Aeasured . 

amplitude s p e c t r a l  densities shown i n  Figure 2 from two majnetotellurlc 

surveys (Bost ick perhnnal comnunication) vary approximately a s  f-4 

betsreen 0.2 Hr and .05 Hz. 

Ye designed a d i g i t a l  filter t h a t  can be appl ied  t o  computer generated 
* 

pseudo-random dhi te  noise  so t h a t  i t  s imulates  t 

c h a r a c t e r i s t i c s  of natural  f i e l d  noise.  In p a r t i c u l a r  we . .  

t h e  d r i f t  a s soc ia t ed  with power a t  periods longer than  t n  

a single segment of data.  A non-recursive convolution filter w i t h  a 

moderate sainpling frequency (e.g., 50 Hz) would be too long t o  

. - .  
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U Normalized spectral estimates are computed from the  

power averages; the ind iv idual  power estimates are obtained from squared 

magnitudes o f  periodograms s i x  cycles i n  length, 

uare roo t  o f  enselnbl e 

wed with a Hanning - 

cosine b e l l  and normalized as described by Bostfck Smith'(1979)o 

Using normal l y  d i  s t r i  buted zero-mean , un i t y -  r i  ance , pseudo-random 

white noise input,  the f i l t e r e d  synthet ic noise spectrum matches the f i e l d  

data spectra w i t h  the double pole a t  0.01 Hz, the double zero a t  0.6 Hz, 

and a gain o f  7 x 10-4. Synthetic noise generated 

jwocessed i n  segments ,preserves con t inu i t y  f rom one"sepent t o  the next, so 

tha t  a r e a l  t ime data stream can be simulated i n  shor t  blocks. The 

decreased ainplitude a t  higher sampling rates (shown a t  O.Oi12 Hz and 0.0078 

H r )  r e s u l t $  from 3 combination o f  f i l t e r  d i g i t i z a t i o n  a l i a s  and nuinerical 

e r ro r  

Noise Reduction by Data Processor 

n t  i nuously and 

, The estimates o yinary par ts  of the output o f  

. frequency d o m i  n processi ny oherent signal corrupted by white noise 

la tor .  The pro 

of the data winded. 

proport ional  t o  the 

i iyquist frequency, which i s  inversely proport ional t o  the  length o f  the 

data window. Generalization t o  colored noise i s  only approx imte  and 

u 

6 
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w requires t h a t  the noise power spectral derlsity be near ly  constant w i t h i n  

the c o r r e l a t i o n  bandwidth (i.e., main lobe and adjacent s ide  lobes). 

The 0.U5-Ht t o  U.2-Hz band tias a r a p i d l y  varying noise spectrum, so 

that  tne white noise approxiqation breaks down. In order t o  understand the  

inf luence of colored noise on the output of data processing, we performed 

colnputsr experiments w i th  simulated natural  f i e l d  noise. de examined the 

noise r e j e c t i o n  w i th  staekiny f o r  our colored noise by generating, 

cor re la t ing ,  and averaginy rea l  and inaginary pa r t s  f o r  several values o f  

4. Repeating the process about 30 tilrles permits c a l c u l a t i o n  o f  ensemble 

estimates o f  t he  co r re la t i on  output varibnces. 

App l ica t ion  of a d i g i t a l  hiyh-pass f i l t e r  i s  the oovious approach t o  

reduce the low-frkquency noise. The siinple f i l t e r  used here consists of 

suotract iny froin each data point  the data vctlue qvwayed over a symetric 

windod of w id tn  one period. The f i l t e r  t rans fe r  f unc t i on  i s  l-sincCnf/g). 

The f i  1 t e r  response shoan i n  Figure 4 rnonotonical l y  decreases froin u n i t y  a t  

the fundamental t o  zero a t  UC, i s  u n i t y  a t  the  harmonics, and has no phase 

sni f t . 
sentat i  ve resu l t s  o f  fr f yeomagneti c 

sni f t . 
sentat i  ve resu l t s  of fr f yeomagneti c 

noise are 'sh i n  Fiyure 5 a 

203, when t h e  input dat 

understoqd heur i  s t i c a l l  

e l y  a l i n e a r  d r i f  W ,  K. S i l l ,  pqrsOnal coimnunication) so that:  



and &up P 

= Q  
. Ttids lo,#-frequency noise i s  not distriouted equally i n t o  the real an3 

itlidgindry p d r t s .  

ExtrdpolatinJ Dack frod :J=430 (hihere the  bandiiidth i s  narrovJest and 

the  dliite noise approxi,aation oest)  i n  Figure 5 de see tha t  the imaginary 

p a r t  does f a l l  off as  >4-1/2 D i r t  the real p a r t  f a l l s  off siynificantly 

fas te r  for  unfiltersd i n p u t  noise. The high-pass  digi ta l  f i l t e r  applied t o  

these data N i l 1  be discussed i n  a la te r  section. A t  O.*Ul Hz (Figure 6) 

trie dhite noise approxi;nation nolds  for  Doth  real and imaginary parts and 

they arc nearly equal, b u t  a t  0.3 ilz the effects of tile color are even more 

pronounced than a t  0.1 Hz. 

O u t p u t  noise decreases r r i t h  increasing correlation period f o r  a given 

o f  cycles s t a c k e d  d i t h  vJhite noise i n p u t ,  Oecause the 

increases . However ed natura1 f ie ld  nois 

noise increases wi seen in Figure 6 beca 

riin t n r ?  correlatio 

Tiine do4nai n processi 

iiputer experimnt for e 

broad band re  

i y i  ta l  ly integrati  

%TIL and stacking d i t  

several values o f  iv. Regeating t h i s  process a w u t  30 times we calculate 
W 



bd 

W 

enselrule r.in.s. estilnates o f  the noise as a funct ion o f  N. 

The theoret ica l  white noise standard er ro r  derived i n  Appendix A i s  

( ~ / ( d N S ) ) 1 / ~ .  There i s  a contr ibut ion from each o f  the  odd harmonics o f  the  

oase frequency, as snom by the frequency response i n  Fiyure 6. Note that, 

i n  00th till@ and frequency doiiuin, white noise re jec t i on  i s  proportional t o  

the square roo t  o f  the t o t a l  in tcgrat ion t i r i l e .  Hodever, i n  th2 tirile d0;rlain 

t h i s  re jec t i on  i s  independent o f  the base frequency. 

'The t im dotnain output noise f o r  s i w l a t e d  natural  f i e l d  noise input, 

shown i n  Fiyure 8 ,  nas a stacking f a l l - o f f  ra te  fas te r  than N-1/2 f o r  base 

frequencies above 0.1 H t .  The output noise decreases with base frequency f 

=l/T and i s  insensi t ive t o  the in tegrat ion windorJ length S: quadrupliny S 

a t  0.1 Hz resul ted i n  allnost exact ly the same noise output per u n i t  

in tegrat ion t i ine  and i s  therefore not stiorln, 

I n  Figure 7 r~e see a t  the location! f the pass bands are deterained 

by the base frequency. Thus f o r  colored no e, the noise levels w i th in  the  

pass oands depend on the base frequency. Since the noi$e poder decreases 

rap id ly  w i th  frequency red a t  the base frbquency 

i s  i qmr tan t .  The e f f  over S i s  t o  reduce tne 

r i b u t i o n  o f  each p fs), which i s  s ign i f i can t l y  

A1 though t rue nat 
-P-t -.-. 



syntnetic noise, our results s n w  that  thzoretical analysis for  white noise 

i s  rut generally a?plicasle. 

F dE&IE?rCY Ud14AI 14 dATA HCdJIS I T 1  0.1 

Aavinj dilalyzcd sobite aspects of pure noise benavior, we now consider 

tne r u n n i n g  dvzrage of correlation output as data consis t inj  o f  a coherent 

s i j n a l  corruptad ay natural f ie ld  noise are  stacked. 

sigr idl  as previously descrioed, introduce t i l e  iiistru lienc response for  a 

de generate the Et4 

2-pole ant i -a l ias  f i l t e r  using a11 FFT dIjoritri,li, and correlate t o  yet the 

desired signal. 3ur results snod that ti12 correlation output u s i n g  an 

& d i t  sine t w l e  i s  not si3nificantly different fr0.n tna t  ivrith fu l l  

floating-poi tit precision. 

Arialad t o  digi ta l  (W)  quantization errors  i n  trie noise-free s igna l  

dre introJdc2J drid the correlation repeated fo r  reference. The noise is  

add2il to the f u l  I precision siynal in one-period se jmnt s ,  quantization 

errors  are  incorgorated i n  t h  

dpg 1 icil, an3 r u n n i  rig averages the redl and ilna;iii12ry output are 

o f  the A / O  converter, and mnitor 

ts  off scale ,  

ed edch t im. Th pri a t e  dynailii c rang 

oDle,n i f  they 

atural  f i e ld  n 

s. ttesults silo;/ 

oise i s  aliqays mcn grater  t h a n  

A n  exa.ii+le o f  r u n n i n g  average correlation outpat a t  0.3 Hz i n  Figure 9 W 

I 10 



s i i w s  t i i a t  t r i2  r e a l  p d r t  w i a v e s  e r r a t i c d l  ly, especial  l y  f o r  m a l l  values 

o f  1 4 .  Far e r r o r  uars a t  54 cyc les and ldi) cyc les i n J i c a t e  t h e  enseinble u 
stai idard dcviat ior i ;  t i le c u r r e l a t i o n  outputs sgander i n  and out  o f  t h e  

ttxpzctcd e r r o r  r a n j e  i l u r i  ng stacrt i  ng . Re a 1 so 3bserve t t i e  1 o;v-frequency 

ri3ise c o r r d p t i i i j  t h e  r e a l  p a r t  m c t i  .nore than t n e  i m y i n a r y  par t .  

1:riproved converjence o f  t h e  r e a l  p a r t  a f t e r  hiyh-pass f i l t e r i n g  a t  11.3 8Z 

i s d r a m t i  c . 

The 

h e  w r u r  tciat r e m i n s  d f t e r  50 cyc les f o r  t i re  f i  1 t e r e d  data i s  randoin 

e r r o r  dltfioLJJt7 t i l e  cwvergcnce i s  q u i t e  s.nsoth. 

(3xaliiple, t n e  r e s u l t s  are d t h i n  one standdrd d e v i a t i o n  ui, t o  6i) cyc les  o f  

ddta dut  auts ide one standard d e v i a t i o n  froi i l  Uc) t o  133 cyc les  o f  data. 

thus d,li+iiasize trie s t a t i s t i c a l  i n t e r p r e t a t i o n  o f  t ne  expected noise as a 

t u r i c t i m  o f  cyc les  stacited; a s i n g l e  sa,nPle of &ita DehdVeS iiucn lirte a 

rdtidotIi da1K procdss. 

I n  t r i i s  p a r t i c u l a r  

de 

The e r r o r  bars a re  a o e t t e r  ilieasure o f  t h e  

i,rlprovein2nt %.ti t t i  tcie niyn-pass f i  1 cer  t i ian tne  s m o t t i i n j  o f  a s i n j l e  data 

Sd’iii]le. ,+lore than otic inde?endant sa,n,Ile o f  data should always be taken i n  

W s t a t i s t i c d l  sense, over sriort t i i i le i n t e r v d l s  the  w i s e  i i as  vary ing features 



' i  

an corrupt data i n  'a randoliily ti,ee-varyiny fasnion. I n  these f i r s  , 

tvto exanples, tne corrupt iny e f fec t  o f  t t ie noise i s  essen t ia l l y  uniform bd 
J stacking. Anather exainple a t  0.1 Hz sham i n  Figure 13, vrith 

p l i t u d e  and phase i n  Fiyure 14, defnonstratzs the e f f e c t  o f  a rap id  noise 

d r i f t  dur iny tne f i r s t  cycle o f  stackin3 during dhicn the rea l  coinponent i s  

iiiore h igh l y  corruptzd than during subsequent cycles. The noise i s  

s ta t ionary i n  a s t a t i s t i c a l  sense, but short sepe i l t s  have var ied 

charac ter is t i cs  . 
Fiyures 13 and 16 show tha t  the nigh-pass f i  I t e r  uecoines only 

e f f e c t i v e  a t  033 Hz. As sham by i n  Figures 17 and 18, the 

i l t e r  i s  t o t a l l y  i n e f f e c t i v e  a t  .ill Hz. Since the  noise p 

i s  large oclolir .03 Hz, noise near the signal frequency i s  the source of 

signal corrupt ion a t  these low frequencies and somthing b e t t e r  than 

f i l t e r i n g  and stacking i s  needed. S tack in j  1L)d cycles o f  data requires an 

ing  a t  .03 Ht and tn ree  nours a t  .01 Hz. To remove noise 

ear the  s i j n a l  frequency we need t o  suotract  the noise waveforin using a 

reinote reference, as discussed 1 a te r  . 

b, " 'deep ta rge t  separates i n  t im froin t i le  response froin shallow geologic 

I 12- 
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noi se . However, the probl em concerni n g  t i  ii\e do:iiai n di g i  t a l  data 
W 

acquisitkln i n  ttie presence of natural f ie ld  noise ,nust be addressed i n  

t ic ipate  probleds and 1 imi 

in deep exploration requiring a low base frequency 

re sailipl ed and recorded cont i nuousl y dur i  ng 

a constant sa:npliny r a t e  a f t e r  conditioning 

two-pole anti-alias f i l t e r .  T h i s  technique perinits the 

i ta1 high-pass f i l t e r  used i n  the frequency 

st De mde with the prinary field on. In order 

i t  i s  essential t o  use as  high a sampling 

rate as possible; we 'have used 512 pointslcycle so t h a t  the off-time 

, ints. The cut-off frequency of t h e  
, 

below tne sanpliny frequency; t h u s  the higher 

e shifted. Consider the three data ch 

, 

sholcrn in Figure 19 i n  which data are integrated digi ta l ly .  

(CtJ-1)  is 'an early t i m  exalnple and only m e  point i s  used, naniely the 

The f i r s t  

of t h e  128-point off-tinie. The iiiid-delay channel ( C  

the late tirne channel (CH- 

ase frequency 5 I(.n frorn the 

yure 19, along with same si gnal a f t e r  i ncludi n 

ay pattern i s :  a r a p i d  f a l lo f f ,  an 

strumnt response essenti a 

channel even chanyes s i  gn. 

An i,iiportan_t practical consideration h e n  broad-band d a t a  are taken is  

13 
i 
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t hd t  r e m v a l  o f  instru.nent respmse requ i res  a deconvolut ion operat ion,  

vrnich i n  t u r n  requ i res  ob ta in ing  the  instru,nent t r a n s f e r  f unc t i on  a t  a l l  

Iiannonics. h e  deconvolut ion must be done Defore d i g i t a l  i n t e g r a t i o n  and 

br 

1 

1 r equ i res  a f u l l  c y c l e  o f  data; we have omi t ted t h i s  s tep  i n  our s i rnulat ion 

s. A f i e l d  rece iver  requi res the  c a p a D i l i t y  o f  performing an FFT t o  

accoinpl i sn t h i  s deconvol u t i  3n . 
A/D quan t i za t i on  e r r w s  are ;tiore pronounced w i t h  t ime domain data than 

frequency doinain data, espec ia l l y  a t  l a t e  h ides irhen s igna l  l e v e l s  are 

However, f o r  such low s igna l  leve ls ,  res idua l  na tura l  f i e l d  no ise 

a f t e r  high-pass f i l t e r i n g  and s tack ing  w i l l  be greater  than t h e  s ignal .  
\ 

tierice, quant iza t ion  e r r o r s  w i l l  be a l i i i r i t a t i o n  on ly  when a remote 



entirely by the s igna l  level or delay tiine; channel 3 a t  0.3 Hz a t  420 ms 

delay i s  w i t h i n  about Id% b u t  channel 2 a t  0.1 Hz beginning a t  a delay of 

330 ,IIS i s  off by 3d%. A t  f i rs t  we ;n igh t  a t t r ibu te  this t o  the increased 

integration tiine for  the l a t e  t i m  channel, b u t  the previous analysis of 

tne pure noise response indicates that  the base frequency determines the 

noise Dandwidth center frequency and there i s  much Jiore noise poder a t  0.1 

hd 

I ,  

Hz. To dsinonstrate that  longer integration times do not 

,ne siynal/noise, we repeated the 9.1 Hz channel 3 s iw la t ion  

w i t n  t h 2  integration tiine sxtrnded t o  the end of the off tiine, quadrupling 

the nu,iiber of .points averaged. The resul ts  i n  Figure 23 deinonstrate there 

1s no irn9roveinent i n  the s ipa l /no ise  ra t io  an3 the output pattern d u r i n g  

stackiny is  nearly identical. T h i s  i s  because the noise i s  highly 

' corrsl ated over time interval s as 1 ong as our integration windows. 

tlnless the target response i s  subs t an t i a l  below 0.3 Hz,  there i s  no 

' motive t o  use l a t e r  tiine ciiannels requiring Ioder frequencies. However, i f  . 

! t h e  target responds a t  ti:nes l a t e r  than 4;CU ms, the d a t a  a t  l a t e r  tiines 

would have reduced geolojic noise. 

,*lonitorin3 the ndnbcr of t ims the a1 PIUS noise drifts  outside 

the range of t h e  A/D c 

for a given d a t d  stack 

drifts off scale Setween U - l U  t i ae s  d u r i n g  IUi) cycles of 0.3 Hz data or 5.6 

minutes of recordiny ti,ne, indicatinJ a so,nedilat lovier g a i n  should be used. 

e r t e r  indicates hod mch gain might be appropriate 

W h  a range of U.iY the field typically 

, ng h d l f  the yain (doubling the range) a t  0.1 dz also resul ts  i n  about 5 

rif ts  corresponding t o  fluctuations o f  a fe.zrr i n  15 ainutes-. 

' Tn is  gives an i dea  o f  typical dynamic range requiremnts and the 

corrresponding resolution of the A/I) converter. U 
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E ~ E M C E  NOISE ~~EHOVAL 

e reference noise subtract ion can extend the low frequency l i m i t  

c t i o n  \ fe l l  below the p rac t i ca l  l i m i t s  discussed above. . The 

ncept i s  siinple: natural  nagnetic f i e l d  f l uc tua t i ons  are l a t e r a l l y  

herent so tha t  they can be measured a t  a renote s i t e  and subtr  

. t t ie noise-corrupted signal  a t  the base receiver. The Naveforins 

ca l  a t  the two s i tes,  but a r e l a t i v e  alnplitude scale fac to r  and a 

b ias  can account fo r  most o f  the discrepancy. Three-dimensional 

n d u c t i v i t y  d i s t r i bu t i ons  and r e l a t i v e  ,nisal ign.nent o f  the magnetoaeters 

t i n  a tensor re la t ionsh ip  between ortnogonal cotnponents o f  t he  

natural  rnagnetic f i e l d s  a t  the tw si tes.  The noise i n  a s ing le  component, 

H y ( t ) ,  a t  the base s i t e  i s  approxiiriately a l i n e a r  coinpination of two 

LiQrizontal components o f  the f i e l d s  a t  tne reinote s i t e :  

$(t)" 4 K R ( t )  t b " ( t )  Y t C 
One possible f i e l d  technique records the natural  f i e l d  with the  

t ransmi t te r  off and calculates least-square estimates o f  the  coe f f i c i en ts  a 

nulate t h i  s process by yenerat i ng two independent synth 

noise streans corresponding t o  the hor izonta l  f i e l d  components a t  the 

remote s i t e ,  and by spec i fy in  he t ransfer  tensor and instruJEnt b ias  t o  

he noise a t  the base s i te .  de then incorporate A/D 

and use a l eas t  squares a lgor i ih in  . .  

i en ts  frwi the  data, as would. 

i s  then included a t  each s i t e ,  w i  

er ro rs  t o  edch da 

t t i e  t rans fe r  tens 

done i n  tne  f i e l d .  The coherent s i  

t i le distance froin the reinot 
I 

. 
! 

t o  source. rioise subtract ion using the  ca lcu lated t rans fe r  tensor i s  
I 

l a ted  w i th  poth t i m e  dnd frequericy doaain processing. 



Tne main l i i i i i t a t i o n  o f  t h i s  renote reference technique ar ises f ron  the 

quant izat ion errors.  Since the siynal /noise r a t i o  o f  the raw data i s  low, 

only a f r a c t i o n  o f  the instru.nent dynamic range i s  used t o  resolve the  

s ignal .  The quant izat ion er ro rs  o f  the d i g i t i z e d  data can lead t o  

substant ia l  residual  nunerical e r ra rs  a f t e r  rtoise reinoval . I f  the 

quant izat ion er ro rs  are randoin and uncorrelated, they stack o r  average as 

white noise, an3 i f  they are a rrioderate f r a c t i o n  o f  the s ignal ,  stacking 

data ~ o u l d  be e f fec t i ve  i n  relnoving then and would not requ i re  an 

imp-act ical  alnount o f  data. Hodever, i n  our schelne the res idual  e r r o r  i s  

riot t o t a l l y  randoin, since the retnote s i t e  data and base s i t e  data are 

l i n e a r l y  dependent. For vreak late-t ir i le signals, the quant izat ion er ro rs  can 

be la rger  than tne  signal  . 

I 

, , 

Hemte reference t e l  e m t r y  resol u t i  on and djnami c range are s i  inul ated 

the same fasnion as we s i m l a t e  quant izat ion f o r  tne A/D converter; 

t h i s  method o f  s imulat ion i s  appropriate f o r  d i g i t a l  te lemetry out on ly  

approxi ,uate f o r  anal og t e l  e,netry . A t yp i ca l  F .A . t e l  eliietry system has a 

r a t i o  o f  signal t o  noise equivalent t o  8 b i t s  o f  resolut ion;  a good d i g i t a l  

te le ,ne t r i  syste.n nas 12-bi t  resolut ion.  

dynainic range, data s 

I n  order t o  minimize the requ i r  

t segmnts so t h a t  the 

t ime t o  account 

s o f  c a l i b r a t i o n  with 

2, corresponding t o  h igh l y  



Frequency l)oiiiai n w 
iJe si l iwlate resu l t s  f o r  a receiver d t  1\) Kin and frequencies o f  -03 H t  

and .U1 Hz us ing  a 12-b i t  base s ta t i on  

Figures 24 and 23 shod the running aver 

.t13 dz and .01 dz respect ively.  

e i ve r  and & b i t  telelnetry. 

output as data are stacked a t  

Errors  i n  ca lcu la t ing  the t rans fer  tensor c o e f f i c i e n t s  froirl the 

c a l i b r a t i o n  data :#ith the  s i j n a l  o f f  are i i o t  as iinportant as e r ro rs  i n  the 

subsequent noise subtraction. quant izat ion e r r o r s  are a slriall percentage 

o f  the t o t a l  noise u t i l i z e d  ~y the l eas t  squares a l j o r i t h tn  but a la rge  

e of the s iynal  . Using 12-Dit telemetry subs tan t ia l l y  improves 

t i le  r e s u l t s  a t  .1)1 Hz, and a corresGondiny p l o t  o f  the running average 

ce has  no scat ter  as shodn i n  Figure 25. The’redaininy Dias e r r o r  

ar ises froin subtract ion o f  tne s iynal  a t  the remote s i t e .  

T i  iiie Uoiilai n 

Ni thout  a renote reference 

i t  i s  d i f f i c u l t  t o  acquire time dodain data t o  w i t h i n  b e t t e r  than 3 

einote reference we can yet t h i s  chan 

, and the  la te -  Figure 26, i s  nod with 

1% cnannels and soinexhat 

from the s i y  

shorn i n  Figure 26, 

c les  o f  stacking because o f  



quantization errors 

I s i t e .  
! I, 

and is oiased by 10% due t o  the signal a t  the reinote 

-The frequency dothain results verify the approximate R-3 halfspace . 

f ie ld  attenuation prediction o f  a b i a s  less  t h a n  1% for  the fundaaentat 

frequency, w i t n  the reinote s i t e  5 tiines the distance of the base si te from ' 

I 

, ource. The distance dependence o f  the s igna l  i n  the time domain i s  
I 

not so sirnple: 

l e s s  t h a n  R-3 i n  these examples. A i t h o u  

level i s  reduced by a OxiinatelY K-3, t 

from currents induced in the half-space is  broadened or stretched i n  time 

as d i  stance i ricreases 

sensi t ivi ty  w i t h  time docnain data, placing the relnote reference a t  a 

e attenuation for a particular integration Hindow i s  much 

the Pri inary o r  on-t i  me f i e1 d 

decay response d u r i n g  off-times 

In or&r t o  exploit the advantage of yreater target 

ance itlay be required. 
~ 

, .U3 Hz base frequency t 

~ t h  8 - b i t  t e l e  
I 

second channel varies Over about 20% 

s h o w  i n  Figure 27. The la te  t i a e  channel is 

below .03 t4z even rli t h  12-bi t telerilet 

t h a t  second channel corres e sailie delay as 

.1 i lz  , the seeini ny 

cay response of t i l t e r  a t  the loder 

sultiny i n  a large . I f  deconvolution t o  r 

u ld  be el iinina 

ency resul ts  ./JOU 

, 

' W  
I 

I 

20 



noi se. 
I 

The systeill output f o r  colored noise i s  d i f f e r e n t  froil i  t h a t  f o r  Hh i te  

noise. For exainple, the rea l  co:iiponent o f  frequency donain output i s  

corrupted :tiore tnan the imaginary component. The r a t e  o f  noise r e j e c t i o n  

witn data stacking i s  riot f i f o r  inoderate 11 above 0.3 Hz, where N i s  the 

nu&er o f  cycles StdCked. 

' 

A d i  y i  t a l  h i  gh-pass f i 1 t e r  reduces he low-frequency noise and 

su ts tan t ia l  l y  iqwoies'converyence a t  frequencies above 0.1 Hz. A t  

frequencies De1oi.r 0.3 i iz  i n  the time doaain and 0.1 i n  t h s  frequency 

do,iiain, an i lnpract ical  amount o f  da ta  acqu is i t ion  t ime ~ o u l d  be required t o  

obtain an adequate signal t o  noise ra t i o .  Tne 

i n e f f e c t i v e  r>eloit 0.1 Hz be use noise near the base frequency i s  large; 

Subtraction o f  the noise wavef i s necessary 
/ .  

lnote reference noise r e  1 i s  possible s ince natu 

distances i n  whicn the  ,+I signal  a t t  

h e  l a t e r a l  changes i n  t h  m can be described 

ripments o f  the ma ns fer  tensor re1 a t  i n j  ho 

eiiiote s i t e  t o  t the base. .si te. The tenso 

coef f i c ien ts  can be found uares a lgor i thm u 

qui r2d iii tli the transinit  
W 

21 
I 

._ - 



, 

Application o f  the retnote reference sctieine i s  limited by the 

resolution and dynainiq range of the instrumntation. To ensure tnat t h  

signal level is  higher than instrumnt naise, the highest practical gain- 

should be used a t  the majneto,neter output. Natural f i e ld  d r i f t  will t h e n  

require more frequent re-zeroing of the instruliient offset  

u 

The analysis vJe have presented can be used t o  assess quali tatively any 

problems w i  t t i  induced polarization data acqui si t  i on i n  ini n i  rig and oi 1 

exploration. Altnougn the r a t io  of signal t o  t e l l u r i c  noise iqould be 

better for typical f ie ld  configurations, inore stringent deinands on data 

accuracy muld also be required. Trie desire t o  obtain data a t  low 

frequencies i n order t o  .ai niirii ze 21 ecromyneti c (Lil). coup1 i ng mot i vates 

consideration of t e l lu r i c  noise corruption and instrumnt resolution 

, 
I 

1 probl ellis 
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APPEiJiIIX A 

i W S E  REDUCTION LJ 

Frequency d o m i  n I 

.In frequency domain processing, data a re  a u l t i p l i e d  by s i n ' W  

cosw,t; and in tegra ted  f o r  N periods T ,  where T = l W / w , .  

output y ( t ) ,  a r e  r e l a t e d  by: 

Input  x ( t )  and 

f 

,(Ad) 4 Lcd [T- ( t  -NT8 YW =+r) t -rvr e 

%(f) = /c/r -L { f irf) s;t9[u0 (r- t +mu dr ,  (~-2) 

1 

wi tn  r e a l  and i:naginary p a r t s  given by: 

> 

t -0m- : and * 
~ ( i j \ = h / ~ ( f + j  coslu(r-t  +mjdY 1 6-3)  

respect ively.  . t-m 

- ricr, W' - ;an" e = e  = I )  
we have 

t 

J.Y. (A$ 

I n  t e r m  o f  tne system impulse r h ( t L  t h e  output i s  given by. 
00 

W 



i w* (t -T) h(t-Y) =,& 7 (Y- t + $?) e 
w- > 

;/tiere tile pulsz functiori  ( t ) ,  control  1 i r i . j  t t ie i r i t r y r a t i o n  lerigtn, i s  
u 

and 

s i  rice 

iioa r ~ c  can f i n d  t w  syste,li f unc t i  011 u j  Fouri c r  transfor,i i i  ng edcn tern 

i n  (A -D)  atid using the canvolut ion thzorm:  

o r  

;jqc[r /v7- (ld-u$J] 

J 

t i o n  s n i f t s  the  funct ion t o  the pos i t i on  

the case o f  d i g i t a l  pr iny,  ttie SyStein function corisists o f  

f ferent  from (A-7). 



The output variance for  zero-mean stationary i n p u t  noise w i t h  power 

i s  the autocorrelation o f  the output noise, Mi th  Syy(W) i t s  poMer spectrua. 

I f  tile i n p u t  noise is vJhite, w i t h  S X X ( ~ )  = ye 9 l 3 ' ~  
1 

-9) 
+iflqy(w-wJ]& - - - e 

5 7  A n - .  (y" = 
-a 

I Thus i f  the noise power spectrum i s  a slowly varying function of frequency, 

so that  fo r  N large enough i t  is  approxiinately constant and equal t o  

SXX(Q) w i t h i n  the inportant lobes of the sinc function, the output variance 

is  approxiinately S x x ( W ) / N T .  
I 
I 

Time Uolnai n 

The tiiiic domain processing consisting o f  stacked integrations over a 

window o f  widtn  S a t  a base frequency 1 / T  N i t h  al ternating polarity relates 

i n p u t  x ( t )  and output y ( t )  a t  t = t4T by 
1 

, 
I 

inparing (A-10) , (A-5) 
1 

lution of the intey P s ( t )  w i t h  the dirac comb 

I 
I .  

I W  
I 

, 

I 
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1 
and m u l t i p l i e d  oy the  s tack ing- t i re  pulse funct ion Cr (f°F+ %] : 

, ut) = (tj *Cpr (ti +J+ (t +wg- ?&(t--p* %)* (A-rlj 
* The system funct ion  H(w) i s  found using the  convolution theorem and the  

s h i f t i n g  property o f  t h e  Four ie r  transforin f o r  t h e  negat ive d i r a c  comb. - 

F i r s t  we Four ie r  transforan each t e r n :  

LJ 

a f ~ , ( t - ~ +  



The magnitude o f  t h i s  t rans fer  funct ion using f i v e  terms i n  the  sum i s  

shown i n  f igure  6 i n  the  text .  Stackiny wi thout a l t e rna t i ng  p o l a r i t y  would 

r e s u l t  i n  an addi t ional ,  deleter ious pass-band centered a t  zero frequency. w 
I To deterinine the output variance f o r  t ime do;iiain processing we use 

d iscrete data wi th S = IJIAt. Then ' 
4-1 h-l 

Y(w) =+& $-z* 
Tne input  i s  the su!n o f  a determin is t ic  s ignal  and s tat ionary whit 

noise. Oenotiny the  input  variance Vfx(vt.t,) by Of and the output 

I 
1 

I 
I 

the noise sa;npl es are assu.ned uncorrel ated . 
I f  t he  input  noise i s  band-limited a t  the Nyquist frequency, , 

/S, and has a constant poder spectral  densi ty 

he autocorrel a 

29 



' Thus fo r  dh i te  noise input,  the output standard e r r o r  i s  reduced by 

tne square roo t  o f  t he  t o t a l  i n teg ra t i on  t i ine as i n  frequency domain 

processiny, and i t  i s  independent o f  the sa,npliny rate.  

For t he  special case s = T/2 (square wave co r re la t i on )  the  output 

variance i s  the sa,= as the frequency domain output variance. 

I n  the  continuous l i i n i t  the  output variance increases as S decreases 

because the  input  noise i s  no longer band-limited by the Nyquist frequency 

( the autocorre la t ion funct ion becodes a Dirac de l ta  funct ion).  D i g i t a l  

processing impl ies a 'lovrer l i m i t  on S equal t o  the sanpling in te rva l .  

- 



FIG!JilE CAPTIONS 

Field configuration of LFEi4 source and receiver and 
block diagram of data acquisition system showing simulated 
components. 

mplitude spectral density of geomagnetic noise and matching 
amp1 i tude spectral density of synthetic noise. 

Frequency response of the sin/cos correlation used i n  
frequency doinain processing w i t h  correlation frequency fo 
a f t e r  4 and 16 cycles of d a t a  have been StacKed. 

The digi ta l  high-pass f i l t e r  transfer function for  da t a  
collected a t  a base frequency fo. 

Frequency dmain output noise a t  0.1 Hz for  colored 
synthetic i n p u t  noise a t  various riu.iiDers of cycles stacked. 
The f i l t e red  data de,nonstrates no1 se reduction a f t e r  digi ta l  
hi yh-pass f i  1 t e r i  ng . 
Frequency doaain output noise a t  -03 Hz and 0.3 Hz fo r  
colored syntnetic input noise a t  various nuabers of cycles 
stacked. Tile f i l t e red  d a t a  deanonstrates noise reduction 
a f t e r  digital  h i  yh-pass f i 1 teri ny . 
Frequency response o f  time dolnain processing a t  a base 
frequency f o = l / T  a f te r  4 cycles of d a t a  have Deen stacked 
for  integration windods S = .16T and .04T. 

Tiilie domin output noise a t  base frequencies 0.1 Hz and 
0.3 Hz for  colored synthetic i n p u t  noise a t  various nunbers 
of cycles stacked. The f i l t e red  data deinonstrates noise 
reduction a f t e r  digi ta l  high-pass f i l t e r ing .  

A si,nulation of the r u n n i n g  average real ( a )  and imaginary 
(b) components of frequency doinain LFEi4 data acquisition a t  
0 .3  Hz i n  the presence of natural f i e l d  noise. 
data convergence nas iinproved considerably a t  this 
frequency . 
(5) for  the data 

A simulation of t running average real (a )  and ifwlinary 
(D )  components of frequency doinain LFE4  d a t a  acquisition a t  
0.1 Hz i n  the presence of natural f ie ld  noise. The f i l t e r ed  
data convergence has iinproved a t  t h i s  frequency. 

F ig .  12  - The corresponding running av raye a w l  itude 
(P) for  t h e  data used i n  Figure 11. 

F i y .  1 U 

Fig. 2 

Fig .  3 

Fig.  4 

Fig. 5 

F iy .  6 

F i y .  7 

F ig .  8 

Fig .  9 

Tne fi l tered 

10 The corresponding n n i n g  average atno1 itude (a) and phase 
d i n  Figure 9. 

F i g .  11 



FIGURE CAPTIONS (cont .) 

Fig. 13 H si inulat ion o f  the runniny average rea l  ( a )  and inaginary 
( b )  cwponents of frequericy doinain LFEid data acqu is i t ion  a t  
0.1 tiz i n  the presence o f  natural  f i e l d  noise. Tne 
character o f  the output i s  doninated by la rge  noise d r i f t  
dur ing the f i r s t  cycle. 

The corresponding running average ainplitude (a)  an3 phase 
(b) f o r  the data used i n  Figure 13. 

A sirnulation o f  the running average rea l  (a) and imaginary 
(u) coinponents of frequency 3o;nain LFEA data acqu is i t i on  a t  
-03 tiz i n  t i le  presence o f  natural  f i e l d  m i s e .  The f i l t e r e d  
data convergence has not s i  d n i f i c a n t l y  improved. 

Tne corresponding running average amplitude (a) and phase 
(b) f o r  the data used i n  Figure 15. 

A sirnulat ion o f  the running average rea l  (a) and iinaginary 
(b) coinponents of frequency do:nain LFEd data acqu is i t i on  a t  
.01 Hz i n  tne presence o f  natural  f i e l d  noise. The 
high-pass f i l t e r  i s  i n e f f e c t i v e  a t  t l ! is  frequency. 

Tne corresponding running average a,nplitude (a)  and phase 
(D) f o r  the data used i n  Figure 17. 

T i m  doinain L i4 decay response for  a source-receiver 
separation o f  5 kin over  .i)l S , S - ~  na l f  space. The signal  
d i s to r ted  ~y the an t i -a l i as  f i l t e r  i s  sainpled and d i g i t a l l y  
in tegrated over the three data channels shodn. 

A si inulat ion o f  the runn in j  average output f o r  the th ree  
channels (a, b, and c )  of tiine doiilain data acqu is i t i on  a t  a 
oase frequericy o f  3.3 Hz i n  the presence o f  natural  f i e l d  
noise. The f i l t e r e d  data convergence has dramat ica l ly  
i cilproved . 
A sirnulation o 
channels (a, 0 ,  and c )  of t ime dolnain data acqu is i t ion  a t  a 
base frequency o f  0.1 Hz i n  the presence o f  natural  
noise. The f i l t e r  data convergence. has i.nproved . 
A si i i iu lat ion o f  t h  running average output fo r  the 
cnannels (a, b, and c )  of t ime do,nain data acqu is i t ion  a t  a 
base frequency o f  -03 Hz i n  the presence o f  natural  f i e l d  
noise. Tne fi i te red  data convergence has not s i g n i f i c a n t l y  

A repeat o f  the ch 
L1) wi th  the i n t e j r a t i o n  window quadrupled by extending i t  
t o  the end o f  trie o f f  time decay response. No improveaent 
i n  s i p a l / n o i s e  r e s u l t s  and even the d e t a i l s  o f  the 

I 
I 

c 

Fig. 14 

Fig. I5 

Fig. 16 

Fig. 17 
I 
I 

Fig. 18 

Fig. 19 
I 

F i g .  20 

Fig. 21 tie running averaye output fo r  the three 

Fig. ZL 

I i knproved . 
Fig. 23 nulat ion a t  0.1 tiz ( 

w convergence pat tern are preserved. 
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b, 

F i g .  24 A si inuldt ion o f  the running average rea l  (a) and iaa j i na ry  
(b) COill(J0flCntS o f  frequeiicy domain LFEiY? data dcqui s i t i o n  a t  
.d3 i i z  using re.riote reference natural  f i e l d  noise retilava I . 

Fig.  25 A si i rwlat ion of the running average rea l  (a)  and irnayinary 
(b) co.nponcnts o f  frequency danain LFEd data acquis i t ion a t  
.U1 tir using-reniote reference natural  f i e l d  noise removal 
Residual e r r o r  i s sensi t i  ve t o  instru,nant resol u t i  on 
indicated DY increasing the reliiote reference data Hard froin 
8 b i t s  t o  12 u i t s .  

A sitnulation o f  the running average output f o r  channel 3 
o f  t i ine do.nain LFEA data acquis i t ion using retiiote reference 
noise rciwval a t  a base frequency o f  d.1  i4z. Residual e r r o r  
i s  sens i t ive t o  instru,nent reso lu t i on  indicated by 
increasing the refnote reference data w r d  fro:,i 8 b i t s  t o  12 
b i t s .  

ig.  26 

Fig.  27 A simulat ion o f  t i le runn in j  averaje out+ot f o r  channel L 
o f  t i ine dodain LFEd data acqu is i t i on  using reiiiote reference 
noise rmova l  a t  a oase frequency of .U3 i iz.  
i s  sensi t ive t o  instruirlent resolut ion ind icated by 
increasing the reinote reference data word from 8 b i t s  t o  12 
b i t s .  

Residual e r ro r  

Eig. 14.1 Time domain systein iin?ulse response f o r  tiine dolnain LFEA 
data acquis i t ion.  The base frequency i s  l/T, data i s  
stacked wi th  a l t e rna t i ng  p o l a r i t y  ti tiines eacn, d i t h  each 
stacked saliiple’ integratsd over t t ie t ime window S .  
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