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ABSTRACT 

This study finds the optimum coil resistance, r c opt, which maximizes the 
signal-to-noise ratio (SNR) of an electromagnetic (EM) seismometer and ampli- 
fier combination. The optimum coil resistance is shown to be the product of a 
seismometer factor (SF) times the noise resistance, Rn, of the amplifier. The 
seismometer factors range from 1.13 to 3.66 for the nine EM seismometers 
considered. The minimum noise figure solution, in which the amplifier noise 
resistance is set equal to the coil resistance, is shown to correspond to the 
special case in which there is no damping resistor present. It is also shown 
that the optimum form for the noise resistance is a constant independent of 
frequency and that this feature can be approximated with FET-like components 
such as the MAT-02. Examples of using rc.op t are given using both the 
5500-ohm and the 500-ohm 1-Hz L4-C seismometers paired with the OP-27 and 
LT1028 operational amplifiers, respectively. It is pointed out that, although the 
resulting amplitude signal-to-noise ratios (ASNRs) are approximately equal, it 
is best to choose the seismometer-amplifier pair having the larger generator 
constant because it results in a larger signal. Furthermore, if the coil resis- 
tance is not the optimum value, the resulting decrease in the ASNR is less if 
the coil resistance is chosen greater than the optimum rather than less. 

The deleterious effects of mismatching seismometer and amplifier are shown 
by comparing ASNRs for the GS-13 seismometer paired with three different 
amplifiers. The degradation in ASNR is found to be as large as a factor of 3. It 
is pointed out that mismatching would not be done purposely but can inadver- 
tently occur when connecting an EM seismometer to a seismic recorder whose 
input noise resistance properties are unknown, as in generally the case. It is 
recommended that manufacturers of seismic recorders obtain the necessary 
input noise data from the component manufacturers and supply the input noise 
resistance to users. 

Finally, the three commonly used single-ended preamplifier circuits used for 
EM seismometers are compared in terms of their resulting ASNRs. The same 
seismometer and amplifier are used in all three circuits. For the GS-13 / MAT-02 
pair, the noninverting, parallel damping resistor circuit resulted in an ASNR 
that was 3.8 times larger than that for the inverting, parallel damping resistor 
circuit, and 3 times larger than that for the inverting, series damping resistor 
circuit. 

INTRODUCTION 

Most electromagnetic (EM) seismometers are available with a range of differ- 
ent coil resistances and generator constants. In deciding which to select, there is 
always the question of whether to choose the unit  having a large generator 
constant and accompanying larger coil resistance, which means more electronic 
noise, or to choose the unit  with a smaller generator constant and smaller coil 
r e s i s t a n c e  r e s u l t i n g  in  a s m a l l e r  s i g n a l ,  b u t  a l so  s m a l l e r  e l e c t r o n i c  no i se .  T h i s  
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work addresses that  question in general by showing that  there is a coil resis- 
tance tha t  maximizes the signal while minimizing the three types of electronic 
noise together with the suspension noise. In other words, for a given seismome- 
ter  and preamplifier combination, an expression for the coil resistance is found 
that  maximizes the signal-to-noise ratio (SNR). It also follows that  there is an 
amplifier characteristic that  maximizes the SNR for a given coil resistance. 

That  there may be such an optimum coil resistance is suggested by the result  
of minimizing the noise figure (NF) of an amplifier (Horowitz and Hill, 1989, 
Chapter 7). This result  shows that,  for a fixed source resistance, the amplifier- 
induced electronic noise at the input of an amplifier is minimized by selecting 
an amplifier whose noise resistance, Rn, is equal to the given source resistance. 
The terms noise figure and amplifier noise resistance will be defined in detail 
later. The implications of the minimum NF analysis in choosing an operational 
amplifier (op-amp) to minimize the amplifier-induced electronic noises with a 
given coil resistance are discussed by Riedesel et  a l .  (1990). They correctly point 
out that  the electronic noise is reduced by pairing a low R~ operational 
amplifier with a low coil resistance and a high R n op-amp with a high coil 
resistance. However, this study will show that  this minimum NF solution 
applies only if there is no damping resistor. The reason is that  another factor 
related to the seismometer properties is involved when a damping resistor is 
present, as is usually the case. 

It will also be shown that  there is an optimum dependence of R n on frequency 
and that  this is best realized with FET-based op-amps or amplifiers with 
FET-like properties. Finally, by comparing the SNR's of three amplifier circuits, 
it is found tha t  a parallel damping resistor with the noninverting op-amp 
circuits yields the best SNR. 

All of the analysis that  follows assumes system linearity, so that  effects due to 
saturation and other nonlinear effects are not included. Also, effects due to 
cross-axis sensitivity, parametric effects (Rodgers, 1975), and suspension reso- 
nances are not considered. 

THE S N R  FOR AN E M  SEISMOMETER 

The objective is to find the optimum coil resistance, re.opt, that  maximizes the 
SNR of an EM seismometer. A detailed derivation of a generalized model for the 
signal-to-noise ratio (SNR) referred to the coil terminals of an EM seismome- 
ter /preampl i f ier  combination is given by Rodgers (1992) in which it is shown 
that  the resulting model fit the experimental data closely. The model considers 
the four principal noise sources associated with an EM seismometer//preampli - 
tier pair: the mechanical suspension noise, and the three electronic noises 
(Johnson noise, voltage noise, and current  noise). This model is repeated in 
equation (1) below in slightly different form by the substitutions w = 27rf and 

= 21rfo: 

)2 47r2f2 
rd GI 

r c + r d (16~-4)(f  2 - f 2 )  2 + 6 4 ~ 4 ~ 2 f 2 f  2P~a 
S N R =  . (1) ) Enn + G Snn  

r c + r d [16~r4][ f02 - f 2 ]  2 + 64~r4~2f2f 2 
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Paa is the acceleration power density spectra (acceleration pds) of the input 
acceleration, Enn is the generalized pds of the total electronic noise associated 
with the seismometer and preamplifier, and Snn is the pds of the suspension 
noise from the seismometer. The SNR given in equation (1) applies to the circuit 
shown in Figure 1; however, the derivation and exact form for E n m  for the three 
different op-amp configurations shown in Figure 10 are given in Rodgers (1992, 
Appendix A). The other terms in equation (1) are defined as follows: f = 
frequency in Hz, r d = damping resistor in ohms, r c = coil resistance in ohms, 
G = generator constant (open circuit) in V/m/sec ,  fo = resonant frequency of 
the spring-mass systems, ~ = damping ratio. 

The expression for the SNR given in equation (1) is based on using a damping 
resistor in parallel with the seismometer together with a preamplifier employ- 
ing an operational amplifier in the non-inverting configuration. It will be shown 
later that this configuration, which is shown in Figure 1, results in a larger 
SNR than the other configurations. For this reason, it will be used in most of 
the subsequent development. 

The  S u s p e n s i o n  Noise ,  Snn 

The suspension noise of a spring-mass system is due to the Brownian motion 
of its mass. The acceleration pds of the suspension noise, Sn~, is given by 

Amplifier 

Seismometer 

© 

E - M Se i smometer  with Non-Inver t ing  Ampl i f i e r  
(Paral le l  Damping Resistor) 

FIG. 1. The noninver t ing amplifier configuration is shown. All the variables are pds's in V2//Hz or 
A2//Hz. Vnn, I~n _, and Inn + are the  voltage noise and current  noise pds's appear ing at  the terminals  
of the  operational amplifier. The gain set t ing resistors are R i and R f, which produce a gain of 
(1 + Rr /R i ) .  With Inn + and In~_ equal and only moderate  gain, the  source resis tance for this  
configdration is given by the  series combination of r c in parallel  wi th  r d and R i in parallel with R r .  
This shows why making R i and R f  as small  as the  current  l imits of the op-amp permit  results  l"n 
the lowest noise. 
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equation (2), which can be derived from the expression given by Aki and 
Richards (1980) by substituting w s = 2~fo, and Q = 1/2~: 

kT~f° (m/s2)2 /Hz .  (2) Snn = 1 6 7 r ~ - - - ,  

where Snn : suspension noise acceleration pds, (m/sec2)2/Hz;  k = Boltzmann's 
constant = 1.38 × 10 .23 Joules/°K; ~ = damping ratio of spring-mass system; 
M = mass; T = room temperature  in °K = 293°K; fo = resonant frequency of 
the spring-mass system (Hz). 

Total Electronic Noise Model 
The total electronic noise, Enn, appearing at the coil terminals of an EM 

seismometer connected to an op-amp-based preamplifier is given by equation 
(3). In Rodgers (1992, Appendix A), it is fur ther  shown that  this equation is 
valid for both the inverting and noninverting op-amp configurations when the 
gain is at least moderately greater  than unity. 

Enn = Voo(f-~ + 1 ) + I o o ( f - ~ +  1)R2 + 4kTR, (V2/Hz), (3) 

where Enn = total electronic noise voltage pds ap~pearing at the input to the 
]e ,  

preamplifier (the coil terminals) in V2/Hz; Voo(- ~ + 1)=  voltage noise pds, 
/ 

Vnn, at the inverting terminal  in V2/Hz (Voo is the level at high frequencies and 

fc, is the corner frequency); Ioo(L~ + 1) = noise current  pds, Inn, in A2/Hz for 
] 

noise current  flowing from the inverting terminal  (Ioo is the level at high 
frequencies and fci is the corner frequency; it is assumed that  the noise current  
flowing from the noninverting terminal  is identical); R = input or source resis- 
tance in ohms (for the inverting configurations, R is the total input resistance; 
for the noninverting configuration, R is the source resistance in series with the 
parallel combination of the gain setting resistances; Rodgers (1992, Par t  1, 
Appendix A); 4kTR = Johnson or thermal  noise, Jnn, generated due to the 
resistances in the circuit (the Johnson noise is different for the inverting and 
noninverting configurations; the exact expressions for each are given in Rodgers 
(1992, Appendix A)). 

In the inverting configuration no noise current  flows through the input 
resistance, R, (Riedesel et al., 1990). Nevertheless, because of the gain action of 
the op-amp, Inn is multiplied by a gain te rm resulting in the expression I, nR 2 
in Enn in equation (3) (Rodgers, 1992, Appendix A). It will be seen later that  
this term has a major effect on the SNR of the seismometer and preamplifier 
combination. 

The three circuits considered in this paper are all single-ended for simplicity. 
Because of the need for common mode rejection, most seismic data recorders use 
differential (double-ended) input circuits. Usually these differential circuits 
consist of three op-amps with two in front in the noninverting configuration 
with a single differential summing amplifier in back to difference the two 
signals. The seismometer is connected between the two noninverting inputs. 
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This arrangement doubles Enn and Inn but not the Johnson noise, J~=. There- 
fore, the total electronic noise for the differential input amplifier is slightly less 
than twice the noise for the single-ended input. It will be seen later that 
doubling both Enn and Inn produces no change in R n. Therefore, R n is the same 
for single-ended and differential configurations. 

The amplifier noise parameters are given for six op-amps in Table 1. However 
only three of them are used in the numerical examples to follow because the 
LT1012, LT1079, and AD743 all have Rn's too large to be compatible with most 
coil resistances. The location of these noise sources in the amplifier configura- 
tion being studied is shown in Figure 1. The voltage source is shown in series 
and the two current sources in parallel (Tobey et al., 1971). The details of 
exactly how these noise sources appear in the amplifier output are given in 
Rodgers (1992, Appendix A). As can be seen from the first two terms in equation 
(3), both Vnn and Inn rise with a - 1 slope as frequency decreases. This is due to 
the flicker of 1 / f  noise (Horowitz and Hill, 1989) and is the factor that causes 
the SNR to decrease with decreasing frequency. The parameters Voo , fcv, Ioo, 
and fci are given in Table 1 for the four representative low-noise op-amps used 
in this study. 

The circuit configuration from which equation (1) was developed is shown in 
Figure 1. The damping resistor, re, is in parallel with the seismometer termi- 
nals, and the op-amp is connected in the noninverting configuration. The two 
gain setting resistors, R i and Rf,  determine the gain for this configuration 
which is 1 + (Rf /Ri ) .  The voltage noise source, Vnn , and the two current noise 
sources, I~n and Inn+, discussed in the previous section are indicated. 

As detailed in Rodgers (1992, Appendix A), for this noninverting configura- 
tion, the source resistance, R, is given by 

rcrd R f R i  
R - - -  + (ohms). (4) 

r e + r d R f  + R i 

The reason for using the noninverting, parallel damping resistor configuration 
now becomes apparent. It allows the gain setting resistors to be set indepen- 
dently without loading the seismometer. In order to maximize the SNR, it is 

T AB L E  1 

NOISE PARAMETERS FOR SIX OPERATIONAL AMPLIFIERS 

V~ f~, I~ f~i Ro 
Opera t iona l  Ampl i f ie r  ( V 2 / H z )  (Hz) (A2/Hz)  (Hz) (ohms)  

L i n e a r  Technology,  LT1028 
L i n e a r  Technology,  LT1012 
L inea r  Technology,  LT1079 
Ana log  Devices,  AD743 
Prec is ion  Monol i th ics ,  OP-27 
Prec is ion  Monol i th ics ,  MAT-02 

At  I v = 6 0 / * A  
At  I c = 100 # A  

7.2 X 10 -19 3.5 8.1 x 10 .25 250 943 
1.9 X 10 16 2.5 3.6 x 10 29 120 2.3 M 
7.8 x 10 -16 0.7 4.0 x 10 -28 200 1 . 4 M  

9.00 x 10 -18 30 6.4 x 10 29 140 3.75 K 
9.0 x 10 - i s  2.7 1.6 x 10 -2s  140 7500 

1.36 x 10 -17 8 2.5 x 10 -25 8 7400 
6 . 2 X  10 18 8 6 . 4 X  10 25 8 3000 

Note: Ro is t h e  level of  t h e  noise  r e s i s t a n c e  a t  h i g h  f requenc ies  ( f > >  f~i) a n d  is g iven  by R o 
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desirable to minimize the source resistance, R, s o  R i and R f  a r e  to have as low 
values as possible. In this study, the limiting case will be considered in which 
the gain setting resistors are chosen so low that  their parallel combination is 
much less that  the parallel combination of r d and r e. Usually this means that  
R i << r e. Of course, because of current limitations in the op-amp, it may not be 
possible to realize this in practice, particularly for seismometers with low coil 
resistances. However, because of the trend toward using seismometers with 
larger coil resistances, the requirement  can be at least approximated. In any 
event, it serves as a useful limiting case. Based on these considerations, the 
source resistance, R, will be replaced by rp, where 

F c 1" d 
rp - (ohms). (5) 

F c ~- r d 

With this change, R is set equal to rp in equation (3), resulting in the 
expression for Enn given in equation (6): 

Enn = goo(@ + 1 ) +  I o o ( @  + 1)r2p + 4 k T r p  (V2/Hz) .  (6) 

M A X I M I Z I N G  T H E  SNR W I T H  R E S P E C T  T O  C O I L  R E S I S T A N C E  

In order to proceed with finding re.opt, which is the value of r c that  maximizes 
the SNR, the functional dependence on r e of several terms in equation (1) must  
be specified. 

E , ,  in equation (6) is dependent on rp, which, in turn, is dependent on r c 
through the parallel resistance formula given by equation (5). The unloaded 
generator constant, G, depends on r c via the relationship (Riedesel et  al . ,  1990, 
Appendix 1) 

a = C f ~  ( V / m / s e c ) .  (7) 

For a given seismometer, C is nearly constant regardless of the coil resistance 
because the coil volume (bobbin size) and magnetic field remain nearly constant. 
Values for the parameter  C for nine EM seismometers are given in the next to 
last column in Table 2. For a selected damping ratio, ~, the damping resistor, 
rd, depends on all the other seismometer parameters.  The relationship is given 
by equation (8), which is derived in Appendix A: 

r d = 

c2 ) 
4 ~ M f o (  ~ -  ~o) - 1 . r c (ohms). (8) 

In equation (8), ~o is the open-circuit damping ratio of the seismometer. When 
there is no damping resistor present, the only damping is the open-circuit 
damping, which is to say that  ~ = ~o. The result  is that  r d goes to infinity, 
which is the proper result  since it is in parallel with the seismometer. The 
suspension noise, S n ,  , given by equation (4) is not a function of r c since ~ is a 
constant specified by the user  or set by the manufacturer,  jus t  as are the 
resonant  frequency, fo, and the mass, M. 
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To summarize, in the numerator  of the SNR, r c appears to the first power in 
both G 2 and in the numerator  and denominator of the voltage divider fraction 
tha t  precedes it. In the denominator of the SNR, it appears in the same way in 
the fraction preceding S n n .  Also, in the denominator it appears in Enn to the 
first power and squared through rp, which has r c in both its numerator  and 
denominator. The result  is tha t  the SNR is seen to be a complicated function of 
the coil resistance, re,  and the frequency, fi Because of this analytical complex- 
ity, it is useful to examine a plot of the function SNR ( re ,  f ) .  

In order to plot the SNR, numerical values must  be chosen for the various 
parameters in the expression. This requires selecting a particular seismometer- 
amplifier pair and an input acceleration pds, Paa" For this plot, the frequently 
used combination of the l-Hz Mark Products L-4C seismometer paired with the 
Precision Monolithics, Inc. (PMI), OP-27 op-amp has been selected. The parame- 
ters for the noise model for the OP-27 in the first two terms of equation (3) are 
given in Table 1. In order to have an SNR larger than  one for all the seismome- 
ters, the input acceleration selected is the constant high frequency (> i Hz) 
level of Peterson's high noise model (HNM) (Peterson, private comm., 1991). 
This results in 

Paa : 7.8 × 10 -15 ( (m/sec2)2/Hz) .  (9) 

For perspective, this can be compared with Peterson's low noise model (LNM) 
(Peterson, 1982; Peterson and Hutt ,  1982; Peterson and Tilgner, 1985; Peterson 
and Hutt ,  1989), in which the level above 1 Hz is 1.6 × 10 17 (m/sec2)2/Hz. 

Because Paa is a constant for all frequencies in this study, the resulting 
SNR's as a function of frequency are not meant  to define the useful lower limit 
of the seismometer-amplifier pairs as they do in Rodgers (1992). An analytical 
advantage of using a constant acceleration pds input is tha t  it guarantees tha t  
the maximum SNR as a function of r e corresponds to a minimum in the noise at 
tha t  same value. This is not necessarily the case when the actual HNM or LNM 
is used since then the location of the maximum of the SNR also depends on the 
input acceleration pds. 

Based on these considerations, a 3D plot of the SNR ( r  e, f )  is shown in Figure 
2 for the L-4C seismometer and OP-27 op-amp combination. The f axis is the 
hidden axis going into the page and the r c axis is the one coming out of the page 
from left to right. For every value of re, the SNR has a sharp maximum as a 
function of f. This is to be expected as shown in Rodgers (1992). However, the 
interesting feature of Figure 2 is tha t  for each value of f the SNR also has a 
maximum as a function of r e. In order to see this more clearly, a slice is taken 
through the curve at f = 1 Hz. This is shown in Figure 3, which clearly shows 
the maximum. The value of r e for which the SNR is a maximum is labeled 
rc.op t. It is clear tha t  coil resistances larger than  rc.op t result in some reduction 
in the SNR but tha t  coil resistances less than  the optimum can produce severe 
degradation in the SNR. Numerical examples of this will be shown later. 

The optimum coi] resistance, re .opt ,  is now found from 

c~SNR(rc, f )  
= 0. (10) 

3 r  c 
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sNRt3°°°  
l 

4000 6 ~  10 

r e  8000 

FIG. 2. A three-dimensional  plot of the function SNR (r  c, f )  is shown. The hidden axis going into 
the page is the frequency axis, f. The coil resistance axis, r c, is the  exposed axis coming out of the 
page. The seismometer-amplifier  pair  used for this  plot are the Mark  Products 1-Hz L4-C seismome- 
ter  and the Precision Monolithics, Inc., OP-27 op-amp. The SNR has  a maximum as a function of r c, 
so i t  is apparen t  t ha t  there  is an  opt imum coil resistance for the  seismometer-amplifier  pair. 

SNR vs.  C o i l  Res i s ta nce :  L - 4 C  S e i s m o m e t e r  w i t h  O P - 2 7  A m p l i f i e r  
( f =  1 H z )  

3000 

2000 

1000 

rc.opt 

"a: 
I ' I I I I 

2000 4000 6000 8000 10000 

Coil Resistance, r c ,  in ohms 

FIG. 3. This figure is a plot of the  function SNR (re, 1), which is a slice through the three-dimen- 
sional plot of Figure 2 at  f = 1 Hz. The coil resistance, re, t h a t  maximizes the  SNR is indicated on 
the horizontal  axis as rc.op t. The seismometer-amplifier pair  used are the L-4C seismometer  and the 
OP-27 op-amp. 
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It is surprising that,  despite the complicated analytic dependence of the SNR on 
re, the result  is a simple analytical expression for rc.opt,  which is given in 
equation (11): 

rc.op t = 

1 
1 

47rMfo( ~ - ~o) × 
1 -  C 2 
Seismometer Factor Noise Resistance 

(ohms). (11) 

The function rc.op t is composed of two factors. The first, called the seismometer 
factor (SF), is a dimensionless constant involving all the seismometer parame- 
ters. Computed SF's for nine EM seismometers are given in the far right hand 
column of Table 2. It would be useful if seismometer manufacturers  would 
include SF's with their other specifications. The second factor in equation (11) is 
a function of the noise properties of the op-amp and is termed the noise 
resistance, R~. It is defined (Horowitz and Hill, 1989) as 

I V n n  
R n = In ~ ( o h m s ) .  (12) 

R n is frequency dependent through Vn~ and I~n, which are functions of 
frequency as indicated by the first two terms in equation (3). For the four 
representative amplifiers used in this study, the parameters  necessary for 
computing R~ are given in Table 1. Plots of R n v e r s u s  frequency are shown in 
Figure 4 for the three frequently used low-noise op-amps: the PMI OP-27 and 
MAT-02, and the Linear Technology Corporation LT1028. The R~'s of the two 
bipolar based op-amps, the LT1028 and the OP-27, vary considerably with 
frequency. For these two much-used op-amps, it is unfortunate that  Rn is so 
frequency dependent  because, of course, seismometer coil resistances are con- 
stants independent of frequency, and it is desirable to have the optimum coil 
resistance track the actual coil resistance over as great  a frequency range as 
possible. The consequences of the frequency dependence of R~ for these two 
op-amps will be seen in the numerical examples to follow. The R~ properties of 
the FET-based Analog Devices AD743 and the FET-like MAT-02 will be dis- 
cussed later. The AD743 was not included in Figure 4 because its R~ is too 
large, approximately 375 k-ohms, to be compatible with most seismometer coil 
resistances. 

In summary,  to obtain the optimum coil resistance, multiply the SF of the 
seismometer by the R n of the op-amp as indicated in equation (13). 

rc.op t = SF X R ,  (ohms). (13) 

Relat ionship  to the M i n i m u m  Noise Figure Resul t  

The noise figure (NF) of an amplifier is defined (Horowitz and Hill, 1989) 

( V,~ n + In~R 2 + 4 k T R  ) 
NF = 10 loglo 4 k T R  ' (14) 
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Noise Resistance, Rn. in Ohms vs. Freauencv for Three Otr-Amm 
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. . -  OP-27 
t 

- - - "  MAT-02, Ic = 100 gA 

LTI028 
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10 2O 30 40 5O 

Frequency, Hz 

FIG. 4. This figure plots the Rn, as a function of frequency for the LT1028,  OP-27,  a n d  MAT-02 
(for I c = 100 t~A) op-amps. The curves were generated using the op-amp data from Table 1. I t  is 
seen that the LT1028 has a very low R~, whereas the OP-27 and MAT-02 exhibit larger values. 
The MAT-02 has the desirable characteristic that its R~ is a constant independent of frequency. 

where R is the source resistance. In physical terms, this is the ratio (in dB) of 
the noise referred to the input of an actual amplifier to that of an ideal noise 
free amplifier whose only noise is the irreducible Johnson noise from the source 
resistance, R. The expression for R that minimizes the NF is termed the noise 
resistance, Rn, and is defined by the previously given equation (12). 

The relationship between the minimum NF solution and the solution in this 
study for the optimum coil resistance can be seen by setting ~ = ~o in the 
expression for rc.opt, equation (11). Physically this corresponds to removing the 
damping resistor, rd,  so that the only damping present is the open circuit 
damping, ~o. For ~ = G, the SF becomes unity, and rc.op ~ reduces to the 
minimum NF solution as shown in equation (15): 

1 

r c . o p  t ~ = R n. (15) 

This demonstrates that the minimum NF solution is a special case of equation 
(11) where there is no damping resistor. The correspondence between the two 
solutions is reasonable because removing the damping resistor means tbat the 
source resistance, R, in the minimum NF solution is just  the coil resistance of 
the seismometer, r c. Another interesting point is that the expression given in 
equation (11) is bilateral; given a coil resistance, equation (11) can be used to 
find the optimum R~. 
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To summarize, if the seismometer is damped by a fluid or by eddy currents so 
that  no damping resistor is present, the optimum coil resistance is given by the 
R n however, if, as is usually the case, the seismometer is damped by using a 
damping resistor, the optimum coil resistance is obtained by multiplying the SF 
by the R n a s  shown in equation (13). 

NUMERICAL EXAMPLES 

The following sets of examples illustrate selecting a coil resistance based on a 
computed rc.op t and the effect of the choices made on the resulting SNR's. In 
addition, they will show the effect of selecting different op-amps with the same 
seismometer. Finally, the performance of the three commonly used op-amp 
circuits will be compared. 

A m p l i t u d e  Signal- to-Noise Rat io  (ASNR)  

The SNR is defined as a ratio of powers and so is not always convenient in 
seismology, where most of the work is carried on in terms of amplitudes. 
Therefore, to make the following numerical examples more meaningful, the 
results will be given in terms of the amplitude signal-to-noise ratio (ASNR) 
instead of the SNR. The ASNR is defined as: 

Signal Amplitude 
ASNR = (16) 

Noise Amplitude 

In this study, these amplitudes are amplitude density spectra (ads), which are 
the square root of the power density spectra (pds) used earlier. Therefore the 
ASNR can be written as 

 /Pss 
ASNR - PV~n~ " (17) 

Comparing this form for the ASNR with the definition of the SNR shows that  
the ASNR is obtained from the SNR by 

ASRN = SvZSNR -. (18) 

Of course, in terms of dB the two are equal. 

The L-4C Seismometer  wi th  the 0 P - 2 7  Op-Amp 

The s tandard Mark Products 1 Hz L-4C seismometer is available with coil 
resistances of 500, 2000, and 5500 ohms. This example will compare the ASNRs 
of the 5500- and 500-ohm versions with different op-amps. 

From Table 2, the dimensionless SF of the L-4C is 2.87. This is independent of 
the coil resistance. Assume tha t  the 5500-ohm coil resistance is chosen and tha t  
it is desired to select an op-amp to go with it for the maximum ASNR. The 
scheme is to select an op-amp such that  rc .op  t = r c as nearly as possible over the 
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frequency range of interest. Therefore, choose an op-amp having an R n such 
that  over the frequency range of interest, as nearly as possible: 

r c 
R n  ~ SF" ( 1 9 )  

The quotient 5500/2.87 is approximately 2000 ohms. Entering the R n axis of 
Figure 4 with this value shows that  the OP-27 would be a good choice, with a 
close match at approximately 8 Hz. Using equation (11), rc .op t is plotted versus 
frequency in Figure 5 for the L-4C with the OP-27 op-amp. The 5500-ohm coil 
resistance is also shown to indicate the frequency range over which they are 
reasonably equal. The resulting ASNR will be displayed in a subsequent  figure. 

For comparison purposes, assume instead that  the 500-ohm coil resistance is 
selected. Dividing 500 by 2.87 results in approximately 180 ohms, so it appears 
that  the LT1028 would be the only candidate. The resulting rc .op t versus 
frequency for the L-4C with the LT1028 is shown in Figure 6. From both 
Figures 5 and 6, it would appear tha t  a large ASNR would be expected only at 
low frequencies. This is confirmed by Figure 7, which compares the ASNR's that  
result  from each coil resistance op-amp pair. The resulting ASNR's for each pair 
are nearly identical. Figure 7 also shows that  the ASNR degrades badly outside 
the frequency band of 1 to 4 Hz because of the frequency dependence of rc .op t .  

This is ra ther  disappointing and indicates that  this is an area that  needs 
attention. 

Finally, the point should be made that  having a large ASNR does not mean 
that  there is also a large signal. Certainly the signal with the 5500-ohm coil will 

Ootimum Coil Resistance vs. Freouencv: L4-C (5500 ohms ) with OF-27 
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F~G. 5. The optimum coil resistance r c o-t is shown versus frequency for the 1-Hz L-4C (5500 
• . ~ . p 

ohms) selsmometer wath the OP-27 op-amp used as a preamplifier. The coil resistance for this 
seismometer is plotted as the horizontal dashed line. Because of the frequency dependence of the R n 
of the OP-27, rc.op t is equal to the 5500-ohm coil resistance only near 8 Hz. 
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Optimum Coil Resistance vs. Frequency: L4-C (500 ohms) with the LT1028 
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FIG. 6. The optimum coil resistance Go-t, is shown versus frequency for the 1-Hz L-4C 
(500-ohm) seismometer with the LT1028 op-an~p used as a preamplifier. The coil resistance for this 
seismometer is plotted as the horizontal dashed line. Because of the frequency dependence of the R n 
of the LT1028, re.op t is equal to the 500-ohm coil resistance only near 5 Hz. 

be about 3 times tha t  from the 500 ohm coil. For approximately equal ASNR's, 
as in this case, the correct policy is to choose the larger coil resistance in order 
to maximize the signal and, therefore, minimize the amount  of electronic gain 
required following the seismometer. Fur thermore ,  if the coil resistance is not 
the optimum value, it is seen from Figure 5 tha t  the result ing decrease in the 
ASNR is less if the coil resistance is chosen to be greater  than the optimum 
value ra ther  than less. 

The Effect of Amplifier Type on the ASNR: The GS-13 with Three Different 
Op-Amps 

In the previous example, care was taken to match the coil resistance and 
op-amp to maximize the ASNR. The question then arises regarding how delete- 
rious it is when they mismatched. The comment might be made that  one would 
never do this, but, unfortunately,  it could happen when an EM seismometer is 
connected to a seismic recorder. Certainly the type of op-amp, together with its 
R n characteristics, used in the input  stage of a seismic recorder is information 
not generally available from manufacturers .  It  will be seen later  tha t  even the 
type of circuit used makes a significant difference. It is hoped tha t  this s tudy 
will motivate the manufacturers  of seismic recorders to make this type of 
information more available. 

In this example, for comparison purposes, the nominally 1-Hz Teledyne 
Geotech GS-13 seismometer is paired with three different op-amps: the LT1028, 
the OP-27, and the MAT-02. Some explanation regarding the MAT-02 is neces- 
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Comvarison ASNR's for Two L-4C Confiaurations: the 500 ohm ¢0il with 
the LT1028 and the 5500 ohm coil with the 0P-27 

6O 

/ / 5 0 0  ohm coil with LT1028 

AS~IR 4o 
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2 4 6 8 10 

Frequency, Hz 

FIG. 7. The ASNRs are compared for two L-4C parings: the 5500-ohm L-4C with the OP-27 
op-amp, and the 500-ohm L-4C with the LT1028 op-amp. The resulting ASNRs are nearly identical. 
This does not mean, however, that the signals are equal, because the 5500-ohm unit will always 
have about 3 times the signal of the 500-ohm unit. Given equal ASNRs for two combinations, it is 
always best to use the seismometer having the largest generator constant. 

sary.  The MAT-02 is a FET-l ike  dua l  monol i thic  t r ans i s to r  whose R n can be 
ad jus ted  over  a considerable  r ange  by  adjus t ing  its collector cur ren t ,  I c. Wi th  a 
collector c u r r e n t  of 1 mA, the  R n drops to a round  1 K-ohm. At the  o the r  
ex t reme,  a collector cu r r en t  of I tLA resu l t s  in an  R n of 400 K-ohms.  Since the  
ma nu f a c tu r e r ' s  l i t e r a tu re  is difficult  to in te rpre t ,  these  va lues  m u s t  be r ega rded  
as approx imate .  Even  more  approx ima te  are  the  va lues  used  here  for the  
voltage and  c u r r en t  pds's corner  f requencies ,  fcv and  fc i .  To the  au thor ,  t hey  
appe a r  to be equal.  As will be seen, this  resu l t s  in an  Rn i n d e p e n d e n t  of 
f requency,  which was shown in the  las t  section to be a ve ry  des i rable  charac ter -  
istic. This  a lmos t  cons tan t  R~ charac te r i s t ic  also appea r s  in the  FET-based  
AD743 op-amp men t ioned  earl ier .  The  R n of the  AD743 ac tua l ly  decreases  
s l ight ly wi th  f requency.  A d i sadvan tage  of the  MAT-02 is t h a t  it  is only a 
m a t c h e d  t r ans i s to r  pa i r  and  t hus  m u s t  be combined wi th  an  op-amp, wi th  the  
MAT-02 serving as the  di f ferent ia l  f i rs t  stage.  The  feedback res is tance ,  R f ,  t h e n  
goes a round  the  cascaded pair.  Obviously,  more  inves t iga t ion  of the  MAT-02 
and o ther  amplif iers  wi th  ad jus tab le  and  nea r ly  cons tan t  noise res i s tance  is in 
order.  

The  GS-13 has  a coil r es i s tance  of 8900 ohms and  (from Table  2) an SF of only 
1.135. F r o m  equa t ion  (19), to ma t ch  re.op t an  R n of 8 9 0 0 /1 .1 3 5  or 7800 ohms is 
required .  This  is nea r ly  achieved by  the  MAT-02 wi th  a collector cur ren t ,  Ic ,  of 
60 tLA, which resu l t s  in R n = 7400 ohms. Using  the  above data ,  F igure  8 plots 
re.op t v e r s u s  f requency  for the  GS-13 m a t c h e d  wi th  the  MAT-02 and  
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Ootirnum Coil Resistance vs. Freouencv: GS-13 (8900 ohms)with 
the OP-27 and the MAT-02 

rc.opt 

1oooo 
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~ "GS -1 3  withMAT-02, Ic = 60 laA 

......................... ~ "  GS- 13 with OP-27 

I I I I 
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Frequency, Hz 

FIG. 8. This figure compares the optimum coil resistance, rc.o~t, versus frequency for the GS-13 
seismometer paired with three op-amps: the OP-27, the MAT-02 (I c = 60 t~A), and the LT1028, 
which does not appear in this plot but does on Figure 9. The 8900-ohm coil resistance of the GS-13 is 
shown as a dotted line. It is seen that the OP-27 is clearly a much poorer match for the GS-13 than 
the MAT-02. The results of the mismatch are shown in Figure 9. 

m i s m a t c h e d  wi th  the  LT1028 and  OP-27, bo th  of which  have  m u c h  too low an  
R n. The  curve  for the  LT1028 is too low to a p p e a r  on this  g raph .  The  rc.op t us ing  
the  OP-27 r ises  f rom abou t  1000 ohms  a t  0 Hz to abou t  5000 ohms  a t  50 Hz. 
This  is well  below the  8900-ohm coil r e s i s t ance  of the  GS-13 shown a the  dashed  
line. 

To d e m o n s t r a t e  the  de le te r ious  effect on the  A S N R  of m i s m a t c h i n g  se i smome-  
t e r  and  op-amp,  F igu re  9 plots  the  r e su l t i ng  ASNRs  for each  case. Obvious ly  the  
m a t c h  wi th  the  MAT-02 is be t t e r ,  bu t  the  OP-27 is only worse  by a p p r o x i m a t e l y  
one thi rd ,  wi th  an  a v e r a g e  m i s m a t c h  of abou t  6 K-ohms.  The  m i s m a t c h  wi th  the  
low R n LT1028 re su l t s  in a more  t h a n  200% d e g r a d a t i o n  in the  ASNR. A use r  
would not  knowing ly  i m p l e m e n t  such  a m i s m a t c h  of s e i s m o m e t e r  a n d  ampl i f ier ,  
b u t  i t  could h a p p e n  i n a d v e r t e n t l y  w h e n  connec t ing  the  GS-13 or o the r  EM 
s e i s m o m e t e r  to a se ismic recorder  whose  p r eampl i f i e r  noise r e s i s t ance  charac-  
ter is t ics  a re  u n k n o w n  to the  user ;  th is  u n f o r t u n a t e l y  is u sua l ly  the  case. 
M a n u f a c t u r e r s  of  se ismic recorders  a re  u rged  to supp ly  i n fo rma t ion  on the  R n 

of the  ana log  f ron t  end  of t he i r  recorders  w h e n  i t  is ava i l ab le  f rom the  manufac -  
t u r e r  of the  op -amp  be ing  used.  

The  op -amp  m a n u f a c t u r e r ' s  specif icat ions of ten give the  vol tage  noise pds, 
V n n ( f ) ,  bu t  not  the  cu r r en t  noise pds, I n n ( f ) .  So R n ( f ) ,  is not  k n o w n  for these  
op-amps .  An ex am pl e  is the  P M I  AMP-01.  On the  o the r  hand ,  the  of ten u sed  
P M I  OP-270 has  noise p rope r t i e s  s imi l a r  to the  OP-27. As d iscussed  ear l ier ,  the  
d i f ferent ia l  conf igura t ion  has  twice the  vol tage  noise,  Enn , and  c u r r e n t  noise, 
Inn,  of the  s ing le-ended  conf igurat ion.  B u t  it  is seen  f rom equa t ion  (12) t h a t  
doubl ing bo th  of these  keeps  R n the  same.  Therefore ,  the  R n of the  OP-270 is 
the  s a m e  as t h a t  of  the  OP-27 g iven  in F igu re  4. The  R n of the  P M I  OP-77 can  
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The GS-13 with Three Amplifiers. the MAT-02. OP-27. LT1028 
( Non-Inverting, Parallel r d) 
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FIG. 9. The ASNRs resulting from pairing the GS-13 with the LT1028, OP-27, and the MAT-02 
with I c = 60 ~A are compared. The ASNR using the LT1028 is down a factor of about 3 compared to 
the MAT-02, and the OP-27 is down a factor of about 1.3. Such gross mismatching would not be 
purposely done but can accidentally occur when connecting an EM seismometer to a seismic 
recorder whose input R n properties are unknown, as is generally the case. 

be obtained from the manufacturers  data on the total electronic noise by using 
equation (3) to obtain Inn (O.D. Starkey, personal comm., 1992). 

T h e  E f f e c t  o f  C i r c u i t  T y p e  on the  A S N R  

The purpose of this section is to compare the ASNRs of three types of 
single-ended op-amp circuits used with EM seismometers. These are shown in 
Figure  10. As in Figure 1, the locations of the various noise sources are shown. 
For both the inverting (top two) and noninverting (bottom) circuits, the details 
of the effects of these noise sources are given in Rodgers (1992, Appendix A). 

The top circuit employs a damping resistor, rd, in parallel with the seismome- 
ter (i.e., across the seismometer terminals) feeding into the s tandard noninvert- 
ing op-amp configuration. In order to avoid loading down the damping resistor 
and thus increasing the seismometer damping, the input resistance, R i ,  to the 
op-amp must  be made larger than rd, such as 5 to 10 times larger. The reason 
that  R i loads r d is that  its right-hand side is connected to the inverting 
terminal of the op-amp, which is very near ground potential (virtual ground). 
The undesirable effect of making R i much larger than r d is that  it makes the 
source resistance, R, in equation (3) quite large. This results in a large value of 
the total electronic noise, E n n  , thus decreasing the ASNR. It will be seen in the 
next figure that  this is the poorest of the three circuits. 

The middle circuit takes advantage of the fact that  the inverting terminal of 
the op-amp is at virtual ground by connecting r d directly to it. The gain of this 
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Three Circuits for E-M Seismometers 

Seismometer Amplifier 
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E-M Seismometer with Inverting Amplifier 
(Parallel Damping Resistor) 
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(Series Damping Resistor) 
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(Parallel Damping Resistor) 

FIG. 10. The three commonly used single-ended op-amp circuits used as preamplifiers for EM 
seismometers are shown together with their  noise sources. The top circuit uses a damping resistor 
in parallel with the seismometer feeding into an inverting op-amp configuration. In this circuit, 
R i >> rd, to avoid loading r d. This results in a very large source resistance, R, with the accompany- 
ing noise penalty. The middle circuit places the damping resistor in series with the coil resistance 
directly into the inverting op-amp. This also results in a large source resistance, R, when the 
damping resistance is large as they tend to be for modern large generator constant seismometers. In 
terms of noise, the preferred circuit is shown at the bottom, in which the damping resistor is in 
parallel with the coil resistance as in the top circuit. The advantage is that, in this noninverting 
configuration, R i does not load r d and so can be kept to a low value. Thus the noise penalty is less 
than that  of the upper two circuits. 
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circuit from the seismometer terminals is then effectively -R f i r  d. However, the 
problem with this configuration is tha t  it puts the damping resistance, r d ,  in 
s e r i e s  with the coil resistance, r c. In modern EM seismometers having high 
generator constants, r d can be as much as 9 times re ;  so putt ing r d and r e in 
series results in a large value for the source resistance, R. Consequently, there 
is a degradation in the ASNR, although not as severe as that  for the top circuit. 

The bottom circuit is the same as that  shown in Figure 1 and is repeated here 
for comparison with the other two circuits. It puts the damping resistor in 
parallel with the seismometer coil so that  the source resistance through which 
Inn+ flOWS is r d in parallel with r c ,  which is less than r e itself. The gain setting 
resistors, R f  and Ri, can, within limits, be kept  low without loading down the 
damping resistor, which was the problem in the top circuit. The total source 
resistance, R, for this noninverting configuration was given previously by 
equation (4). It can be seen that  the source resistance, R, for this circuit can be 
made considerably smaller than for the upper  two circuits, so that  an enhanced 
ASNR is to be expected. Although these considerations are for the three 
single-ended circuits, the same would apply to their differential (double-ended) 
equivalents. 

In Figure 11, the ASNR's for the three circuits shown in Figure 10 are 
compared using the same seismometer /ampl i f ier  pair for each circuit. The pair 
used are the GS-13 with the MAT-02 with I c  = 60 /~A. The lower, dotted curve 
is the ASNR for topmost circuit with the inverting amplifier and the parallel r d.  

The dashed middle curve is the ASNR for the middle circuit, which also uses an 
inverting amplifier but  with r d in series. This configuration offers about a 50% 
improvement over the inverting, parallel r d circuit. For the reasons stated 
earlier, the bottom circuit using the noninverting amplifier with r d in parallel 
results in the largest ASNR by some 350%. 

The GS-13/MAT-02 pair used in this example represent  a worst case for the 
top two circuits because the GS-13 has such a large damping resistor, 74.5 
K-ohms. So making R i large enough not to load r d in the inverting parallel r d 

configuration or putt ing r d in series with r e in the inverting series r d circuit 
both result  in very large source resistances. Although this extreme case was 
chosen to emphasize the point about the optimum circuit, large damping 
resistances are becoming more common as increasingly "super" versions of 
seismometers become available such as the super L-22D ( r  d = 14 K-ohms), and 
the "super" L-4C ( r  d = 55 K-ohms). 

CONCLUSIONS 

This study begins by showing that  for a given EM seismometer and preampli- 
fier pair there is an optimum coil resistance that  maximizes the SNR. This 
optimum coil resistance is a simple analytical expression given by the product of 
the SF of the seismometer and the R n of the amplifier. In examining the 
optimum coil resistance, it is seen that  a n  R n independent of frequency is 
desired. It appears that  FET-based or FET-like op-amps have this desirable 
characteristic; and at least one, the MAT-02, permits adjusting the level of its 
R n by adjusting the collector current to satisfy equation (19). 

The deleterious effects of mismatching seismometer and amplifier are shown 
by comparing ASNRs for the GS-13 seismometer paired with three different 
amplifiers. The degradation in ASNR is found to be as large as a factor of 3. It is 
pointed out that  mismatching would not be purposely done but  can accidentally 
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The GS-13 with the MAT-02 Usin2 Three Circuit Confiaurafions 
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FIG. 11. This figure compares the ASNRs resulting from the three circuits shown in Figure 10. 
The calculations for all three circuits use the GS-13 paired with the MAT-02 with I c = 60 /zA. The 
lower, dotted curve is for the upper circuit in Figure 10 in which the damping resistor is in parallel 
with the seismometer and the inverting configuration is used for the op-amp. The middle, dashed 
curve applies to the middle circuit in Figure 10, in which the damping resistor is in series, and the 
inverting configuration is used. The upper, solid curve is for the bottom circuit in Figure 10 in which 
the damping resistor is in parallel, and the noninverting configuration is used. These data confirm 
that the parallel damping resistor, noninverting configuration results in the best ASNR. Although 
these calculations are for the three single-ended circuits, the same result would apply to their 
double-ended (differential) equivalents. 

occur when  connect ing an  EM se i smometer  to a seismic recorder  whose inpu t  
R~ propert ies  are unknown,  as is genera l ly  the case. I t  is r ecommended  t h a t  
m a n u f a c t u r e r s  or seismic recorders  m a k e  this  in format ion  available. 

Finally,  by means  of numer ica l  compar isons  among  the three  s ingle-ended 
op-amp circuits used as preampli f iers  for EM seismometers ,  it is found tha t  the 
parallel  damp ing  resistor,  non- inver t ing  circuit  is the  best  to use in t e rms  of 
maximiz ing  the  ASNR. 

RECOMMENDATIONS 

More a t ten t ion  should be given to real iz ing the  m a x i m u m  SNR when  us ing  
EM seismometers ,  and  it is hoped tha t  this s tudy  will mot iva te  correctly 
ma tch ing  the se i smometer  wi th  the preampli f ier  and  choosing the best  circuit  
configurat ion.  I t  is also r ecommended  that :  

. Manufac tu re r s  of seismic recorders  obtain  from the component  manufac tu r -  
ers the noise character is t ics  of the  op-amp used in the analog front  end of the  
recorder  and  us ing  these  da ta  publ ish the inpu t  Rn; they  should also make  
sure  tha t  the op t imum circuit  is used in t e rms  of maximiz ing  the  SNR. 
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2. Manufacturers  of seismometers include SFs in their specifications. 

3. Fur ther  s tudy be under taken of amplifiers tha t  have the desirable noise 
characteristics described in the body of the study. 
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APPENDIX A 

The  R e l a t i o n s h i p  be t we e n  Coil R e s i s t a n c e  a n d  D a m p i n g  R e s i s t a n c e  

The equation of motion for an EM seismometer that  has current  damping due 
to a current, i, flowing through a damping resistor, rd, across its terminals is 
given by 

MY + B i  + K z  = M2  - fd ,  (A1) 

where x is the frame displacement, z is the relative displacement between the 
mass and the frame, M is the mass, B is the mechanical damping, K is the 
spring constant, and fd is the force due to the damping current. This damping 
current  has a value given by 

G~ 
i - - - ,  ( A 2 )  

r c -~ r d 
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where G is the open circuit generator constant previously defined for equation 
(1). The coil resistance is r e . The force on the mass due to the damping current 
is found from 

6 2 

f d  = G i  - - - ~ .  (A3) 
r c + r d 

Substi tute this expression for f d  into the equation of motion, equation (A1) to 
obtain 

in which 

and 

2 + (2~ofl + 2 ( i ~ ) i  + ~2z = ~/, (A4) 

B 
2~0~t = ~ (A5) 

1 G 2 
(A6) 

2 ~i ~ - M r c + r d 

In equation (A6), (o is the open circuit damping ratio, and (i is the current 
damping ratio. From equation (A6), the current  damping ratio is found to be 

1 C 2 Fc 
- -  , (A7) 

~ i =  4 7 r  M f o  rc + r d 

where fo  and C are obtained from the previously defined relationships: 

and 

= 2~'f  o , (A8) 

G 2 = C 2 r c  . (A9) 

Finally, the total damping, ~, in the seismometer is made up of the sum of the 
open circuit damping and the current damping: 

= ~o + ~i. (A10) 

Now, for a given value of ~,~ find the relationship between r C and r d by 
substi tuting ~i from equation (A7) into equation (A10) above and solving for r d .  

This results in the desired relationship, which was used in equation (8) in the 
body of the study: 

r d  : 4 7 r M f ~ - ~  - ~o)  - 1 . r c .  ( A l l )  
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