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1. INTRODUCTION 

Although instrument responses intended for reduction of actual seismic data 

are best obtained by calibration, theoretical instrument responses have several 

uses. They permit prediction of system performance and aid the design of proposed 

modifications to the system. They can be used to evaluate and monitor instrument 

performance to insure conformance with design goals. Finally, since theoretical 

responses usually take the form of analytical expressions they can facilitate quick 

calculation of and correction for instrument response, especially when the measured 

response differs only slightly from the theoretical. 

However complex or detailed it may be, no analytical transfer function is 

more than an approximation to reality. Not only is each expression an approximate 

model of the circuit or system it describes, but many real physical effects must 

be ignored or treated inadequately to make calculations tractable. In this report, 

an effort is made to state explicitly the major assumptions and approximations 

under which the expressions are valid and to describe qualitatively the effects not. 

treated in detail. Yet there may be omissions in the list of caveats, either due 

to oversight or to system modifications. If discrepancies between measured and 

calculated instrument responses are not explained by eq"Ji?ment malfunction or high 

noise in the measurements, they may be explained by discrepancies between the 

present block diagram and the actual signal path. 

This report is divided into five sections. After the introduction, the 

second section discusses the seismometer, including the L-pad and preamplifier 

input impedance. The third section treats the preamplifier-filter combination, 

while the fourth section discusses the telemetry and recording apparatus. In the 

fifth section, the overall response is tabluated and the entire system is outlined. 

This section is arranged for easy reference. Finally, the last section discusses 



an i n t e r a c t i v e g raph ics program developed on the Lawrence Berkeley Laboratory* 

computer system for p l o t t i n g the phase and ampli tude of response func t ions 

on the Tek t ron ix ^010 or 4014 CRT. 

2 . THE SEISMOMETER SYSTEM 

Within c e r t a i n l i m i t a t i o n s , t he response of a m as s -on -a - s p r i ng seismometer 

wi th a co i l -magnet t r a n s d u c e r may be deduced from very b a s i c p h y s i c a l p r i n c i p l e s . 

Although t h i s d e r i v a t i o n i s w e l l known, i t i s o u t l i n e d h e r e for two r e a s o n s : 

1) to make t h i s r e p o r t complete , 2) to emphasize the s i m p l i c i t y of the c a l c u l a t i o n s 

from a nove l v i ewpo in t . 

F igure 2 . 1 shows the model of the seismometer sys tem. A magnet of mass m 

I s siispended by a s p r i n g of s p r i n g c o n s t a n t K from the seismometer case wi th in a 

c o i l of DC r e s i s t a n c e R^ The p o s i t i o n of the mass r e l a t i v e to t h e case i s X 

and r e l a t i v e to an i n e r t i a l r e f e r e n c e frame i s X _ s o t h a t X - = X_."X i s the p o s i t i o n 

of the case r e l a t i v e to the i n e r t i a l r e f e r e n c e frame. The g e n e r a t o r c o n s t a n t of 

the n a g n e t - c o i l cor .binat ion i s G ( i n v /m/sec) , and the pad and p r e a m p l i f i e r input 
L 

r e s i s t a n c e s a r e as shown. 

There a r e two f o r c e s ' o n t h e mass: t h e s p r i n g ^ r e s t o r i n g fo rce and the 

magnetic damping f o r c e s . Gravi ty i s n e g l e c t e d , as i t simply d i s p l a c e s the 

e q u i l i b r i u m p o s i t i o n X of t h e mass. The two forces a re 

F = s p r i n g force = -K(X-X ) 
® . ° (2.1) 

Fj " damping force = -bx 

where the l a t t e r has been assumed to be p r o p o r t i o n a l to the r e l a t i v e v e l o c i t y b e 

tween the magnet and the c o i l . 

By Newton's second law, F = F , + F " m a , where a i s the a c c e l e r a t i o n of the 
o s 
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mass relative to any inertial reference frame. 

Sub 

F. + F - ma « mX (2.2) 
a s m 

stitution of F. and F from equation (2.1) with X = X + X. (see Figure 2.1) 

and X - X = 0 yields o o 

-K(X-X ) - b(X-X ) = m(X-X +X^ (2.3) 

Let Y = X - X be the position of the mass relative to the case, defined with respect 

to the equilibrium position X . Then 
o 

Y + - Y + - Y = -X (2.4) 
m m c ^ ' 

is the equation of motion of the seismometer. This is just the standard equation 

for damped, driven harmonic motion, with the acceleration of the seismometer case 

relative to the inertial frame of reference as the driving term. 

For convenience, the following definitions are made: 

2 K 
(i) = / (iJ = n a t u r a l (angular ) frequency 

o m o 
Q = o = q u a l i t y f a c t o r or I n v e r s e damping (2.5) 

b ^ 
6 = —i— = •̂  = damping factor or fraction of critical danping 

2Q ZiajQ 

Here UQ IS the (angular) frequency at which the seismometer would resonate in 

the absence of damping, Q is a factor Inversely proportional to the dar.ping and 

B is the fraction of critical damping. At critical damping Q = 1/2 and 6 = 1 . 

Expressed in terns of these parameters, the equations of motion are 
(iJoY 2 

Y + + 4, Y . - Xc 

or Y + 2(1)0 BY + Wo Y " - X^ (2.6) 

Transfer functions for the seismometer system are obtained by considering 

a monochromatic input acceleration X (t) » â -e , which results In oscillations 

Y(t) • Ye at the same frequency. Then 

a^ r^-° (2.7) 

(1 - u . 2^ •*• ^ ̂ Bu 

o 

where u = 2iTf i s t he angular, frequency of the motion. 

4 



Now the voltage output of the seismometer Is determined by the magnet-coll 

generator. Figure 2.2 shows a simple model of the system, consisting of a 

« 

voltage generator CLY in series with the coll resistance R . The output voltage e 

across the preamplifier input impedance R Is calculated from simple resistive 

divider theory as 

e " G, Y A 1^ S + R T + R + R S 

A 

• R S • 
- ĈY V - G_,.Y eff 

(S + RJ (T + R ) + R S 
A c A 

^ _ G, R,S 
where G ,̂  = L A 

eff 
(S + RJ(T + R ) + R.S 

A c A 

" loot * 
For the single frequency driving term X (t) = a e , Y = iuY and the transfer 

functions become 

G ^A(Ji - IG - , oj/w ^ 
- ^ = - ^ ^ ^ — — = — ^ ^ — ^ — ^ — ( 2 . 9 ) 
^c ^c (1 - w /jj 2) + 2lSaj 

O (i) 

O 

This is the seismometer voltage response to ground acceleration. 

Ground displacement at a single frequency u is related to ground acceleration 

2 
as X = ~3-/w . Hence, t h e se ismometer v o l t a g e response to ground d isp lacement 
I s 

V " ' - -S-- ^ - " e f f " V (̂ _̂ „, 
c *c • ( 1 -OJ / 2) + 2130) 

Wo 

'*'o 

In terms of the absolu te f r equenc ies f • '^/2ir and f̂  = UJO/2TT , t h i s I s 
m /*^ 2TT1G , , f^^/f 2 
T (f) = e = e f f 0 

s \ ( l . f V ) ^ 2 i i f _ ^2.11) 

3 ° 
2-niG e J " e f f 

f ^ - f̂  + 2 i 6 f f o o 



As shown in equation (2.11), the frequency response of the seismometer 

is completely determined once the parameters fo, 6 , and Ggff are known. The 

natural frequency f is measured for each seismometer by applying a 

variable-frequency current source and finding the frequency at which the 

current through the coil and the voltage across it are in phase. Since the 

driving force is proportional to the instantaneous current, the ratio of 

voltage to current is proportional to expression (2.11), and the two are in 

phase only when f = fo. Measurements of fo are usually accurate to a few 

percent. The damping for any given circuit configuration can be measured by 

exciting the seismometer and observing the decay of the resulting oscillations 

on an oscilloscope or chart recorder. Usually, measurement of a few amplitude 

peaks is sufficient to determine 6 to better than 10$. 

Physically, the damping arises from two sources: dissipation due to eddy 

currents induced in the coil and coil form or coil frame (if any), and 

resistive dissipation due to current flowing in the coil and external 

resistances. 

Fj - Fjj (eddy) + Fd (res) ^2.12) 

This difference in physical mechanisms leads to a natural division of each of 

the damping constants b and S into two additive elements: 

(2.13) 

where Bo = 

b - b^ + b^ 

6 - 6o + Bl 

2iiL;o 
B l - bl 

2m.j 
0 



The first of these elements describes the "open circuit damping," which occurs 

when no current flows in the seianometer coil, while the second describes the 

additional damping due to loading by finite external resistances. 

Since the first term depends on the details of construction of the coil, 

its form, and its frame, and on the amount and nature of metallic meterials 

used in them, the first term is not calculable in general from first 

principles. However , the second term may be calculated simply from the model 

in Figure 2.2. The effective impedance seen by the generator Qiy is just R̂  

and T in series with the parallel combination of S and R* : 

6a 
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Thus, the power dissipated by the resistances is 
• 2 2*2 

*̂ dl ^̂  ^ -i= (2.15) 

eff eff %ff 

This power can also be expressed as the product of the resistive damping force 

and the magnet velocity, 

d̂l " V ' (2.16) 

Equating expressions (2.15) and (2.16) for the power dissipated by resistive 

damping yields the following for the damping force: 

, V i _ , .̂ ^ 
dl 2 ̂  ff 2 ^ 

whence , , ̂ L . ^L -(̂ "̂ Â̂  (2.17) 
°1 \ ^ . (R +T) (S+R.)+SR. 

err c A A 
Note that F is negative as the motion and the force are in opposition. 
The open-circuit and resistive damping constants are then expressed as 

h b. G / 
Bo = ^ T ^ .8 - ^ ^ 

2mLj_ 1 2iai)^ 2mL;-,R .^ ( 2 . 1 8 ) 

o o o eff 

This expression shows that the additional damping due to external circuit 

resistance is related to the generator constant G , the mass m, and the circuit 

constants involved in R , , 

err. 

Seismometer manufacturers supply fairly accurate values for m and G. with the 

Instruments. However, the value of G. can change as the magnet ages or degrades 

with shock and temperature. Equation (2.18) can be used to estimate G»as follows. 

First, the open circuit damping So is measured in the usual way. Then the damping 

B for a given circuit configuration (a given T, S and R.) is measured in the same 

way. Finally, GjIs calculated from the circuit parameters and the value S, = 6 - S 

according to equation (2.18). As for the resistances R , T, S, and R. Involved 

c A 
in expressions (2.8) and (2.14) for G - and R -,, all are easily measured; and 



both T and S are specified in the circuit design. 

Although equation (2.11) is a fair approximation to the seismometer 

response, there are several ways in which the expression can fail to represent 

reality. Throughout this section, linear response has been assumed for both 

the mechanical system and the transducer. A particular system may deviate 

significantly from linearity due to small defects in its manufacture, ageing, 

metal fatigue, stick-slip, or abuse. Even a properly made instrument is only 

linear in a small region about its equilibrium position. Non-linearities can 

result in distortion of waveforms, changes in gain with the average position 

of the mass, or artifacts in the data. 

Slow, smooth changes in the transfer function with time may result from 

ageing of the magnet or spring. In a seismometer such as that modeled here, 

containing a single mass suspended from a single spring, the natural frequency 

f will decrease as the spring relaxes*, and both the gain G ̂ ^ and the 

damping 6 will decrease as magnetization is lost. Only careful comparison of 

response measurements with theoretical expectations can hope to reveal, let 

alone identify, such changes. 

3. CIRCUIT ANALYSIS OF THE J302 PREAMPLIFIER 

In this section, the preamplifier and filter sections of the J302 

Preamplifier, Voltage-controlled Oscillator Unit are analyzed to provide: 

• Note: Where more than one elastic element supports the seismometer mass, 
fhfe natural frequency may increase if the effects of auxiliary elastic 
supports become dominant as the main spring ages. This appears to be the case 
with seismometers in the Central California Network. Private communication 
from Jerry Eaton. 



1. The gain 

2. The frequency response 

3. Small correction factors to the attenuator settings 

4. Positions of poles and zeroes in the response function 

Figure 1 of the note "J302 Preamplifier, Voltage Controlled Oscillator 

Unit" by John Van Schaack shows a schematic diagram of the entire circuit. A 

simplified diagram of the preamplifier and filter circuits is shown in Figure 

3.1 of this report. Except where certain components have been lumped together 

for ease of analysis, part 

8a 
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O ^AA—J^ 

FIRST STAGE ATTENUATOR 

AND HICIIPASS FILTER 

SECOND STAGE 

Figure 3 .1 S i m p l i f i e d Schematic Drawing of tlic> J302 Prc.-implifler-VCO U n i t , showing components which 

a f r e e t the frequency response of the ays tcm. Al l res lHt i inces a r e In ohms, and p a r t s d e s i g n a t o r s 

cor respond t o those in FlKure I of the nolo on the .1102 by John Van Schaack. 



designators In the two diagrams are the same. For clarity, components which 

do not affect the frequency response of the system have been omitted from the 

figure. 

The first preamplifier filter stage is shown schematically in Figure 3.2. 

Parts designators have been changed to show the mathematical relationships between 

component values, and the differential input impedance Z of the operational 

amplifier has been Included for accuracy. 

Let the voltages E. and E- applied at the inputs cind the other circuit 

voltages be as shown. By definition of the open-loop gain A of the operational 

amplifier, the output voltage E is 
o 

Eo= A (e2 - e^) (3.1) 

Other necessary equations are derived from the conservation of current at 

the circuit nodes. Consider first the inverting input of the amplifier. An 

amount of current 1 = (E.. - e..)/R flows into the terminal through the input re

sistance R. The current flowing from the terminal through the input impedance of 

the amplifier is 1, « (e., - eZ) IZ. Finally, the current flowing into the cerr.inal 

from the output, through the parallel combination of R̂  and C^, is 

1, " (E - e.) (1 + jwR C,) where 1 is the Impedance function of 

^- 1 + jwRĵ Ĉ  

R_ and C in parallel. By conservation of current, the sum of currents flowing 

into the node must be zero: 

Substituting the above expressions for the currents yields 

(E^ - e^) ^ (e2 - e^) ^ (E^ - e^) 

\ 

(1 + jwR^C^) = 0 (3.3) 

A similar equation is derived by considering conservation of current at the non-

inverting terminal: 

iQ 
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Figure 3.2 Idealized Schematic Drawing of First Stage of Preamplifier sh-; 

in Figure 3.1, with parts designators showing mathematical relationships between 

component values. 

o-
FROM FIRST STAGE 

(low impedance source) 
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TO SECOND STAGE 

(high Impedance inpu t ) 

Ground 

Figure 3.3 Idealized Schematic Drnwing of Attenuator and Hlghpass Filter 

11 



^2 " 2 ^ i ! L l ! i ^ - l i i ^ ^ ^ l ^ - 0 (3.4i 
R Z Rĵ  

Together, equations ( 3 . 1 ) , (3.3) and (3.A) cons t i tu te three equations in the 

thriee unknowns e , , e . , and E . They can be solved for the t ransfe r function 
1 A o 

E 
, - % — . The result is 

E R, 1 
_ o _ _ __1 _ (3^5j 

^2-̂ 1 ^ (i*jwR,ĉ ) (i4)4t!i*i!i_^ 

The open loop gain A of the operational amplifier is at least 5 x 10 . Hence, the 

terms containing the factor / can be neglected to an accuracy of better than 

IZ. The transfer function for the first stage is then approximately 

E 
T, (w) ' 

R (3.6) 
« 1 1 - R3 1 

^2 ' ̂ 1 ^ R R2 
1 + jcjR̂ Ĉ  *^ 1 + ju;(R3)(C2) 

where the l a s t expression Is in teres of the par t s designators of Figure 3 . 1 . Note 

that the RC network at the non-invert ing input has no effect on the response of 

th i s c i r c u i t . I t merely serves to balance the impedances seen from the tvo 

inputs of the operat ional amplifier to maintain thermal s t a b i l i t y . 

Since the output impedance of the f i r s t s tage i s 1(^ , the f i r s t s tage may 

be conveniently separated from the r e s t of the c i r c u i t for ana lys i s . In addi t ion , 

the second operat ional amplifier i s run in the"non-invert ing" conf igurat ion, 

which has very high input Impedance. Hence, the a t tenuator and hlghpass f i l t e r 

which l i e between the two act ive stages may be analyzed as a separate un i t . This 

uni t i s shown in Figure 3 .3 , in which the at tenuator , i s represented as a simple 

voltage divider with var iab le res i s tances R and R. . 

The t ransfe r function of th i s network i s obtained by inspectioTi, using the 

usual rules for p a r a l l e l and se r i e s impedances: 

12 



^ ^ ^ J . _ J < ^ ^ 1 ^ > \ ^ 

h ' ^ ^ ^ ^ c (̂ •̂ > 
R^ R^ (JwRC) 

\ ^ h ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ \ R^ + R, + jÔ C [R^R^ + R(R^ + R^)] 

This equation can be rearranged to the form 

T_(a)) -
1 . loiRc r i -̂ %/R] 

" • \ ' ^ \ 1 + j _ 1 + jwRC [1 + R /R] ^^-^^ 
R 

a' »A 
where R = —r i s the res i s t ance of R and R. in p a r a l l e l . Thus, the 

p R^+Rj^ a "b 

interstage network acts, as expected, like an attenuator follcved by a hlghpass filter. 

Loading of the divider by the hlghpass filter has two effects. First, 

the attenuation factor is not simply o , as expected, but contains the 
R + R. 

R ^-1 ̂  
additional correction factor (1 + p. ) . Secondly, the effective time constant 

'R 

of the hlghpass filter is increased by the factor (1 + R /R). Bô :h these effects 

depend ontte ratio R_/R. which varies with the attenuator setting. An examination 

of the actual attenuator in the J302 npte shows that R is at most BK, when 
P 

R • R^ » 16K. This occurs when the divider attenuation is 6db. Thus, the worst-

case correction factor is 

(1 + R /R)(max) - 1 + ~-jj, =» 1.12 . (3.9) 

80 that the a t tenuat ion i s increased by 1.6 db and the f i l t e r cutoff frequency i s 

decreased by about IIZ for th is s e t t i n g . At higher a t tenua t ion , the correct ions 

to the simple at tenuator-highpass f i l t e r approximation become neg l ig ib l e . 

The response function of the i n t e r - s t a g e network (equation (3.8)) can be r e 

wr i t t en 
T f,.̂  . . ^ ^ J ^ jw(R8)(C3)C" 
V**^ V ^ ) C ' " 1 + ja)(R8)(C3)C- (3.10) 

13 



R factor, 

where — is the divider attenuation /C' is the correction factor 1 + R /R, 

and the part designations are those of Figure 3.1. In many cases, the correction 

factor C* need not be considered, as it is swamped by component tolerances, 

which are typically 5 to 10 percent. However, in accurate work one may wish to 

include this factor, so its values as a function of attenuator setting are listed 

in Table 3.1. 

In the second p reampl i f i e r - f i l t e r stage there are two sec t ions . One is the 

lowpass f i l t e r in the feedback network of the operat ional amplif ier , and the 

other i s the hlghpass f i l t e r driven by the operational amplifier (see Figure 3 .1) . 

An ideal ized schematic of the second stage i s shown in Figure 3.4. The two 

types of f i l t e r i n g are mathematically separable due to the low output Impedance 

of the operat ional amplif ier . 

According to the standard theory of fedback operat ional amplifiers in the 

non-invert ing configuration, the response of the amplifier c i r c u i t i s given by 

T (w) - 1 + - r ^ (3.11) 

where Z. is the feedback impedance of the ampllfer. Here Zj, is just the 

parallel combination of R- and C_, so that ^i^? 

R, R, ^ " ^ " V R ^ C 

* V ^ ^ ^^"^2^^ h 1 + JWR2C2 

The DC gain is just 1 + R_/R-, as would be expected if there were no feedback 

capacitor. The pole at u., = -^-pr- describes the lowpass filter, while 
1 R2^2 

the zero a t u = j ind ica tes that the lowpass response does 

" V L - C 

not roll off Indefinitely, but returns to unity gain above some breakpoint 

frequency due to the non-inverting feedback configuration. For the component 

values in Figure 3.1, the frequency corresponding to this breakpoint is 

14 



Table 3.1 ATTENUATION CORRECTION FACTOR 

R 
^a\ 

Divider R K Rp • ^ ^p Correction Additional 
/Ittenuation a b Factor Attenuation 
(db) C'»l+R /R !_ (db) 

0 

.1 

.76 

.46 

.22 

.14 

.06 

.04 

.02 

0 

6 

12 

18 

24 

30 

36 

42 

48 

0 

16.2K 

24.26K 

28.28K 

30.28K 

31.28K 

31.78K 

32.03K 

32.154K 

32.276K 

16.076K 

8.016K 

3.996K 

1.996K 

996 

497 

248 

124 

0 

8.06K 

6.03K 

3.5 K 

1.88K 

975 

486 

246 

123 

1.00 

1.12 

1.091 

1.053 

1.027 

1.015 

1.007 

1.004 

1.002 

66.5K 
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Ground 
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. . -̂  

V 

o V, 
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Input Impedance 

of VCO 

Z 
Figure 3.4 Idealized Schematic Drawing of Second Stage of Preamplifier shown in Figure 3.1, 

with parts designators showing mathematicnl relationships between component values. 



^ ' ^ ' ' 2TT (R9)(R10) " ^ 6.2 KHZ. 
R9 + RiO 

Since t h i s frequency i s w e l l above t h e reg ion of s e i s m o l o g i c a l I n t e r e s t , the 

upward b r e a k p o i n t and the zero in equa t ion (3 .12) may b e . I g n o r e d for most 

p r a c t i c a l p u r p o s e s . 

The CR network d r iven by the o p e r a t i o n a l a m p l i f i e r i s a s imple s i n g l e - p o l e 

h lghpass f i l t e r , whose response i s given by 

T (w) o .1 ' ^^^^ . (3 .13) 

*b ^ ^ 1 + JUJR C ^ ^ 

Where R" is the effective resistance from the output labeled V in Figure 3.4 to 

ground. Due to the finite input impedance of the VCO, this resistance will depend 

somewhat on the setting of potentiometer R, (R15 in Figure 3.1). However, to a 

fair approximation, particularly for low settings of R,, the resistance R' can be 

taken as just the sum of R, and R . The output of point V is then given by 

equation (3.13) with R'= R + R . Resistors R and R comprise an attenuator 

for the purpose of setting the VCO band edges. Since their effect is purely 

resistive, they do not contribute to the shape of the preamplifier response; so 

they need only be considered when the VCO - discriminator gain is taken into 

account (see Sections). The response of the second stage to point V. is then 

just the product of the responses of the amplifier and hlghpass filter 

1 2 C 
^ , . ^ , x^ , ^ / , * ^ ^ ^ '^^'^ TC;TK., ^ . jwR^C (3 .14) 
T , (u ) - T (u)T (w) - (1 + — ) ' i —-̂  

^ a b \ 1 + JWR2C2 1 + jwR'G 
Using the component n o t a t i o n of F igure 1 , t h i s equa t ion becomes 

T: (^) „ (1 + ^ - - ^ ° -̂  ^9 . ,MRJ4 -KRIS) C5 (3 .15) 

So far, the responses of the separable sections of the preamplifier have been 

derived in equations (3.6), (3.10) and (3.15). The response of the preamplifier 

as a whole is just the product of the section responses: 

17 



T (w) - Tj(w) T̂  (w) T2(u) 

M- . JL, . (1 * HO) (i'^(^8)CC3)C-)(jw(R14.R15)C5)(l.jwg^glifI C4) 

^ ^ ^ (l-^ju(R3)(C2))(l+ju(R8)(C3)C')(l+ju(R10)(C4))(l+ju(RIi+R15)C5) 

( j f / f J ( j f / f J ( l + j f / f J 
c ^ 

(1+j f/f^) ( U j f/fj) (1+j f/f;,) (1+j i n ^ ) 

^here G= ^ ( | f ) (1*§^ ) ( — | - ^ - ) . ( 3 7 . 2 0 0 ) ^ ^ ^ ^ — (3.16) 

T R S H F + R ^ 

A £ - ,-. • attenuation 

f^ - [2n(R3)(C2)]"^ s 48.4 HZ 

fj - [2n(R8)(C3)C']"^ a [2TT(R8)(C3)]''̂  s .096 HZ 

f . ry^(R10)(R9) p,i-^ - fi IR m ? 
^3 ^̂ "̂ RIO + R9 ^̂""̂  - ^-^^ "^^ 

f̂  - [2-(R10)(C4)]"^ = 49.8 HZ 

f - [2-r(RI4+R15)C5]''^ = .085 HZ 

The overall gain G of the J302 unit is determined primarily bv the attenuator 

setting A = , .- . Nominal values of the station attenuator setting A are re-
V^» * »ta 

corded in the station log, but these differ slightly from the actual attenuation A. 

In table 3.2, the actual divider attenuation A, the attenuator correction factor—*, 

and the actual J302 gain G are shown as a function of the nominal station attenuator 

setting A 
sta 
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TABLE 3.2 ACTUAL J302 GAIN VERSUS 

NOMINAL STATION ATTENUATOR SETTING 

Nominal 
S t a t i o n 
A t t e n u a t o r 
S e t t i n g 

\ t a 

(db) 

Ac tua l 
Div ide r 
A t t e n u a t i o n 
Fac to r 

( ampl i tude 
r a t i o ) 

A t t e n u a t o r 
C o r r e c t i o n 
Fac to r 

1 . 1 
C ' 1+R /R 

R RP 

p V \ 
R - 66. 5K 

Ac tua l J30 

(ampl i tude 
r a t i o ) (db) 

0 

6 

12 

18 

2U 

30 

36 

U2 

48 

- 2 

1.000 

O.U981 

0.248U 

0.1238 

6.184 X 10 

3.086 x 10-2 

1.540 X ro-2 

7.683 X 10-3 

3.842 X 10"^ 

1.000 

0.892 

0.917 

0.950 

0.973 

0.985 

0.993 

0.996 

0.998 

37,292. 

16,565. 

8,492. 

4,386. 

2,243. 

1,134. 

570.0 

285.5 

143.0 

91.4 

84.4 

78.6 

72.8 

67.0 

61.1 

55.1 

49.1 

43.1 
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4. TELEMETRY AND RECORDING SYSTEMS 

In an i d e a l se i smographic network, a n a l y s i s of the system response ends 

wi th c o n s i d e r a t i o n of the s e i smic a m p l i f i e r s and f i l t e r s , which a re des igned to 

enhance the d e s i r e d s i g n a l s . However, in r e a l networks the equipment used to 

t r ansmi t and p r e s e r v e the da t a for fu tu re use has i t s own e f f e c t s on the system 

response . Some of these e f f e c t s a r e I n h e r e n t in the system des ign and r e s u l t 

from t r a d e - o f f s between performance f a c t o r s such as n o i s e , d a t a volume, bandwidth , 

and dynamic r ange . Other e f f e c t s , l i k e d i s t o r t i o n , c r o s s - t a l k , and i n t e r f e r e n c e , 

may be unplanned, bu t a l t e r t he system response n e v e r t h e l e s s . 

Figure 4 . 1 i s a b lock diagram of the t e l eme t ry and r e c o r d i n g sys tems . Data 

from the s e i s m i c p r e a m p l i f i e r and f i l t e r in the form of low~frequency v o l t a g e 

v a r i a t i o n s a re conver ted to frequency modulat ion of an audio- f requency c a r r i e r in 

the VCO ( v o l t a g e - c o n t r o l l e d o s c i l l a t o r ) . The r e s u l t a n t FM (frequency-modulated) 

s i g n a l i s f i l t e r e d to improve i t s s p e c t r a l p u r i t y and reduce c r o s s t a l k wi th 

ne ighbor ing c a r r i e r s and then m u l t i p l e x e d , i . e . added a l g e b r a i c a l l y wi th o the r 

c a r r i e r s in a suimiing a m p l i f i e r . The r e s u l t a n t bundle of mu l t i p l exed FM c a r r i e r s , 

which may con ta in from one to e igh t d i f f e r e n t channels of d a t a , i s t e l e n e r e r e d 

t o the c e n t r a l r e co rd ing f a c i l i t y by phone l i n e and/or r ad io l i n k . 

Each bundle of tones i s recorded d i r e c t l y on a s i n g l e t r a c k of 1" wide 

i n s t r u m e n t a t i o n - q u a l i t y magnet ic t a p e . The da t a a re p rese rved as a bundle of 

c a r r i e r s fo r fu tu re u s e , and they may be dubbed onto l i b r a r y t apes in the same 

format. For a n a l y s i s , the d a t a a re reproduced on an I n s t r u m e n t a t i o n tape r eco rde r 

wi th both caps tan s e rvo con t ro l , and s u b t r a c t l v e tape speed compensat ion. The 

c a r r i e r bundle from each t r a c k i s demul t ip lexed and each tone i s demodulated by 

a bank of e i g h t d i s c r i m i n a t o r s s e l e c t e d for the a p p r o p r i a t e p layback speed. 

To p rov ide for m u l t i p l e x i n g and d e m u l t i p l e x i n g up to e i g h t da ta c h a n n e l s , 

each VCO-discr iminator p a i r con ta in s t h r e e f i l t e r s . The VCO output f i l t e r , a 

bandpass f i l t e r cen te red about the unmodulated c a r r i e r frequency of the p a r t i c u l a r 
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channel, has already been mentioned. The discriminator contains a similar filter, 

which helps demultiplex the carrier bundle by passing only a single carrier. 

The third filter is a multi-pole lowpass filter at the output of the discriminator, 

which eliminates the carrier frequency from the demodulator output. Though these 

filters are intended merely to provide efficient transmission and reception of 

multi-channel data without crosstalk, each has a definite effect on the overall 

system response. 

A constant-bandwidth FM system is used for the Central California network. 

Each tone bundle consists of up to eight carriers, with center frequencies at 

680, 1020, 1360, 1700, 2040, 2380, 2720, and 3060 Hz. For each carrier, full scale 

modulation corresponds to a change in frequency of +_ 125 Hz. Since the carriers 

are separated by 340 Hz, there is a gap of 90 Hz between adjacent band edges. The 

function of the VCO output filter is to pass all the frequencies in a given 

channel (f- + 125 Hz) but to attenuate strongly signals outside that band. For 

effective channel separation, the filter must attenuate frequencies at the adjacent 

band edges (f + (125+90) Hz) by at least 40 db relative to all signals in the 

channel. The filter is best designed with a flat passband and an extremely rapid 

cutoff outside the passband. 

Because the bandwidth of the VCO output filter (+ 125 Hz) is large compared 

to the bandwidth of seismic interest, and because the amplitude of the data is 

represented by the frequency rather than the amplitude of the FM carrier, the 

VCO output filter has little effect on the amplitude response of the system. 

Its delay, however, does have an effect on the phase response of the system. Un-

forfonately, the transfer function of the VCO output filter for the J302 has not 

been-_analyzed in detail, and this is a possible area of future work. Yet a 

worst-Case estimate of the phase delay of the filter is obtained simply by taking 

the reciprocal of the half-bandwidth: 
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At - 1/f •= 1/125 Hz - 8 ms (4 .1a) 
WC 

The corresponding worst-case phase shift, which occurs at the upper (30 Hz) 

end of the seismic band, is 

A$ - f At Oeo' - 8 ms . 30 Hz . 360' = 90' (4.1b) 
^wc Wc 

Such a phase shift can be significant only in studies of the phase properties 

of individual seismograms near the upper end of the seismic band. 

Timing errors due to this delay can normally be ignored. The crucial 

factor in seismological analysis is not the absolute value of the delay at any 

one station, but the relative delays between stations. As long as all 

stations of interest use the J302 preamplifier-VCO unit, variations in delay 

from station to station will remain typically below 10$ of At ĝ^̂jj ^hus 

will be significantly only at the 1 ms level. 

The discriminator input filter, which separates the particular channel to 

be demodulated from the other channels in the bundle, is similar in structure, 

function, and effect to the VCO output filter. When data are played back and 

discriminated at a higher tape speed than that used for recording, both the 

channel separation and the bandwidth must be scaled by the speedup factor, so 

the absolute delays are proportionally lower. However, on the time scale at 

which the data are recorded, the absolute delays produced in playback at a 

higher speed appear proportionally longer. These two effects cancel so that 

the delay properties of a given type of bandpass filter are independent of the 

speed used for playback. The.worst-case phase and group delays for the 

discriminator input filter are thus the same as those deduced above for the 

VCO output filters. 
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Three types of discriminators are currently (1975) in use at the 

Earthquake Research Center: the Develco model 6203, set for a speedup of x 4 , 

the Airpax model FDS 30, set for a speedup of x 16, and the home-made model 

J301, designed by John Van Schaack for use in real time. None of these 

devices have standard input filters amenable to simple mathematical 

description. However,.: Tri-Com model 402 discriminators designed for use with 

a speedup factor of x: 16 have been ordered for the Central California 

seismographio network, and" these devices have simple 5-pole Bessel input 

filters.."' 

Of the three filters in .the telemetry-recording system, the discriminator 

output filter has the greatest effect on the system response. In order to 

eliminate vestiges of the carrier signal from the data output and produce a 

faithful reproduction of the slowly varying seismic signal, this filter must 

roll off at a fairly low frequency , which determines the bandwidth of the VCO 

discriminator pair and hence the bandwidth of the-system. 

All discriminators used with the Central California network, have multipole 

lowpass output filters with a cutoff frequency in real time of 30 Hz. (The 

frequency ia scaled with the speedup factor for playback where necessary.) 

The filters in the J301, Airpax, and Develco discriminators have not been 

mathematically analyzed, and the filter in the Develco discriminator is 

particularly intractable to analysis, being based on a rather strange design. 
•i 

The Tri-Com discriminators on order have 5-pole Bessel output f i l te rs designed 

Ijy the manufacturer, and 5-pole Butterworth f i l t e r s are available. Both 

f i l t e r s have a transfer function of the following form: 

2«̂  



,r., _-̂ 6¥8̂ 9̂ 10 3 . 

(4.2) 

T.(f) ^̂  
^ (l+if/f^)(l + lf/f^)(l+if/fg)(l+lf/fg)(l+if/fj^Q) 

where "s* = iu/o) la the scaled complex frequency, the Ŝ ^ are the scaled 

complex positions of poles in the filter response, and ui = 2iTf is the 

angular cutoff frequency (the scaling frequency) , here 60jr rad/sec. The 

subscripts 6-10 are used rather than 1-5 to avoid confusion with the 

characteristic frequencies already derived for the J302 in Section 3. For the 

Bessel filter ordered, the pole positions are 

T, - -1.5023 
o 

'S^ g - -1.3808 + 1 .7179 (4.3) 

'S ĵQ - -.9576 + i 1.4711 

The pole positions for the alternate Butterworth filter are 

'S7 g - -A + IB (4.4) 

where A = sin(Tr/10) B = cos(Tr/10) 

C i sin('n-/5) D = cos(Tr/5) 

The corresponding characteristic frequencies used in the second expression of 

(4.2) are given by fĵ  _ -Sĵ f̂ ,-

Plots of the phase and amplitude response for both the Bessel and Butter

worth filters are shown in Figures 4.2 - 4.9 (see note on p. 25a). For each 

filter, responses are shown over a narrow range of frequencies near the cutoff 
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frequency as well as over a broad range of frequencies including the seismic 

band. Note that the filters differ little in the gross characteristics of 

their responses, but that the Butterworth filter has a flatter response and 

sharper cutoff. On the other hand, the Bessel filter has more linear phase, 

and hence constant delay,, near cutoff. 

The Bessel output filter wass chosen for the present application because 

accuracy of tijoing, rather than ease of calibration of spectral amplitudes, 

was thought to be of paramount linportance. Unlike the Butterworth filter, the 

Bessel filter has constant gr^up delay throughout Its passband, and both the 

absolute delay and the unit-to-unit variations in delay are smaller for the 

Bessel filter than for the Butterworth. The only advantage of the Butter

worth filter is the flatter amplitude response near the cutoff frequency, 

which renders spectral calibration of the system less critical. However, with"; 

the automatic calibration system now being installed' throughout the Central 

California network, correction of spectra for instrument; response will, be 

simple and quick, while the problem of correcting seismograms for phase 

response has not yet been attacked. Thus, in view of the purpose and 

capabilities of the present array, the sole advantage of the Buttem<orth 

filter is debatable. 

•Note: The scaled pole positions are expressed by the manufacturer in the 
form ?it « -ffc/̂ c » ̂'̂ iC" 1" scaled by the cutoff frequency fj. - 30 Hz . 
Accordingly, the plots in Figures 4.2-4,9 were produced by a computer program 
which used the pole positions in Equations 4.3 and 4.4 (see page 71) , but 
which sealed all frequencies by the cutoff frequency "fc** during th*» 
calculations (see page 63, line 127)i The cutoff frequency is 
entered manually during the interactive plotting process (see page 60, lines 
l a ^ 49, and page 52). ' ; -

Z5s 
"%. ^ j t 



Beside the three filters in the telemetry equipment, there is little in 

the telemetry-recording system to alter the overall response. The 

instrumentation tape recorders have nominal direct-record bandwidths of 4000 

Hz and usable response up to 6000 Hz , and the phase and group delays 

associated with such bandwidths are negligible compared to those of the 

telemetry filters. Amplitude variations in the phone lines, radio links, and 

record-reproduce process are unimportant since the seismic information is 

carried as frequency modulation on the tones. Occasionally, frequency shifts 

of the tone bundles are produced by microwave links in the telephone channels, 

but these produce offsets in the data without altering the system response. 

Thus, for practical purposes, the effect of the telemetry-recording system on 

the overall response is simply the effect of the three data filters. In those 

cases in which small delays introduced by the two carrier filters are 

unimportant, the entire system of Figure 4.1 can be represented by the single 

transfer function (4.2), , 
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FIQJF£ 4.2 AMPLITUDE RESPOHSE OF 5-POLE BESSEL LOWPASS FILTER 
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FIGURE 4.3 PHASE RESPOHSE OF 5-POLE BESSEL LOtiPASS FILTER 
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FIGURE 4.4 AMPL RESPOHSE fEAR CUTOFF OF 5-POLE BESSEL LOWPASS FILTER 
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FIGURE 4.5 PHASE RESPONSE fCAR CUTOFF OF 5-POLE BESSEL LOPASS FILTER 
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FIGUP£ 4.6 AnPLITUDE RESPOHSE OF 5-POLE BUTTERWORTH LOWPASS FILTER 
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FIGURE 4 .7 PHASE RESPO»̂ S£ OF 5-ROLE BUTTERWORTH LOWPASS FILTER 
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FIGURE 4.8 AnPL. RESP. NEAR CUTOFF OF 5-POLE BUTTERWORTH LOPASS FILTER 
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FIGURE 4 . 9 PHASE RESPOfCE ^CAR CUTOFF OF 5-f»0L£ BUTTERWCFTH LOPASS FZL 
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5. OVERALL SYSTEM RESPONSE 

Under the assumptions and approximat ions used to d e r i v e t r a n s f e r func t ions 

for the I n d i v i d u a l sys tem components above, t he response of t h e e n t i r e system 

i s desc r ibed by the produc t of the i n d i v i d u a l t r a n s f e r f u n c t i o n s . These a r e : 

t he seismometer response given in equa t i on ( 2 . 1 1 ) , the p r e a m p l i f i e r - f i l t e r r e 

sponse given in equa t ion ( 3 . 1 6 ) , , and: t h e response of t h e d i s c r i m i n a t o r output 

f i l t e r . U n f o r t u n a t e l y , of the four d i s c r i m i n a t o r s in use or p lanned for u s e , 

only the Tri-Com model 402 has an ou tpu t f i l t e r whose a n a l y t i c a l response funct ion 

i s known: a t t h i s w r i t i n g . . Thus, , t h e a n a l y t i c a l response func t ion for t h e o v e r a l l 

system may b e ' w r i t t e n only for d a t a p layed back through t h e Tri-Com d i s c r i m i n a t o r s . 

This; funct ion i s j u s t t h e i product : of t h e e x p r e s s i o n s ( 2 . 1 1 ) , ( 3 . 1 6 ) , and ( 4 . 2 ) . 

Expressed in terms of t h e a b s o l u t e frequency f, the o v e r a l l system response i s : 

T,.„^(f) « T ( f ) • T(f) • T- ( f ) -
Cot S I 

- \ o t ^ ^ ^ < ^ ^ ^ ^ / f 3 > 

10 

(1-̂  /v> ^ ^ 7] 2 , ^ 2 , . 2iSf / 1+ i f / f , ( 5 .1 ) 
k 

>where 

k » 1 
k + 3 

2TrG --GB 
e f f 

A ^ i s t o t a l sys tem gain » —=• 
f 2f,f-
o 2 5 

f is natural frequency of the seismometer in Hz; 8 is the damping factor of 

the seismometer; f. is the zero in the J302 response in Hz given in (3.16); £ . , f .y , 

f ,f are the poles in the J302 response in Hz as given in (3.16); f- - f.̂  are the 
H 3 , O l U 

complex c h a r a c t e r i s t i c f r e q u e n c i e s of the Tri-Com 402 ou tpu t f i l t e r , expressed in 

terms of a b s o l u t e frequency £ i n Hz as i n e x p r e s s i o n ( 4 . 2 ) ; G ,_ i s t h e e f f e c t i v e 

g e n e r a t o r cons t an t of t h e se i smometer , from equa t ion ( 2 . 8 ) , in V/m/sec ; G i s t h e 

gain of the J 3 0 2 , exp res sed a s ^ a n . a m p l i t u d e Va t io as in Table 3 . 2 ; and B i s a 

t e l e m e t r y f u d g e - f a c t o r , exp l a ined be low. 
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With the proper substitutions, the function T^ot^^^ gives the voltage 

response at the output of the discriminator to sinusoidal ground displacement 

at the seismometer at frequency f. Except for B, all the constants and 

instrument parameters are discussed above, Pole positions fĵ , f-, f-» ^5 ' ̂ in 

are give in sections 3 and 4, and the position f̂  of the zero in the J302 

response is derived in section 3- For convenience, these para

meters, as well as typical values of g, Ggffi f o t ^ n i the seismometer circuit 

resistances R^, S, and T, which depend on the particular seismometer and L-pad 

under consideration, are shown in Table 5,1. Normally, R^ ^^ set to lOKfi by 

circuit design and B = 0.593. 

Both the VCO and discriminator have adjustable seisitivities, and these are 

normally set as follows: VCO sensitivity = +125 Hz/+3.375 volts, and 

discriminator sensitivity = ± 2 volts/+125 Hz (with unity speedup factor). 

However, sensitivities can drift or be misadjusted, discriminators with 

different output ranges can be used, and output ranges can be altered for 

technical reasons. Therefore, the "fudge-factor" B is included as a reminder 

that the voltage gain of the particular VCO-discriminator pair used in a system 

must be taken into account. If ̂  ^XCO change at the VCO input produces + 125 

Hz deviation from center frequency and (> 125 Hz) x (speedup factor) produces 

- D̂T<;r ^^ ^^^ discriminator output, B is simply given by 

B-Vj,j3^/VyC0- 2/3.375. 0.593 (5.2) 

It is interesting to note that, as long as the discriminator output filter 

has a response of the form (4.2), the overall system response (5.1) can be 

written as a product of poles and zeroes. This can be done simply by finding 

the complex roots of the denominator in the seismometer response (2.11). If 

the ratio f/f^ is defined as X, the poles of T (f) are just the zeroes of 
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TABLE: 5.1 SYSTEM RESPONSE PARAMETERS 

Charac te r i s t i c 
Frequency 

.1 

' i 

: ' i 

'7" : -

' * . 

^ . ' s . • 

''7 
: h 

' e 

U 

' l O . 

> • - . ' • : , • . _ ^ 

)(Note 2) 

Expression. 

t2iKR3)CC2)r^ 

[2iT(R8)(C3)cX^ 

'^^fer^j" 
C2ir(R10) (G4) r ^ 

[2:TrCR14+Ri5):C5ir^ 

-OOHit)!. =;+30Hz( 1.5023): 

-(SOHz)?^ = +30Hz( 1,3808 -

-(30Hz)s'g s +30Hz(1,38O8 • 

-(SOHz)?^ r +30HZ(0.9576 -

-(30Hz)'SjQ= •30H2(0.9575 + 

Figure 
for 

Reference 

3 .1 

3.1 (Note 1) 

3 ,1 

3 .1 

. 3 ,1 

10,7179) 

10,7179) 

11.4711) 

11.4711) 

Value 
(Hz) 

48.4 

.096 

6.180. 

49.8 

.085 

45.07 

41,42 - 121,54 

41.42 + 121,54 

28,73 - 144,13 

28.73 • 144.13 
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TABLE 5 . 1 SYSTEM RESPONSE PARAMETERS (CONT) 

SEISMOMETER PARAMETERS 

(TYPICAL VALUES FOR STATION BGG AS OF 8 / 1 4 / 7 5 ) 

Parameter 

Mass 

Natural Frequency 

Coil resistance 

Series pad resistance 

Shunt pad resistance 

Amplifier input 

resistance 

Damping factor 

Seismometer Generator 

Constant 

Effective Generator 

Constant 

SystOD gain 

^^°'* *sta = 12db) 

Symbol 

m 

' o 

R 
c 

T 

S 

«A 

B 

GL 

°eff 

* tot 

Typical Value 

1,00 

1,044 

5.35 

2.118 

6.749 

10.0 

0.798 (Note 

285. 

100. (Note 4) 

3) 

3.56 X 10^(Note 5) 

Units 

Kilogram 

Hz 

Kilohm 

Kilohm 

Kilohm 

Kilohm 

No units 

V/(m/sec) 

V/(m/3ec) 

V-sec^ /m 
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TABLE 5 . 1 SYSTEM RESPONSE PARAMETERS (CONT) 

Notes: 

1. Changes slightly with attenuator setting— see Table 3.1. • 

2. Calculated for the Bessel filter using the pole positions T^, .... S^^ 

supplied by the manufacturer and shown in Equation 4.3. Frequencies for 

the Butterworth filter may be calculcated using the manufacturer's pole 

positions in Equation 4.4 and the equation fĵ  ""^k^c " "^^^ ^^^ \ ' 

3. Calculated from; equations^ (2V13) and (2.18) using measured value of 8^. 

4.- Calculated: from equation;.(2.8). 

5. Calculated from equation (5.1) using above values , G from Table 3.2 for 

A sta = ^2 db, and B = 0.593. 
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1 - X^ + 21SX - 0 or X^-l-iiSX=0 (5.3) 

Using the quadrat ic formula, the roots are found to be 

To Insure that the poles in the seismoneter response have the saine fona as the 

other poles in equation ( 5 . 1 ) , l e t the seismoraeter pole frequencies f.. and f^ 

e defined as fc 

=̂ 11 = 

^12 = 

i l lows : 

f 

o 

" l 2 
f 

0 

= 

= i6 + 

IS - v ^ 

^ X - B ^ 

l - B ^ 

(5.5) 

or f,, i f^(E - 1 V̂  1 - e^ ) and f,„ = f (S + 1 V' 1 - P^) 
1 1 o I / O 

With these de f i n i t i ons , the s ingular par t of the se isaoce ter response can be 

wr i t t en 

f ^ / f , , f , , - , . ^, 
o 11 12 ( D . 6 ) 

l - f 2 / ^ 2 - H 2iSf/f ( l * i f / f , , ) ( l + i f / f , 2 ) 
I 0 

o 

(1 + i f / f ^ ^ ) ( l + if/-fj^2^ 

2 

as the product f,,f.j_2 * ^ t>y equation ( 5 . 5 ) . 

Subst i tu t ion of (5.6) in to (5 J.) y ie lds an expression for the overal l trar.sfer 

function as a product of simple zeroes and simple po les : 
12 

t̂ot<«- - - \ „ t " ' ( l * « ' V / I 1 * 1 Vf̂  <5.7) 71 
k - 1 
k + 3 

Here, the system gain A^^^ is given in (5.1) and the product of poles has been 

extended to Include the seismometer poles f and f . For convenience, Table 

5.2 lists typical values of the absolute frequencies 
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TABLE 5.2 CHARACTERISTIC FREQUENCIES OF THE SYSTEM 

Frequency 

'8 

10 

'11 

12 

Value 

(Hz) 

1.044 (Note 1) 

48:. 4 

0.096 (Note 2) 

6,180. 

49.8-

0.085 

'. .45-07 

41,42 - 121.54 

41.42 + 121.54 

28.73 - i'i'̂ .13 

28.73 * i't̂ -lS 

0,833- 10.629 (Note 3) 

0.833-*- iO.629 (Note 3) 

Corresponding Pole 

Position Svc = -2^ f^^d/sec) 

(no scaling frequency) 

-304.1 

-0.603 

-38,830. 

-312.9 

-0.534 

-283.2 

-260.2 + i135.3 

-260.2 - 1135.3 

-180.5 + 1277.3 

-180.5 - i27T.3 

-5.234 +13.952 

-5.234 - 13.952 

3. g S r i a t e S r X a t " ; , (5.5) u,ing value of fo above and value of 8 
from Table 5 .1 . - , . " ' _ 
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f • f of the poles and the zero . Note tha t a l l have pos i t i ve r ea l p a r t s , 

and that Ctvisc for Che selsmooecer and discr iminator output f i l t e r are complex. 

Io c i r c u i t a n a l y s i s , I t i s more usual to express the pole and zero posi t ions 

in terms of the complex var iable S, where S i s defined by 

S = lu 5 2iTlf (see note on p . 41a) (5.8) 

To effect a transformation to the S-plane, complex S-pole positions are defined as 

follows: 

S - -27rf 
a a 

•o tha t 

£ -(-2iTf ) -S 
n n ___^__ _ n (5.9) 

1 + i f / f f +if -(-2:Tf ) + 2TTif S-S 
n n n n 

For a s ing le c i r c u i t , S is usually scaled by some c h a r a c t e r i s t i c frequency f , 

e . g . . the cutoff frequency of the d i s c r l n i n a t o r output f i l t e r , so that S is defined 

as S • I ' i f l f . Here, hcwever, as each par t of the system t rans fe r function 

has i t s own c h a r a c t e r i s t i c frequency, no sca l ing factor is used. 

If the transformations (5.8) and (5.9) to the complex S-plane are z.ade, 

the overa l l system response becomes 

^ot<^> - ^ot^^^^^> 

5 (S-S ) " - S ^5.10) 
- - A ' Ŝ  ^̂  ^3^ T T k 

tot ^ 7 T H I \ ''% 
k - 1 
k f 3 

. , - * t o t where A = r-

" ^ 32^5 

This equation describes the system response a t the d iscr iminator output to 

ground dlsplacenent . The responses to ground veloci ty and ground accelera t ion 

are obtained stnply by dividing expression (5.10) by S and S , respec t ive ly . 

Table 5.2 l i s t s typ ica l values of t he eleven simple 
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Note: The complex: frequency S and the pole positions S are defined ^ 
differently here than the complex frequency "S and the pole positions X for 
the discriminator output (pages 24-25b), Because there is no single frequency 
that is characteristic of the entire system, no scaling frequency is used in 
defining S and Ŝ j. Accordingly, in the interactive plotting process, the 
factor of 2 TT enters in the relationship between the S^ and the f^, and a 
"cutoff frequency" of unity is entered. 

> 

"' ^ ... 

. ) , 

- • ^ ^ ^ 

.. - V ,- ~ z y . ~ Z z ^ Z- . 7 ' ^ " ^ ^ '. >' '̂<"-, "'\ - :̂ „ .-" - < -

" 'Z> 7zz'Z7 77 -K:^ 7.7<z'7Z '--̂.>.v ..;,̂ _.-̂  , % ' r ^ ^zzzj 



poles in the S-plane, Sj^, S., S,,S ,.;,',S , and the simple zero S.. Note that 

all have negative real parts, as is required for a stable active system. 

A word about units is in order here. The most convenient system of units 

for seismometer calibration is the MKS, or practical system, whose fundamental 

units are the meter, the kilogram, the second, and the coulomb. Electrical 

units are then the volt, the ampere, and the ohm. Some caution must be exercised 

in using this system, however, since seismometer manufacturers may express 

certain quantities in mixed units. For instance, mixed units of V/(cm/sec) are 

often used for the seismometer generator constant G . To convert to the 

practical system, i.e., units of V/(m/sec), the value of Ĝ  in mixed units must 

be multiplied by 100. 

To Illustrate the practicality of the MKS system, the units of equations 

(5.1) and (2.18) will be investigated. In the following expressions, the 

symbols [A] = Kg should be read "the quantity A has units of kilograms". Exami

nations of equations (2.8) and (3.16) and (5.2) show that 

[G^^^] = [G^] = V/(m/sec) 

[G] " no units 
(5.11) 

[6] " no units 

Hence [G .,][G][6] TT// / N M 5 
(A, J - -^^1 = J V ( m Z M | L _ . J^zsec 

Now, inspection of the expression for T shows that 
e t o t 

sec 

Thus, the uni ts of the voltage response t o displacement A are vol t s /meter ,as 

expected. 

42 



Derivation of units for equation 2.18 proceeds as follows. According to 

that equation, 

, . . - • ' • ' 

•o 

{S.] 

1 2nu; R -, 
o eff 

V̂ . fV/(m/sec)]^ . V^-sec^ 

[mnVI^ff^ Kg.i -ohm Kg-»2-ohm 
.. - sec 

(5.14) 

To eliminate the e l e c t r i c a l q u a n t i t i e s , the well-known expression for the power 

P diss ipated by a vol tage V applied across a res i s tance R i s used: 

p - v^yR 

hence 

With th is 

ohm >f 
s u b s t i t u t i o n . 

[ 3 , 1 - ohn 

-1 = [P] « Watt 

(5. 13) becomes 

3 • ' • 7 
sec 

' B -

• 

no 

K^-m^ 
2 

sec 

u n i t s 

sec 
(5.15) 

Kg-m 
(5.16) 

SO that the resistive part £ of the damping factor £ is dizensicr.less , as 

expected. As long as MKS units are used, derivation and verification of 

dimensions for seismographic quantities is straightforward. 

Equations (5.1} and (5.10) give the overall system response for stations in 

the central California network, provided that the Tri-Com 402 discrlninator is 

used to play back the data. The form of equation (5.10) is directly ccnpatible 

\ with the programming machinery, discussed in the next section, for generating 

Interactively computer plots of transfer functions. Figures 5,1-5.4 show, 

respectively, the amplitude and phase response of the system to ground 

displacercnt and ground acceleration. Values of the instrument paraneters 

used arc the typical ones in Table 5.1, and the transfer function subroutine TRTU" 

used to generate the plots of-displacement response Is listed In Table 5.3. 
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FIGURE 5.1 AHPLITUDE OF SVSTEH RESPONSE TO DISPLACEHENT 
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FIGURE 5.8 PHftSE OF SYSTEM RESPOHSE TO DISPlflCEBENT 
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FIGURE 5.3 ANPLITUDE OF SYSTEN RESP. TO ACCELERAION IN U/(NIC/SEC«2) 
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TABLE 5.3 SUBROUTINE TRFUN USED TO-COMPUTE OVERALL SYSTEM RESPONSE 

P 30 
SUBROUTINE TRFUN(S,T) 
COMPLEX S,T,J,P(12) 
PI-3.141592653 f J - ( 0 . , 1 . ) 
N-12 
ATOT-3.53E02 
SPSI :2 .«PI 
P( l )*( -304 .1 ,0 . ) 
P ( 2 ) - ( - 0 . 6 0 3 , 0 . ) 
P(3)-(-38830w0.) 
P(4)-(-312*9,0.) 
P(5)»(-0.534,0.) 
P(6)«(-a83.2,0.) 
P(7)-(-260.a,135.3) 
P(8)-(-a60.2,-135.3) 
P(9)«(-180.5,277.3) 
P(10)»(-180.5,-277.3) 
P( i l ) * ( -5 .234,3.953) 
P(12)«(-5.234,-3.953) 
AT0TP-AT0T/3a./PI*ii:5 

[*j T'«AT0TPl:S«l:3)|:(S-P(3))/P(3) 
DO 10 I«1,N 
IF(I.EQ.3)G0 TO 10 
T=T*P(I) / (S-P(I)) 

10 CONTINUE 
RETURN 
END 

<BOTTOn OF FILE) 

NOTES: 

1. This computes acceleration res
ponse. For displacement response, 
change exponent In line (*) from 3 
to 5. 

2. Input frequencies S are already 
scaled by "cutoff frequency" FC In 
main program, so that S Is passed to 
this subroutine as S=J*F/FC. See page 
63, line 127. 



Theoret ical t ransfer functions (5.1) and (5.10) and the p lo ts derived 

from them represent compromises between ease of calcula t ion and accuracy of 

the descr ip t ion . They are approximations based on the assumptions of 1) l i n e a r i t y 

of the mass-spring system in the seismometer, 2) l i n e a r i t y of the coil-magnet 

transducer, 3) constancy of the seismometer parameters, espec ia l ly the spring 

and magnet s t r e n g t h s , 4) low tolerances for e l ec t ron ic components in the J302 

preamplif ier , 5) no loading of the a t tenuator and hlghpass f i l t e r in the p re 

amplif ier , and 6) use of the Tri-Com 402 discr iminator to reproduce the data . 

The f i r s t three assumptions are n a t u r a l and indispensable for the der ivat ion of 

simple and useful response functions,.and they are generally good approximations. 

The fourth may be more or less true: depending upon the p a r t i c u l a r s t a t i on and 

model numbers of the e l ec t ron ic un i t s i i s ed in i t . With component tolerances 

of 5%, the accuracy of the calculated response a t any frequency i s probably no 

b e t t e r than 202 .̂ With components of 1% to le rance , 5 to 10% accuracy in the 

response i s poss ib le . The approximations involved in assumption 5 are avoidable 

i f corrections in the ac tual at tenuation and the hlghpass f i l t e r cutoff frequency 

f are made as discussed in sect ion 3. These correct ions depend on the " s t a t ion 

a t tenuator s e t t i n g " A and are important only at s e t t i ngs near the highest J302 

gain of 90db. F i n a l l y , the present r e s u l t s may be used as guides to the system 

response when discr iminators other than the Tri-Com 402 are used, but possible 

differences in the output f i l t e r response should be bome in mind. Such d i f f e r 

ences can be expected to h a v e . l i t t l e effect on the amplitude of the response 

\below the cutoff frequency of the output f i l t e r . However, with ce r ta in d i sc r l fL-

na to r s , the phase response may d i f fe r s ign i f i can t ly from that derived here even 

well below the cutoff frequency. 
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6, Interactive Routines for Plotting Transfer Functions 

This section of the report is used to document a computer program for 

interactive plotting of the amplitude and phase of arbitrary complex-valued 

transfer functions on the Tektronix 4010 or UOlU CRT, Plot titles, range of 

the ordinate, frequency range , and resolution a r e entered by the user, while 

the form of the transfer function is determined by Fortran code in a 

subroutine. The routines use the computer facilities of the Lawrence Berkeley 

Laboratory and require the systems graphics routines available there. 

Although the program was designed to obtain plots of the network response 

functions in this report, it is applicable to any complex-valued response 

function of a single complex variable. 

In the following paragraphs, the operation and structure of the program is 

outlined. To use this program, only a rudimentary knowledge of Fortran . 

programming and the ability to log onto the,Berkeley system are required. No 

knowledge of the control system at Berkeley is necessary. 

Program Operation 

The plotting program, along with the control cards needed to attach the 

system routines and run under control of the Berkeley SESAME system, is stored 

in subset JAY of library DAUL. In case these subsets are destroyed, the 

program and control cards are preserved on a source deck kept by Bill Bakun. 
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There are four steps required to run the program: 

T. Log onto the Berkeley system, on the 660OB or 6U00C machine. 

2. Execute the SESAME commands LIBCOPY, DAUL, JAY,' JAY. 

DISPOSE, JAY = IN. 

3. Alter the subroutine TRFUN on the local file JAY to calculate the 

desired transfer function. 

^. Elxecute the SESAME command GALL JAY. Thereafter, the program will 

request the necessary information for the plots as explained below. 

The techniques for logging on the system are simple and can be learned 

quickly from any user. Ebccept for step 3, the other steps are self-

explanatory.. Changing the subroutine TRFUN requires the following information 

about the? NETED editing; system: used at Berkeley: 

1. To begin editing the local file JAY, type NETED JAY (return). 

2. The NETED editor uses an imaginary: "pointer," which locates the line 

being e'dited or the position in the file from which or to which editing will 

be done. If the pointer is at line n, then typing 

N 5 (return) moves it to line n+5 

N-3 (return) moves it to line n-3 

T (return) puts it just before the first line 

B (return) puts it just after the last line 

L GORP (return) puts it at the first line after line n that contains 

the string GORP 

. 5L 



None of these commands changes the text, and none produces any output except 

the messages "(TOP OF FILE)" or "(BOTTOM OF FILE)" as appropriate. 

3. If the pointer is at line n, then typing 

P 6 (return) prints lines n through n+5, inclusive, and moves the 

pointer to line n+5 

This command does not change the text. 

4. Changes are made by deleting, inserting, or changing lines as follows: 

DTOP (return) deletes all lines from the first line up to (but not 

including) line n 

D (return) deletes line n only 

D 5 (return) deletes five lines beginning with line n 

I GORP (return) inserts after line n a line consisting of the string 

GORP, and leaves all preexisting lines unchanged 

C /OLD/NEW/ (return) replaces the first occurrence of the string OLD 

in line n with the string NEW. The delimiter / may be replaced 

by any character that does not appear in either string. 

5. Typing . (return) puts the editor into an input mode, in which all 

further input until the next line beginning . (return) is written on the file 

being edited. Input begins after the pointer position at the time the input 

mode is entered. 

6. To change the transfer function subroutine on file JAY, type L 

SUBROUTINE TRFUN (return), wait for output, then type . (return) and input the 

body of the new subroutine, remenijering that Fortran commands begin with 

character number seven. After the END card, type . (return), wait for output, 

and then type D 300 (return) to delete anything remaining after the new 

subroutine. 
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7. When editing ia complete, typing W JAY (return) replaces the local 

file JAY with the edited version. Typing QUIT (return) at any time exits from 

the editor. 

8., All NETED letter commands require a space between the command letter 

and: any argument to the command: that does not count as part of the argument, 

9. Typing ? (return) while in NETED produces a brief list of NETED 

commands, not all of which are discussed here. 

For reference , a listing, of subset JAY of library DAUL (formerly subset 

TRFPLT of library JDRAT) is: supplied as Appendix A. Two different versions of 

the subroutine TRFUN appear at the end of the subset. The first calculates 

the response (4.2) of a: 5-pole Bessel lowpass filter with the poles given in 

equations (4.3) , while the second calculates the response of a 5-pole Butter

worth lowpass filter using the poles in (4.4). Since the Berkeley system 

loads only the first of multiple subroutines with the same name, subset TRFPLT 

as stored will plot the Bessel response. To plot another function, the user 

may 1) insert a new subroutine TRFUN ahead of the two existing ones, or 2) 

modify the first of the two current TRFUN routines. Within a new subroutine 

the independent variable S and the function value T must be declared 
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COMPLEX, and the u se r may wish to d e f i n e the u n i t imaginary n u r t e r J and t h e 

c o n s t a n t PI as shown. 

In t h e main program, the v a r i a b l e S used by TRFUN i s def ined as S - l f / f , 

where f i s t he a b s o l u t e frequency in Hz and f i s a s c a l i n g frequency in Hz 

e n t e r e d by the u s e r du r ing t h e i n t e r a c t i o n . For p l o t s of non - sca l ed t r a n s f e r 

func t ions of S-iu-2iTlf, t h e u s e r may e n t e r f • 1/2TT» . 15915494. 

A l t e r n a t i v e l y , t h e use r may add the F o r t r a n s t a t e m e n t S"S*2*PI b e f o r e the 

s t a t e m e n t s c a l c u l a t i n g h i s t r a n s f e r func t ion and e n t e r 1.0 as the cu to f f frequency 

du r ing the i n t e r a c t i o n . 

The I n t e r a c t i o n proceeds as f o l l ows : 

A, ENTER PLOT TITLE. A s i n g l e l i n e of up to 80 c h a r a c t e r s , en t e r ed by 

the u s e r , w i l l appear as the t i t l e of t h e subsequent p l o t u n l e s s changed. 

B, ENTER EXPONENTS OF LOWER AND UPPER FREQS IN HZ. Two I n t e g e r s , s e p a r a t e d 

by a comma, b l a n k , or l e t t e r , a r e the exponents of the frequency U n i t s for 

the next p l o t . For example, the e n t r y - 4 , 6 would produce a p l o t - o f T (S= l f / f ) 
c 

from f=10"^ Hz to f=10* Hz. 

C, ENTER CLTOFF FREQUENCY IN HZ. The use r e n t e r s t h e s c a l i n g frequencv f 
c 

as a f ixed p o i n t number in Hz. 

D, The program c a l c u l a t e s the ampl i tude in d e c i b e l s and t h e phase in 

degrees of T(S) as GAIN » 20*AL0G10(CABS(T)) and PH=180/PI*ATA.S2 (AIMAG(T), 

REAL(T)) over the frequency range s e l e c t e d wi th a r e s o l u t i o n of 10 p l o t t e d p o i n t s 

p e r decade of f r equency . I f t h e phase does not vary too r a p i d l y between p o i n t s , 

t h e program adds o r s u b t a c t s m u l t i p l e s of 360 ' when n e c e s s a r y to make the phase 

a cont inuous func t ion of f requency. 

E , WHAT NEXT? 

1 • NEW TITLE 2 - NEW FREQS 3 - NEW LIMITS 4 - NEW RESLTN 5 - PLOT GAIN 

6 - PLOT PHASE 7 - STOP 8 - NULL 9 - NULL 
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The user enters his choice. Options 1 and 2 return the user to step A or 

to step B followed by C, respectively. The NEW LIMITS option allows the user 

to enter the minimum, then maximum ordinate in decibels or degrees for 

subsequent plots. If this option is not used, the program will calculate 

ordinate limits for subsequent plots. The NEW RESLTN option allows the user 

to ENTER NEW NUMBER OF POINTS PER DECADE to be calculated and plotted , with 

the restriction that the total number of points plotted, 1.e. , (the number of 

points per decade) X (the number of decades) +1, must be less than 200. 

Normally,; the default resolution of 10 is sufficient for most purposes. The 

other options are self-explamatory, except that options 8 and 9, as well as 7, 

terminate the program:and return the user to the Berkeley SESAME system. To 

restart the program, the user must type CALL JAY (return) again. After each 

plot, the program returns; to step A, and the user is forced to enter a new 

title, new frequency limits, and a new cutoff frequency. 

Ordinarily, the user will use the default resolution of 10 points per 

decade and allow the program to calculate the lower and upper ordinate values 

for the first plot. Thereafter, with the options in step E, the user may 

adjust and repeat the plot indefinitely until he is satisfied with its 

appearance. Since the program Involves only simple conqjutations and requires 

little CPU time, the user need have no qualms about repetitive interaction to 

perfect the plots. 

IMPORTANT NOTE: After each plot, the user is required to enter any digit 

followed by a carriage return before the program will continue. This allows 

time for making a copy of the CRT screen. 

J-. 
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Subroutine Documentation 

In order to facilitate rapid development of the program and permit swift 

changes , comment cards are not Included in the code. The following brief 

description of the program and its subroutines is offered as an aid to users 

who may wish to modify the program. The routines are listed in the order in 

which they appear on subset TRFPLT as shown in Appendix A. 
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PROGRAM CALTRF. The main program: ,sets the file environment table (FET) , 

for the teletype, here TAPEl; initializes the plot size on the screen by setting 

TVXMIN, ..., TVXMAX; Inltallzes program variables and flags; allows interactive 

entry of plot variables;sets up and sends the plot to the teletype; requests 

a dummy numeric input by the statement CALL GET(R) to allow for hard copying 

of the plot; and, returns' control to the option subroutine WHTNXT. 

Important variables are as follows: 

TVXMIN,; TVXMAX, TVYKLN, TVYMAX = boundaries of plot as fraction 

of screen size. 

NST - exponent of minimum frequency (in Hz) for plot. 

NEND = exponent of maximum frequency (in Hz) for plot 

FC» cutoff frequency in Hz 

LIMFLG = flags user:entry of ordinate limits, is zero if 

limitss are to be-calculated, 1 if limits are entered by user 

LFRST » b for first plot in sequence (step A above) and = 

I at step E. 

NRES = plot resolution, or number of points calculated per 

decade variation in f. 

Common blocks: 

/TVPOOL/ and /TVTUNE/ are required for operation of the 

systems graphics routines as explained in subset TV of library 

WRITEUPS - ::. 

/JPLOT/ = left, right, upper, and lower limits of plot, expressed 
f . Z ' • . ' '• ' 

in data coordinates 

/TRF/ = arrays to be plotted: log of the frequency in Hz, response 

amplitude in DB, phase in degrees 
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The subroutines TVNEXT, TVLTR, TVPLOT, and TVSEND are systems 

routines explained in subset TV of library WRITEUPS. 

SUBROUTINE WHTNXT(N). This routine writes the list of options in step E 

on the CRT screen and allows the user to enter the number N of the option chosen. 

SUBROUTINE GNPHSE(NST, NEND, FC). This subroutine calculates the arrays 

NST 
FLOG, GNDB, and PH in common block /TRF/ for frequencies from f = 10 to 

NEND 
f • 10 ' , with cutoff frequency FC as a parameter. It adds or subtracts 

multiples of 360° to the phase at each frequency when necessary to make the 

phase a continuous function of frequency. The number of points NRES calculated 

per decade is supplied in unlabeled common storage. Important variables are: 

NDEC • NEND - NST = number of decades of frequency calculated 

NPT « NDEC * NRES + 1 = number of points calculated. 

NWRAP = number of multiples of 360° to be added to the phase 

at each point to make the phase a continuous function of frequency. 

Ll and L2 are flags Indicating the quadrants of the previous and present 

value of the phase, before addition of NWRAP*360. The values of Ll and L2 are: 

0 in quadrants I and IV, +1 in quadrant II, -1 in quadrant III, and +2 for phases 

of +̂  180°. By comparing Ll and L2, the routine determines whether the phase 

angle has crossed the branch cut at 180° and, if so, in what direction; then 

NWRAP is Incremented accordingly. 

SUBROUTINE SETPLT(A,N.MAJR.PMAX.PMIN). This routine calculates plot limits 

PMAX and PMIN for N points of the array A in round numbers. PMAX and P>fIN are 

the upper and lower data limits for the appropriate axis, and MAJR is the number 

of major divisions to be drawn on the axis. To find the limits, the largest 

absolute value TMAX of the first N points of array A is found by taking the 

larger of the absolute values of the minimum and maximum. Next, a round number 
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RMAX g r e a t e r than TMAX i s found u s i n g t h e s u b r o u t i n e RND ( see be low) . Along 

w i th t h e va lue RMAX, RND r e t u r n s a number NT which d i v i d e s evenly i n t o RMAX. 

Depending on. whether TMAX i s de r ived from t h e minimum or maximum of t h e N v a l u e s 

i n A, RMAX/NT i s r e p e a t e d l y added to o r s u b t r a c t e d from RMAX u n t i l a l l N p o i n t s 

of A f a l l w i t h i n t h e l i m i t s + RMAX and ± RMAX ^ MAJR * RMAX/NT + R.MAX/NT/5. 

These l i m i t s a re then r e t u r n e d as PMAX, PMIN (or v i c e - v e r s a ) and MAJR i s t h e 

number of d i v i s i o n s a long the a x i s , excep t t h a t MAJR i s always made 3 or l a r g e r . 

I f the range of the a r r ay A i s s m a l l , e . g . . from 1.3 to 1 .4 , a warning message 

i s s e n t to the t e l e t y p e . 

SUBROUTINE RND(A,ABIG,MAJR). A round number ABIG c l o s e t o , bu t f a r t h e r 

from the o r i g i n t h a n , t h e i n p u t A and a round i n t e g e r MAJR l e s s than 10 which 

d i v i d e s evenly i n t o ABIG a r e s e l e c t e d by t h i s r o u t i n e . The r o u t i n e t a k e s t h e 

a b s o l u t e va lue of A, then f inds the: c h a r a c t e r i s t i c p a r t D of t h e number expressed 

in . s c i e n t i f i c , n o t a t i o n , ; : From a d a t a a r r a y RD of round: numbers , t h e v a l u e RD(I) 

which j u s t exceeds;"thiS; c h a r a c t e r i s t i c i s chosen and m u l t i p l i e d by the exponent 

to the ba se 10 of A^ The round i n t e g e r i s chosen from t h e companion d a t a a r r ay MR. 

SUBROUTINE MAXMIN (A,N,BMAX, BMIN) This r o u t i n e f inds t h e maximum va lue BMAX 

and the minimum v a l u e BMIN among the f i r s t N va lues of t h e a r ray A. 

SUBROUTINE AXTIC (NAXIS, NBOTH» LINLOG, MAJR, MINR) This: r o u t i n e draws 

s c a l e s on e i t h e r o r both of t h e axes i n a given d i r e c t i o n fo r a r e c t a n g u l a r p l o t . 

I f NAXIS - 1 , t h e t i c s a r e a long t h e X - d i r e c t i o n ; i f NAXIS » 2 they a r e a long the 

Y - d i r e c t i o n . T ic marks a r e made on the a x i s through t h e o r i g i n only for NBOTH = 1 , 

\ on the two p a r a l l e l b o r d e r s of t h e p l o t i f NBOTH = 2 , and on t h e a x i s n o t p a s s i n g 

through t h e o r i g i n i f NBOTH = 3» The l a t t e r op t i on pe rmi t s mixed s c a l e s . . e . g . ,, 

d e c i b e l s on t h e l e f t h a n d y - a x i s and a l o g a r i t h m i c s c a l e on t h e r i g h t h a n d y a x i s , 

t o b e c r e a t e d w i t h two s u b r o u t i n e c a l l s . I f LINLOG • 1, t h e t i c s a r e spaced 

l i n e a r l y t o mark MAJR major d i v i s i o n s and MINR minor d i v i s i o n s . I f LINLOG •• 2 , 
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t he s c a l e i s l oga r thmlc wi th MAJR c y c l e s , and MINR must be e i t h e r 5 or 9 , 

co r respond ing to log cyc les 2 , 4 , 6 , 8 , 10 and 2 , 3 , 4 , 5 , 6 , 7 , 8, 9 , 10 , 

r e s p e c t i v e l y . The t o t a l number of d i v i s i o n s p e r ax i s i s NDIV. 

In o rde r to use t h e same r o u t i n e fo r t i c s i n e i t h e r d i r e c t i o n , p r e f i x e s A-

and B- a re used t o denote the s c a l e d d i r e c t i o n and the o t h e r d i r e c t i o n r e s p e c t i v e l y . 

Endpoints of the t i c s a re s t o r e d i n a r r a y s , w i th A h o l d i n g the t i c p o s i t i o n s along 

the s c a l e d (A) ax i s as p a i r s of equa l v a l u e s , BL h o l d i n g p a i r s of lower and 

h i g h e r endpoin t p o s i t i o n s a long t h e o t h e r (B) a x i s fo r t h e (A) ax i s through the 

o r i g i n , and BU h o l d i n g p a i r s o f ' l o w e r and upper endpoin t p o s i t i o n s a long the 

o t h e r (B) ax i s f o r t h e (A) ax i s not p a s s i n g through the o r i g i n . Ca l l s to the 

system r o u t i n e TVPLOT draw the t i c s as segments between s u c c e s s i v e p a i r s of 

endpo in t s s t o r e d in the a r r a y s . 

SUBROUTINE LABNA.M(NAXIS, NLET, KNAME) This r o u t i n e w r i t e s t i t l e for t h e 

X-axis (NAXIS = 1) o r the Y-axiis (NAXIS = 2) c o n s i s t i n g of NLET _< 20 l e t t e r s 

s t o r e d in KNAME. The t i t l e i s w r i t t e n p a r a l l e l t o the cor responding ax i s and 

roughly cen te red on t h e p l o t b o r d e r . KNAME must be a H o l l e r i t h a r r a y of 

dimension a t l e a s t 2 , e . g . 

KNAME = 20H THE X-AXIS TITLE IS 

SUBROUTINE BORDER. I h i s r o u t i n e , which has no arguments , draws the r e c t a n g u l a r 

b o r d e r of t h e p l o t u s i n g t h e d a t a l i m i t s for t h e p l o t s t o r e d in common b lock 

/JPLOT/, 

SUBROUTINE LABAX (NAXIS, LINLOG, MAJR, ALL, ALH) This r o u t i n e w r i t e s a numeric 

s c a l e for the t i c marks a long t h e alxis p a s s i n g t h e o r i g i n . The arguments NAXIS, 

LINLOG, and MAJR a r e as i n the s u b r o u t i n e AXTIC. Minimum and maximum va lues of the 

s c a l e a long the A-axis a r e s u p p l i e d in ALL and ALH, r e s p e c t i v e l y . I f LINLOG = 1 , 

a l i n e a r s c a l e from ALL t o ALH i s w r i t t e n ; i f LINLOG = 2 , ALL and ALH a r e rounded to 

ALL 
i n t e g e r s of a t most two d i g i t s , and t h e s c a l e i s p l o t t e d in t h e form "10 " 

ALH 
t o "10 , " As i n s u b r o u t i n e s AXTIC and LABNAM, the p r e f i x A- denotes the ax i s 
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chosen with NAXIS while the prefix B denotes the other axis. For the linear 

scale, or the exponents in a log scale, the positions of the labels on the 

screen are adjusted by changing STA and STB, Positions of the lO's in a log 

scale are set by the constants ,02 in BROS and AST (after statement 50). The 

use of the systems routine TVLTR is explained in subset TV of library WRITEUPS, 

and the ENCODE - DECODE statements used in this routine and in LABNAM are discussed 

in the CDC Fortran manual. 

SUBROUTINE GET(R), Written by Jim Herriott, this routine allows format-free 

entry of up to 10 fixed point numbers or integers. The numbers,which can be 

separated by any diaracter other than a number or a decimal point, are entered 

in a line of 70 characters' or less and read in Fortran format 7A10. The routine 

separates the line into the individual numeric values, adjusts the values for sign 

and position of. the decimal point, and: stores them in the real array R, which must 

be dimensioned in the main program.- Decimal, points need not be used to enter 

numbers;, but, if any nunijer has more than oiv.e decimal point, a diagnostic is 

written on the screen and a new entry is required. 
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wxAPPEhflDIX H= LIST OF SUBSET TRFPLT OF LIBRARY JOR AT 8/14/75 

1. DELETE.LGO.LGOB.LISTY. 
2 RUn76,C,0=LISTY. 
3. LINK.. F=LGD • F=T; 'WJi. E. 
4 . LGOB.TAPETTY,TAPETTY. 
5 CJ ÎT 
6" DELETE.LGOB. 
7. LIBCOPY> JDRAT. TMLGO 'RP. TJ<LGO. 
8 . LINK.F=LGO.F=T)^LGO.E. 
9. LGOB.THPETTY..THPETTY. 

10 FIH. 
1 1 . EOR 
12. PROGPAfI CMLTPF< THPETTY=201 . F I L M = 2 0 1 , TAPE1=TAPETTY > 
13. COrVIOH NREi.BLAf^KCS) 
14. corinoM/TupooL/>'jii N.; iriAj^ Y M I N . YMAX, TUXMIN, TUXMAX, T U Y M I N 

,TcrrTlHX 
15. C0Mf10N/T' ilUf C • I TUflE< 3̂ J > 
1G . COMMON '• JPLOT / KLT, >:PT . VLO. YL"? 
17. COMMOH/TRr/FLOG '̂ 500 >. GND£< 590 >/ PH< 589 ) 
18 . DIMENSION iFET(.S.> 
1 9 . DIMENSION KK'.3>>LINE<:7>,RC10) 

2 1 . *C SET FET 
22 . CALL F E T ( 5 L T H P E I . I F E T - 3 > 
23. I F E T < 2 > = I F E T ' : 2 > . 0 R GGOO 0010 0000 8G0S 8QO0B 
24. I F E T < 3 > = I F E T ' 8>.0R.40G0 80C0 8000 8008 88803 
25. CALL FET^ 5LTHPE1.1FET,-8 > 
2 6 . *C 
2 7 . TUXMIN=-*:i 10 
28. TUXMM>^=8.?5 
2 9 . TUYfUN=0.15 
30. TUYMA; :=0 .9 

OK - -EDIT 
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e,6v3L« 
3Q. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41 
42. 
43. 
44. 

» ) 

45. 
4€ 
47. 
48. 
49. 
58 
51. 
52 
53. 
54 
e ^ 
.J J 
56 
57. 

D£G*> 
58 
59. 
68. 

1 

It 

12 

28 
21 

23 

30 
31 

OK - *£DIT 
TUYMAM«0.3 
NST=-3 » NeCl=3 » FC=1 
LIHFLG=a % LFRST=0 % NRES«ie 
GO TO 18 
CALL l̂ HTHXTCNV 
CO TO •: 10-28,30.48.58:60,70,88/90) ,N 

18 CALL T«JtC:<T 
WRITE-; 1,11) t CALL DlDPECC 1) 
FORMATStENTEP PLOT TITLE*> 
PEADCl, t2>LINE 
FORMATt 7A10> 
IF< LFPST EO.0 > GO TO 20 
GO TO 1-
WRITEU..2t> t CALL EfCipECv 1) 
FORMATV».ENTER E:POr̂ ENTS OF LOWER « C UPPER FREQS.IN HZ 

CALLGEKR) f: NST*IFIXiR«t>) $ NEN0*IFIX<R<2>> 
. ND£C=N£ND-HST f NPT=nDECtflPES'H 

WRlTE^fl .23> r CALL ENDREar) 
FOflMrtT', fENTER CUTOFF FPEOUEfCY IN H2*> 
CALL GET-: R X r FC=p< I.r 
CALL :GNPHSE'. NST. NEND, F O 
XMIN=;i.T=FLOG'1 > 
XMHX='';FT=FLOQ NPT) 
LIMFLG=0 
LFPST-l 
CO TO I 
WRITE- 1.31) « CALL ENOPECCl^ 
FORMMTI t£HTEP \\BA LOWER AND UPPER OROINATES/ IN 08 OR 

CALL GEKP) r YL0=R(1> « YUP«R<2) 
WRITEC1,33> t CMLL EflDPECC I > 

33 FOPflHTCCENTER rCW MUMCER OF DIUISIONS ON ORDINATE*) 
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60,90.! 
60 33 FORMATS CENTER NEW HU1EER OF DIUISIONS OH ORDINATE*) 
€1. CALL GET<R) f MAJRaIFIX<R< I )> 
62. LIMFLG=l 
63. GO TO 1 
64. 48 l.iRITE<1.4l.) $ CALL Ef€REC< 1 > 
65. 41 FORMATi. CENTER HEW NUMBER OF POIHTS PER OECAOE*) 
66. CALL GETvR) * t*'£S=IFIX(R< I)) 
67. GO TO iO 
68. 50 IFCLIMFLG EQ.D GO TO 45 
69. CALL 3£TFLT';:aCJe,NPT,f1AJR,yUP,YL0) 
70. GO TO 45 
71 60 IFvLlMFLG EO.l) GO TO 45 
72. CALL S£TPLT(:PH..HPT.MAJR,YUP,M-0> 
7Z. GO TO 45 
74. 45 YMHX=YUP 
75. YMIN=YLO 
7e. CALL TUHEXT 
77. CALL BORDER 
73. NXMIHR=5 t IF<HDEC LE. 3>H^^MIHR=9 
79. CALL k)'. TI C<. t.. 2 ,2 • r €EC. \ m-\ I NR ) 
88. CALL AXTICX. 2 .2 ,1 . . MH JR. 5 ) 
8 1 . CALL LHBH.VC 1,2 > fC'EC, XLT, MRT ) 
82. CALL LMBHi<:c2,l..MHJR,YL0,YUP) 
33. KK=10HFREG! If< H2 
84 . CALL LABf <f-tf K 1.. 10 • \'K ) 
85 . IF<N.£Q.5..» KK=10HGAIH IN OB 
86 . IFvH EO 6.1 KK:=10HDEG PHASE 
87. CALL LABHAf'K 2.. 10.. KK > 
88. IF<N.EQ 5> C^̂ LL TUPL0T^FL0G,GHDB,NPT,4HLIh€) 
39. IF<H.Ea.6> CALL TUPLOTC FLOG, PH,NPT, 4HLINE) 
90 . XT=XLT-0.2t.<;P,T-XLT) % YT«YUP+0.1*< YUP-YLO) 

OK - -EDIT 
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9O.120L? 
9 0 . 

91 
9 2 . 
9 3 . 
9 4 . 
9 5 . 
9 6 
97 
9ft 
9 9 . 

108. 
101. 
102. 
103. 

IMITS, 
104. 

i&5. 
106. 
107 
108 
189 
110 
111 
r i 2 
113 
114 
115 
116 
1 1 7 . 
113 . 
t t 9 . 
120 . 

OK - ^EDIT 
XT=XLT-0 2»< J«T->1.T > $ YT=YUP<-0.1 *< YUP-

ITUNE<3>=8 
CALL TMLTRCXT.YT,Ln€,70) 
LIMFLG=0 
CALL TUSEHD 
CALL GET<R) 
GO TO 1 

79 STOP 
88 STOP 
90 STOP 

END 
S U B R O U T I N E ; WHTNXTC N> 
DIMEHStOTf K<9>>R':iO> 

YLO) 

OHTM <:^Al:.JvI=l,9>/10Ht€W TITLE /.10HNEW FREQS . l8Hh<EW L 

*10HNEW RESLTN.10HPLOT GAIN ,ieHPLOT PHASE 

^̂  *2*4HNULL/-"'.7^^> •••'•,' ••• 
I.:.---. WRtTE(;l:..5;^^r ,::.••..... 

CALL Er<DPEt:< n 
5 FOFflHT^iX nJHHl NE.XT7*:) 

DO 8 J=1.S 
J l = 3 t ' , J - l "t-l * J 2 = 3 * C J - l ) + 2 S J3=3*J 
WRITB 1,7>J1,»; ' J l ) . J 2 , K J 2 ) , J 3 , K < J 3 ) 

7 F O P M H T - 3 ' ' i ' C , I 2 , t = t . A l 0 ) ) 
8 CAJ.I Ef4DFEC'l) 

CALL GETvR/ » N ' IF IX fRv 1 ) ) 
RETURN 
Em 
SUEPiJiUT INE GHPHSD NST, NEND, FC ) 
COMMON NPES,BLANr<.5) 

' COMnON/TFF/FLOG< 500 ),a<De< 500 ),PH< 580 ) 
COMPLE.X J , S . T 

>10H STOP 
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2 0 , 1 5 8 L ! 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136. 
137 . 
138 
139. 
148. 
1 4 1 . 
142 . 
143 . 
144. 
145 . 
146. 
147. 
143. 
149. 
150. 

OK -

20 
18 

*€DIT 

COMPLEX J . S . T 
NDEC=NEND-NST * NPTsNDEC^PXS-H 
PI«3.141592653 
L2=9 * NWRHP=8 
J«<8 , 1 . ) 
DO 18 1=1,NPT 
FL0i3< I >-FLO^T< NST )+FL0AT< I - l )^'FLOAT< r^R£S ) 
F « i e * tFLOG<I> $ S*J*F/FC 
CALL TRFUH',S.T) 
a<=CA6S< T ) 
GNDB<I>=28 tALOGlOCGN) 
P=ATAN2< H IMAG< T >, REAL'. T ) ) 
L l = L 2 
L2= I NT.r 2 . t P ' P I ) 
I F i ' L l . E Q . O ) GO TO 20 
IF<.L2 £ 0 . 0 > >yj TO 20 
L3*ISIGN< l , L l .>-ISIGrK 1 .L2 ) 
I F ( L 3 £0 0;G0 TO 20 
NWR AP=f U JRMP- I S I Cr \'. 1 . L2 > 
PH< I )=p 11 SO. 'P11-FLOAT': HHP.AP*360 ) 
CONTir^UE 
RETURN 
EHD 
SUBROUT11 € SETPLTC A, N. MAJR.. PMAX, PM IN ) 
DIMENSION Â  I ) 
CALL MH:'.MIN'. H. N.. BMAX, EMIN > 
CMAX=FABS^ BMAX ) * CMIH=«B3< BMIN ) 
TMA;:=AMAXI< CMAX, CMIN ) 
CALL PHD": TMAX, RMAX, NT > 
NGHK=2»NT f MAJR=0 f TSTEP«P«AX/NT 
IF'sTMA.'̂ t.flE.CMAX'GO TO 10 
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X50,130L« 
150. 
151. 
152 
153. 

154 
155. 
156. 
157. 
158. 
159. 

160 
161. 
162. 
163. 
164 
165. 
166.. 
167. -
168. 
169. 
170. 
171. 
172. 
173. 
174 
175. 
176. 
177. 
178. 
179 
180. 

OK - 'CDIT 

15 
10 

20 
30 

50 

PM IN'=RMAX-MAJR*TSTEP 

IFCTTtAX.HE.CMAX.>G0 TO 10 
DO 15 r-l,NCHK 
f1AJR=MAJR'H. 
IF<<RriAX-MMJR*TSTEP).CT.<BMIN-TSTEP/5.>> CO TO 15 

PflAXaRMAX 
GO TO 30 
CONTINUE 
OQ 20 M«1.,NCHK 
MHJR=MAJR+1 

IF<C-Rl1A:'>MAJR*TSTEP).LT.(eMAX-t.TSTEP/5. ))G0 TO 20 

PMlNs-PMAX f PMAX=-RMAX<W».JR*TSTEP 
GO TO 30 
CONTINUE 
IF< MAJR. EQ71 MP.I TE< 1,50:6MIN, BMAX 
I F < M A J R . E 0 . 2 > M H J R = 4 
IRMAJR:E0:3.)MAJR=6 
FORMAT* 41H WARNING, ORDINATE RANGE IS SMALL. FROfl 

«^ ,E15.5>6H . TO' ,E15.5.6H OTCY) 
REruRi^i^.ZZ7y7,7 77 
E m ' ' ' \ < 7 ^ - ' Z l ^ ^ . . ' . - - ' - • • • • - ' " ^ -
SUBPOUTINE PNDCA,ABIG,MAJR) 
OIMENSIQi RD<?9>>MR<9)̂  
DHTACRDCI >>4 1 = 1 , 9 ) / l : . , 1 5v2. , 3 : , 4 . , 5 . . 6 . * 8 . / 1 0 . / 
OATA<: mCj'-tZ Js 1,9 ) / 4 , 6 > 4 . 6 . 4 . 5 / 6 / 4 . 5 / 
A L = A L O G 1 0 < ' H B S ' A ) / 
CHAP=NL-AINT 'HL» 
IFfAL.LT Q> C H H P = A L - A I N T < A L ) ^ 1 . 
D=10 *tCHAP 
IF<0 EQ 10 ) D« l . 
00 10 K-1.8 
IFCD.LT ROt'K')) GO TO 10 

64 



8 0 . 2 1 0 ! 
130. 
1 8 1 . 
182 . 
183 . 
134. 
185. 
186. 
137. 
133 
189. 
190. 
1 9 1 . 
192. 
193. 
194. 
195. 
196. 
197. 
198. 
199. 
2 0 0 . 
2 0 1 . 
2 0 2 . 
2 0 3 . 
2 0 4 . 
2 0 5 . 
2 0 6 . 
2 0 7 . 
2 0 3 
2 0 9 . 
2 1 0 . 

10 
15 

10 

OK - -EDIT 

IF<D.LT POa<>> GO TO IO 
IF<D.GE R D ( K * l > ) GO TO 10 
M A J R = M R < : K * 1 ) 
ABIG=RDO>l >«W/D 
GO TO 15 
CONTINUE 
CONTINUE 
RETURN 
END 
SUBROUTINE MA/JUhK A . N . BMAX. BMIN) 
DIMENSION A': 200 ) 
BMAX=EMIN=A': r > 
DO 10 I=1..N 
IF< A*: I >. GT BMAX > &-iPi»f¥ I > 
IF( H.; I >. LT. BMIN > BflIN=A< I ) 
COftTINUE 
RETURN 
BID 
SUBROUTINE AXTICCNAXIS,NBOTH,LINLOG-
COMMOr '̂TUTUNE- ITUfEC 30 > 
COMMON -JPLOT.':<LT . i^RT. YLO.- YUP 
01 MENS 1 ON (¥. 2 0 0 ) , BU. 200 >. BU< 260 ) 
ITUNE'-15; '=4HDHTA 
ATIC=0. 07tf. VUP-YLO ) 
BTIC=0 03rO':RT-XLT> 
I F< MI NR . EQ . 0 .) NO I U=f1rt JR 
I F< MI NR . NE. 0 > ND I U=M I f JR̂TMA JR 
I F ' . ; N A X I S . E Q . 2 > GO TO 10 
BLMN=YLO-»0.4tATIC 
B H M N = Y U P - 0 .4;fHTlC 
BU1J=YL0+ATIC 

.MAJR. MINR) 
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2te, 

| 15 . ' 
216. 

| I 8 
-219 

223: 
224. 

226. 
22;>. 

229. 

2 3 / -

235 ' 

1^ 

10 

248C» 

^ •̂tf/=i:'ofi? 4»errr 

^ S - :• 
St/f IZ7T^^ 
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40.27OL' 
240. BU< » - l >=£;HMJ 
2 4 1 . IF<MINR £ 0 . 0 ) GO TO 30 
242. DO 40 II=l.Mt*< 
243. J=J4-2 
244. IF< LINLOG EQ. 1) A< J )=AMJf-1K-H:»MirF.*I I 
245. IF< LINLOG EQ .2 ) A< J )=AMJMK+AMJR«ALOG10< FLOAT< IULOGSET 

) ) 
246. A < : J + 1 ) = A < J ) 
247. BL<J>=BLO 
243. BLC J+1 >=BLMt< 
249. BU<:J:>=BHI 
250. BU<: J+l >=BHMN 
251 40 CONTINUE 
252. 30 CONTINUE 
253. J=J-H 
254. I F < N B 0 T H . E Q . 3 > GO TO 45 
255. IF < m:< 15 EC!. I > CALL TUPLOTC A, BL, J , THSEQTSNT ) 
256. IF<NAXIS.EQ.2) CALL TUPLQTCBL.A.J,7HSEG;ZNT) 
257. IFCNBOTH.EQD GO TO 50 
253. 45 COf̂ TINUE 
259. I F<: NA: =; i S. EQ . l > CALL TUPL0T< A . BU , J , 7HSEGr'̂ NT ) 
260. IF< HAXIS EQ. 2:>CHLL T'V'PL0T< EU..A, J , 7H££Gi i£NT) 
261. 50 CONTINUE 
262. RETURN 
263. EtiD 
264. SUBROUTINE LABNAM(NH):iS,NLET..KNAriE) 
265. COMMON. 'JPLOT XLT.. XRT, YLO, YUP 
266. COftMON̂  TUTUNE/ITUNE<30) 
267. DIMBiSIOĴ  KLABCIO) 
268. I TUNE< 3 >=NAf< IS-1 
269. IF<NAXIS.EQ.l) GO TO 18 
270. ST2=0.15 
OK - -EDIT 
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0..3OOLI 
2 7 0 . 
2 7 1 . 
2 7 2 . 
2 7 3 . 
2 7 4 . 10 
2 7 5 . 
2 7 6 . 
2 7 7 . 30 
2 7 8 . 20 
2 7 9 . 
23Q 
281 
282 
2 8 3 . 
2b4 
2 8 5 . 
2 3 6 . 
287:: • 
2 3 3 . • 
2 3 9 . 
2 9 0 . 

•• 2 9 1 . , • •• : , : .- , 

2 9 2 . 
293;., • '. 
2 9 4 . 

• • • 2 9 5 v - -
2 9 6 . 

. 297:, .' 
Z93 i 
299 
3 0 0 . 

OK - ^EDIT 

ST2=8 15 
XX=J'1-T-ST2*C vKT-XLT ) 
YN'=YL0+. 375t'.: YUP-YLO ) 
GO TO 30 
ST1=0 18 
YY=YL0-ST14:r NOJP-YLO > 
XX«.XLT+0 3754:( XRT-isLT ) 
ENCODE-: H L E T ; 2 0 , KLAB ) KJ4AME 
F0RMAT<A10.i 
CALL TULTR'.:XX,YY.KLAB.NLET) 
R£TUR14 

. Em 
SL8R0UTINE BORDER 
COMMON/.JPLOT XLT, /3?T. NT.O, YUP 
DIMENSION. X<. 5 >..Y( 5 > 

. X<l>=J-l.T 
Xv4>=XLT 

::X<5)=XLT^ 
\XC2)=XPT 

X<3)=;y?:T 
:": V •• YCl; >*YLO-••-:,:": 
..-?Ye2)=YL0 

:YC3:)=YUP 
- ,YC4)=YUP 

^ Y<5)=YL0 
f ; G A L L T U P L O T V X . Y , 5 , 4 H L I N E ) 

.-:;vRETURNc.:::: -.Z: '.: •• 
Z E t ^ , • ' - ' • ' • ' • ' • • ^^77" r "::• 

-^SUBROUTINE LABAX^ NAXIS, LINLOG. MAJR. ALL. ALH) 
COMMOrt^TUTUNE/ITUrC^ 30 ) 
COMMON'JPLOT'XLT,XRT.YLO.YUP 
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3eO,330L? 
300. 
301. 
302. 
303. 
3»J4. 
305 
306. 
307. 
38S. 
309. 
310. 
311. 
312. 
313. 
314. 
315. 
316. 
317. 
318. 
319. 
320. 
321. 
322. 
323. 
324. 
325. 
326. 
327. 
323. 
329 
330 

38 

40 

42 
43 

50 

OK - -EDIT 

COMMON'JPLOT/XLT,XRT,YLO,YUP 
DIMENSION LHBLt20) 
ITUNE': 3-'sO * MLAB=MA.JR-»-l 
IF<NAXIS EQ 2> GO TO 30 
AL0=XLT f AHI-XRT 
BL0==YL0 t BHiaYUP 
STA=0.02 S STB«0.08 
GO TO 40 
ALO=YLO 
AHI=YLIP 
ELO^XT-T S B H I = V 3 ? T 
STA=0 02 t ST&=0.12 
B P 0 S = B L 0 - S T P * ' ' B H I - B L O > 
AM Jft='. HH I - K L U - r,H J?, t ALM J=< A L H - A L L ) / « A JR 
AST=MLO-STM t • HHI -MLO > 
DO 50 Jf'=l,MLA6 
APOS=AST'^HMJR:».< JK-1 ) 
AUAL=ALL*MLMJt <JK-1> 
ENCOD£< 6.42 • LHBLC >: . ' )AUHL 
IF'.LlriLOJ: EQ 2> eC0DEC3,43.LABL<JI>:))AUAL 
FORMHT-'. F 6 .1 > 
FORMATC F 3 . 0 ) 
NN=6 * IF<LINLOG EQ.2:> NN=3 
1F<NAXIS EQ 1> CMLL T ' . ' LTR ' :H?0S,BP0S,LA3L< J K > , N H ) 
I F C N H X I S . E Q . 2 ) CALL TMLTRCEPOS.APQS.LABLCJK) ,NN) 
CONTINUE 
IF< LINLOG EQ.1) GO TO 60 
BFOS*EPOS-0.02l:< BHI-BLO ) 
AST=AST-0.02*<: AH I-ALO ) 
LL=2H10 
e>ID:CiE< 2 .44 . H i . )LL 
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30,36OL! 
330 ENCOC€< 2,44.. KLL )LL 
331. 44 FORMATSA2) 
332. DO 55 JKK=t,MLAe 
333. APOS=AST'K̂ MJRt.C JKK-l) 
334. IF<:NAXIS.EQ.1) CALL n.«LTR<AP0S,BP0S.KU-/2) 
335 IFCNMXIS EQ.2) CALL TULTRCBP0S.AP0S.KLL.2) 
336. 55 CONTINUE 
3 3 7 . 60 CONTINUE 
3 3 3 . RETURN 
3 3 9 . e c i 
3 4 0 . *GET SUBROUTINE — GET A SEQiJEfCE OF NUMS — FREE FORMAT 
3 4 1 . SUBROUTINE GEKR) 
3 4 2 . INTEGER DIGC70).D.S.ND< 1 0 ) . F M T < 6 ) . B E G . H N E < 7 ) . 0 I 
343 . P £ H L . R'. 10> 
34H. 99 REMD-: 1 • 1 >L I NE * DECODED 7 0 . 2 . LINE )D IG 
345 . N-S=NS=NP=OI=0 r J = l 
3 4 6 . DO 10 1 - 1 . 7 0 
3 4 7 . 0=01 G<: I ) * I F<: S. EQ. 0 . A. D. EQ. 45 )GOTO 10 
3 4 3 . NS=t $ IFCSEQ & .A .D .GE .27 .A .0 .L£ .33 )G0T0 10 
3 4 9 . lNDEX=k -
3 5 0 . IF< D EQ.47 A.NP EQ 1> GO TO 98 » IF< 0 .EQ.47)NP=t 
3 5 1 . I F ( D . E Q : 4 7 ) GO TO 10 f IFCS.EQ.O) GO TO 93 
352 . ^ lFCDtGE.27.A.D LE.36)G0T0 10 
3 5 3 . - N=N+i * ND<: r r /« i -o r - i f 01=1 * N S = 0 t N P = 0 

• 354^. 10 S=NS " -•••'•.-••.:•' - . • 
3 5 5 . BEG=N+1 * ENC0DE»'50.3,FMTXND<I >. I=1.N)>< J . I=e£G. I I ) 
3 5 6 . 0EC00E<70,FMT,LINEXR< I ). I » l . N ) » RETURN 
3 5 7 . 9 8 WRrTE' i r .4) INDEX;« GOTO 99 
3 5 8 . r FORMAT^,7A10) ; 
3 5 9 : 2 F0RMrtT<'70Rl > 
3 6 0 . 3 FORMAT<*<.F*,lOf I 2 . . * . X F * ) . I 1 . * ) * ) 

OK - ' € D I T 
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360,39OL! 
360 
361. 
362 
363 
364 
365 
366 
367 
363 
369 
370 
371 
372 
373 
374 
375 
376 
377 
373 
379 
330 
3-31 
382 

•384 
.335 
366 
337 
333 
339 
390 

OK -

10 

-•CDIT 

3 FORMMT* *< Ft. 10*: 12. * rXF.t >, 11. * )* ) 
4 FORMATC*ERR0R OH CHAR*.13.* — 
END 
SUBRiXJTINE TRFUN<S.T) 
COMPLEX S,T,J,P<10) 
PI=3.141592653 t J»<0.,1.) 
N=5 
PC !.)=<-1.5023,0 ) 
P< 2 >=<-!. 3809, .7179) 
P<3>='::-1 3S03,-.7179) 
P<.4 >=<-.9576, 1.4711) 
P<5 >=<-.9576,-1.4711) 
T=<1.,0 :• 
DO 10 1=1.N 
T=T:f P' I )/(. S-P< I ) ) 
RETUF't< 
ec i 
SUBROUT If̂ E TP.FUN<S,T) 
COMPLEX 5,T J,P<10.> 
PI=3.141592t53 * .J=< 0., 1. ) 
0=32. 
N=5 390,400L! 
A=SIN(PI,'10. ) 390. 
B=C0S':PI-'I0. :.' 391. 
C=SlN':PI'-5 ) 392. 
D=C0S'.PI'5. ) 393. 
P< I )--=-A+J*B 394. 
P<2)=-0+J:rC 395. 
P<3)=-1. OK - ^EDIT 
K 4 >=-D-J* C 
P< 5 .i=-A-J4B 

RE-ENTER LINE*) 

10 

P< 5 )*-A-J*8 
T=<1..0. ) 
DO 10 1=1.N 
T=TtP< I )/< S-P< I ) ) 
RETURN 
END 
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iJOTES TO APPENDIX A 

1, As shown h e r e , the main program and t h e s u b r o u t i n e GNPH3E 
p l o t e i t h e r ga in o r phase on a l i n e a r s c a l e along the Y - a x i s , The 
o r d i n a t e l a b e l s appear as a b s o l u t e numbers, n o t as e x p o n e n t i a l s , 
e . g , , as -100 t o 100, n o t -10^ t o 10 , The r e s u l t a n t p l o t s look l i k e 
F igu re s 4.2 through 4 . 9 . 

2 , C e r t a i n changes must be made t o produce p l o t s l i k e those 
i n F igu re s 5 . 1 cuid 5 . 3 , w i th l o g a r i t h m i c o r d i n a t e s and a p p r o p r i a t e 
numeric l a b e l s , , For such p l o t s ^ czliange the fo l lowing l i n e s 
of tlae main program and of s u b r o u t i n e GUPHSE as shown below: 

SO CALL AXTIC(2,2 ,2 ,MAJR,5) 

32 CALL LABAX(2,2,MAJR,YLO,YUP) 

35 IF{N.EQ.,5) KK=10H V/MICRON [or o t h e r a p p r o p r i a t e l abe 11 

130 aiDB(I)=ALOGlir{GN) 

The o r i g i n a l , forms of t h e s e l i n e s appear on pages 61 and 6 3 . 

3 , .:iOte t h a t IIETED dbes; n o t o u t p u t l i n e numbers. The l i n e s 
above can be found, however, u s i n g WETED's locate- (L) command. 

For example , t he f i r s t l i n e above could be found using, the. command 

L CALL AXTIC(2 ( r e t u r n ) 

and. t h e r e a f t e r ti ie o t h e r l i n e s cou ld be found using:: t he commands 

N 2 ( r e t u r n ) 

N 3 ( r e t u r n ) 

U 45 ( r e t u r n ) 
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