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1. INTRODUCTION

Although instrument responses intended for réduction 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 éf proposed
modifications to the system. They can be used to evaluate and monitor ihstrument
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 apprcximate
model of the circuit or system it describes, but many real physical éffects must
be ignored or treated inadequately to make calculations tractable. 1In this rercrt,
an effort is made to state explicitly the major assumptions and approximations
under which the excressions are valid and to describe gqualitatively the effects nct
treated in detail. Yet there may be omissions in the list of cavea%ts, eithasr due
to oversight or to system modifications. If discrerancies between measured and
calc:ulated instrument responses are not explained by egquizment malfunction or hich
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
inéut impedance. The third section treats the preamplifier-filter combination,
while the fourth section discusses the telemetry and recording épparatus. In the

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

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



an interactive graphics prograa developed on the Lawrence Berkeley Laboratory
computer system for plotting the phase and amplitude of response functions .

on the Tektronix 4010 or 4014 CRT.

2. THE SEISMOMETER SYSTEM

Within certain limitations, the response of a mass-on-a-spring seismometer
with a coil-magnet transducer may be deduced from very baéic physical principles.
Although this derivation is well known, it is outlined here for two reasons:

1) to make this report complete, 2) to emphasize the simplicity of the calculations
from a novel viewpoint.

Figure 2.1 shows the model of the seismometer system. A magnet of mass m
is suspended by a spring of spring constant K from the seismometer case within a
coil of DC resistance R_. The position of the mass relative to the case is X
and relative to an iner:ial reference frame is X so that X = X,"X is the éosition
of the case relative to the inertial reference frame. The generator constant of
the magnet-coil cormbination is_GL(in v/m/sec), and the pad and preamplifier input
fesistances are as shown.

There are two -forces‘'on the méss: the spring$ réstoring force and the
magnetic damping forces. Gravity is neglected, as it simply displaces the
equilibrium position X()of the mass. The two forces are
F_ = spring force = -K(X—Xo)

. (2.1)
Fd = damping force = -bx
where the latter has been assumed to be proportional to the relative velocity be-
tween the magﬁet and the coll.

By Newton's second law, F = F, + Fs = ma, where a is the acceleration of the

d
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mass relative to any inertial reference frame.

Fd + Fs = ma = me (2.2)

Substitution of Fd and Fs from equation (2.1) with X =X+ xé (see Figure 2,1)

and X _ = Xo = 0 yields

-K(X-X ) = b(X-X ) = m(ii-')i°+iic) (2.3)

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

to the equilibrium position xo. Then

be k o
f+=-Y+=Y=- .

p o Xc (2.4)
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:

w 2 H K/ w_ = natural (angular) frequency

o m o

Q = Wl = quality factor or inverse damping (2.5)
b

g=_L1 = b = damping factor or fraction of critical damping
2Q zmo

Here wgy is the (angular) frequency at which the seismometer would resonate in
the absence of damping;lQ‘is a factor inversely proportional to the damping and -
B is the fraction of critical damping. At critical damping Q = 1/2 and 8 = 1.

Expressed in terms of these parameters, the equations of motion are

¥+ ‘“SY oY = - X, |
. . 2 e

Transfer functions for the seismometer system are obtained by considering

v iw . . .
a monochromatic input acceleration xc(t) = 3.e t, which results in oscillations

Y(t) = ve'®® 4t the same frequency. Then

.l_ - ' -1./0) 2
a 5 = : 2.7
(1 -w Jw 2) + 2 iBuw

[} ("]

o]

where w = 27f is the angular frequency of the motion.
4
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. Now the voltage output of the sgi,smometer is determined by the magnet-coil
generator. Figure 2.2 lshows a simple model of the system, consisting of a
voltage generator(&?in series with the coil resistance Rc. The output voltage e
across the preamplifier input impedance RA is calculated from simple resistive

divider theory as

o S

e = g} RA 1
S+ R T+ R + RS
§ : EAifk (2.8)
A
. R S .
GLY A . = GeffY'
: +

(s + RA) (T + Rc) RAS

- G, R,S
where Geff = LA

(s + RA)(T + Rc) + RAS

For the single frequency driving term ic(t) = aceiwt, Y = iwY and the transfer

functions become

. - 2
e _ Sese” | TiGppwlu, 2.9)
e 3 (1 - o/, 2) + 2080
° w
[o]

This is the seismometer voltage response to grouna acceleration.
Ground displacement at a single frequency W is related to ground acceleratica

2
as Xc = -ac/w . Hence, the seismometer voltage response to ground displacement

is
3, 2
T(W= e = —ew? = 1Cege ¥ /‘Uo
s = = 3 (2.10)
c c (1 -w/ 2) + 2i3w
Wo _—
o
In terms of the absolute frequencies f = W/2m and f, = w,/27 , this is
3
T (£) = 2miG g £7/€,2
s X 2 ot -
. - . + 2i%
¢ Q-f/ensuit (2.11)
3 o.
Zvicefff
2 2 cnce
fo - £+ 21Bff°‘



As shown in equation (2.11), the frequency response of the seismometer
is completely determined once the parameters f,,B , and Gg¢¢f are known. The
natural frequency fb 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
voltagé to current is proportional to expression (2.11), and the two are in
phase only when f = f,. Measurements of f, 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 orAchart recorder. Usually, measurement of a few amplitude
peaks is sufficient to determine B to better than 10%.

Physically, the damping arises from two sources: dissipation due to'eddy
currents induced in tpe'coil and coil form or coil frame (if any), and
resistive dissipationAdue to current flowing in the coil and external

resistances.

Fq = Fq (eddy) + Fq (res) | (2.12)

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

the damping constants b and 8 into two additive elements:

b=Db,+b, : (2.13)
. B.=B8,+ 8
where 80 = E%‘g-o—- Bl = -2;?-%——-
[+]



The first of these elements describes the "open circuit damping," which occurs
when no current flows in the seismometer coil, while the second describes the
additional damping due to loading by finite external resistances.

Since the first term depends 6n 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. Hewever, the second term may be calculated simply from the model
in Figure 2.2. fhe effective impedance seen by the generator GLQ is just Rc

and T in series with the parallel combination of S and Ry

6a



Rege " TF R Y 53R (2.14)

Thus, the power dissipated by the resistances is

2 —en® - % |
P = -V~ = L = L
dl R R iF—--f- (2.15)
eff eff eff

This power can also be expressed as the product of the réSistive damping force
and the magnet velocity,

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

damping yields the following for the damping force:

F.o= -GL2§ = -b ¥
2 Ress . Z(six )
whence b1= RL - (Rl;ij (;iR e (2.17) .
eff c A A

Note that Fd1 is negative as the motion and the force are in opposition.

The open~-circuit and resistive damping constants are then engessed as
g, = —ba g - 1 I’ :
2m. 1 meo ZmuoReff (2.18)

This expression shows that the additional damping due to external circuit
resistance is related to the generator constant qﬂ the mass m, and the circuit

constants invdlved in R
eff.

Seismometer manufacturers supply fairly accurate values for m and GLwith the
instruments. However, thé value of GLcan change as the magnet ages or degrades.
wifh shock and femberature. Equation. (2.18) can be used to estimate GLas follows.
First, the open circuit damping 8, is measured in the usual way. Then the damping .
B for a given circuit configuration (a given T, S and RA) is measured in the sarme
way. Fiﬁally, Gy is calculated from the circuit parameters and the value Sl =f -8

Q.

according to equation (2.18). As for the resistances Rc, T, S, and RA involved

in expressions (2.8) and (2.14) for Geff and Réff’ all are easily.measured; and

7



both T and S are specified in the circuit design.

Although equation (2.11) is a fair approximatiéh to the sejismometer
response, there are several ways in which the expression can fail to represent
reality. Througﬁout this section, linear response has been assuﬁed 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
nesuit in disﬁortion 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, tﬁe natural frequency
fo will decrease as the spring relaxes®, and both the gain Geff and the
dampiﬁg B wiil 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,
thé 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



R3 1.5 M R10 8.2 M

l c2 ” 2.2“4 ! " Cb } 0.39nfl
T— CS 7.5 uf
) P}
c3 l 25 pf
| 1., / R14 ;’E
, 51 K
5 L
RB /; :f' R9 . R16 T0
66.5 K ™~ 66.5 K R1S
* 200 K 150 K VOO

Ground

_J J\_ N )

FIRST STAGE ATTENUATOR : SECOND STAGE
' AND HIGHPASS FILTER

Simplified Schematic Drawing of the J302 Preamplifier-VCO Unit, showing components which

All resistances are in ohms, and parts designators

Figure 3.1
affect the'frcqucncy response of the system.
correspond ta those in Flgure 1 of the note on the J3102 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 Ez applied at the inputs and the other circuit

1
voltages be as shown. By definition of the open-loop gain A of the operational
amplifier, the output voltage Eo is
E,= A (ez - el) ' (3.1)
Other necessary equations are dertved from the comservation of current at
the circuit nodes. Consider first the inverting input of the amplifier. An
amount of current i1_= (E

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

1" el)/R flows into the terminal through the input re-

the amplifier is i, = (e1 - ez)/Z. Finally,'the current flowing into the terminal

from the output, through the parallel combination of Rl and Cl’ is
i.= (E - e,) (1 + JuR,C.) where Rl is the impedance function of
3 o ) 117, —_
1+ ijlcl

Rl and C1 in parallel. By conservation of current, the sum of currents flowing
into the node must be zero:
1, -i,+i,=0 (3.2)

Substituting the above expressions for the currents yields

(Ep-e) o (ep-e)) L (B -ep JRC) =0 (3.3)
R Z R

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

inverting terminal:



Figure 3.2 Idealized Schematic Drawing of First Stage of Preamplifier shoim
in Figure 3.1, with parts designators showing mathematical relationships between

component values.

O

FROM FIRST STAGE

> R
(low impedance source) a c TO SECOND STAGE
$— —-—0
(high impedance input)
Rb R
— ¥
Ground

Figure 3.3 Idealized Schematic Drawing of Attcnuator and Highpass Filter
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Ey-e, L (e -e) e, (+uRCH | (3.4)
R z R,

Together, equations (3.1), (3.3) and (3.4) constitute three equations in the

three unknowns el, e, and Eo. They can be solved for the transfer function

E
—R—— ., The result is
E.-E
271
E R 1
E -oz * nl 1 1 R. 2R (3.5)
2 1 (1+juRlCl) (1+K) +I[R1+ 21]

The open loop gain A of the operational amplifier is at least 5 x 10&. Hence, the
terms containing the factor 1/A can be neglected to an accuracy of better than

1. The transfer function for the first stage is then appreximately

3.6)
= T, (W = El 1 - 1 ¢

2 1 R+ 3R C) 1 + §u(R3)(C2)

([

where the last expression is in terms of the parts designators.of_Figure 3.1.t Note
that the RC network at the non-inverting input has no effect on the respcnse of
this circuit. It merely serves to balance the impedances seen from the two
inputs of the operaﬁiona; applifier to maintain thermal stability.

Since the output impedance of the first stage is low, the first stage may
be conveniently sepa;ated from the rest of the circuit for analysis. In addition,
the second operational amplifier is run in the"non-inverting" configuration,
vhich has very high input impedance. Hence, the attenuator and h;ghpass filter
vhich lie between the two active stages may be analyzed as a separate unit. This
unit is shown'in Figure 3.3, in which the attenuator, is represented as a simple
voltage divider with variable resistances Ra and Rb.

‘The transfer function of this network is obtained by inspectioh, using the

usual rules for parallel and series impedances:

12



R+ =) R 1

T (w) = —% T +J‘”C TSN
R +‘IBE Rb R +.§;E Ra + wC Rb

xb R+3ﬁ (3.7

R Ry Rb (JwRC)

g (Rb+R+—1—8+(R4——BRb Ra+xb+ij[Raab+R(Ra+Rb)]

This equation can be rearranged to the form

T (m) - % ° 1 . JwRC [1 + RP/B]
: T 1+ B 1+ JuRC [1 + R /R] (3.8)
R

RA
R_+R

interstage network acts, as expected, like an attenuator followed by a highpass filter.

where R £ ————— 1s the resistance of Ra and Rb in parallel. Thus, the
Loading of the divider Aby the highpass filter has two effects. First,
the attenuation factor is not simply Rb , as expected, but contains the
R + Rb :
R 21
additional correction factor (1 + p/ ) *. Secondly, the effective time constant
R
of the highpass filter is increased by the factor (1 + RP/R). Both these effects
depend ontte ratio Rp/R,-which varies with the attenuator setting. An examination
of the actual attenuator in the J302 note shows that Rp is at most 8K, when
Ra = Rb = 16K. This occurs when the divider attenuation is 6db. Thus, the worst-
case correction factor is
8K

1+ R/M@ax) = 1+ g5 = 112, (.9

so that the attenuation is increased by 1.6 db and the filter cutoff frequency is
decreased by about 11Z for this setting. At higher attenuation, the corrections
to the simple attenuator-highpass fi{tgr approximation become negligible.

The response function pf the inter-stage network'(equation (3.8)) can be re-

written

T (w) = 1 _Juw(R8)(C3)C”
n RFRCT © "1+ Ju(RB)(CI)C (3.10)

13



R factor, .
where b+ is the divider attenuation /C° 1is the correction factor 1 + RP/R,

and the ;art designations are those of Figure 3.1. 1In many cases, the correction
factor C° need not be considered, as it is swamped by component tolerances,
which are typically 5 to 10 percent. Howéver, 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 preamplifier-filter stage there are two sections. Oné is the
lowpass filter in the feedback network of the oper;tional amplifier, and the
other is the highpass filter driven by the operational amplifier (see Figure 3.1).
An idealized schematic of the second stage is shown in Figure 3.4. The two
types of filtering are mathematically separable due to the low output impedance
of the operational amplifier.

According to the standard theory of_ fedback operational amplifiers in the
non-inverting configuration, the response of the émplifier circuit is given by

.Zf
Ta (w = 1+ — (3.11)

!

where 2. is the feedback impedance of ﬁhe amplifer.” Here 2 is just,the

b f
.parallel combination of Rz and C2, so that R.R
RZ Rz 1l + J“ﬁ;:ﬁ,cz G1n)
T (m) = 1+ + 3 = (1 +— = s Le
a R) (1+ juR,C)) B 1+ sumc,

The DC gain is just 1+ RZ/Rl' as would be expected if there were no feedback

capacitor. The pole at wy = ;3?;— describes the lowpass filter, while
’ 272
the zero at w = i indicates that the lowpass response does
u R R :
12 c
+
Rl.RZ 2

not roll off indefinitely, but retumns 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



Mvider
Attenuation

(db)

18
24
30
36
42

48

Table 3.1 ATTENUATION CORRCCTION FACTOR

Ra B

0 32.276K
16.2K 16.076K
24.26K 8.016K
28.28K 3.996K
30.28K 1.996K
31.28K 996
31.78K 497
32.03K 248
32.154K 124
R = 66.5K

R

RaR

P Ra+Rb

8.06K

15

6.03K
3.5K
1.88K
975
486
246

123

Correction

Factor

C’=1+R P /R

1.00

1.12

1.091
1.053
1.027
1.015
1.007
1.004

1.002

Additional

_Attenuation
1l (db)
e

.76
.46
.22
.14
.06
.04

.02
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ldealized Schematic Drawing of Second Stage of Preamplifier shown in Figure 3.1,

with parts designators showing mathematical relationships between component values.

Figure 3.4



1

w - 1
£= b5l 2m RHRO)
R + RIO

6.2 mzl

Since this frequency is well above the region of seismological interest, the
upward breakpoint and the zero in equation (3.12)Amay be. ignored for most
practical purposes.

The CR network driven by the operational amplifier is a simple single-pole

highpass filter, whose response is given by

- _juwr’C

Where R” is the effective resistance from the output labeled VA in Figure 3.4 to
ground. Due to the finite input impedance of the VCO, this resistance will depend
somewhat on the setting ol potentiometer Rd (R15 in Figure3.l). However, to a

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

d

taken as just the sum of Rd and RC. The output of point VA is then given by

equation (3.13) with R’= Rc + R Resistors RC and R, comprise an attenuator

d’ d
for the purpcse of setting the VCO band edges. Since their effect is purely
resistive, they do not contribute to the shape of the preamplifier respcnse; so
they need only be considered when the VCO - discriminator gain is taken into

account (see Section5). The response of the second stage to point VA is then

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

R
1 +jw. 3 2 .
‘I"z(w) =T (w)Tb(w) = (1 + ;2— ) R +K, . JwR“C (3.14)
2 1 1+ JuR,C, 1 + jwR"C

Using the component notation of Figure 1, this equation becomes

(R10) (R9)
1+ 3 gig s ro C . Jw(RI¢ + RIS) C5 (3.15)

1 + jw(R10)(C6) 1 + jw(Rl4 + R1S) C5

R10
R9

T,w) = (145

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) = Tl(w) rn (w) Tz(w)

0. (Ju(R8)(C3)C7) (Jw(RI4+RL5)CS) (14 (R10)(R9) ,,

;B_L._A_..(1+:;) R10 + R9

r (1+3w(R3) (C2)) (145w(R8) (C3) €7) (1+Jw(R10) (C4)) (1+Juw (R1L+R1S)CS)

(:lf/fz) (3 f/fs) (1+jf/£3)

e § -
(i+Jf/f1) (1+jf/f2) (1+jf/f6) (1+jf/f5)

Rb

AN R3 R10 1
vhere G = —(3) A+ ( ) 2 (37,200) 00— (3.16)
R1+Rb R2 R l + gaRb R5+Rb

(R8) (R‘+Rb)

A

————— = gattenuation

BB

[2n(rR3)(€2)1™} = 48.4 nz

o)
[}

(2n(R8) (€3¢ 1™d = [27(R8) (¢t = .096 HZ

(o]
| ]

[2-.:{%0}—%;—) ce)™t = 6.18 Kuz

o)
[ ]

49.8 HZ

g,
.

[27(R10) (C4) ]2

*h
L]

[27(RIG+RI5)CS)™T = 085 HZ

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

setting A = Nominal values of the station attenuator setting Aita are re-

R.‘"l\
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

18



Nominal
Station
Attenuator
Setting

sta

(db)

12
18
24
30
36
42

48

A

TABLE 3.2 ACTUAL J302 GAIN VERSUS

NOMINAL STATION ATTENUATOR SETTING

Actual
Divider
Attenuation
Factor

.—._’-;__.
Ra R
(amplitude
ratio)

-
-
-

1.000
0.4981
0.2u84
0.1238

6.184 x 10
3.086 x 1072
1.540 x 1072
7.683 x 1073
3.842 x 1073

Attenuator
Correction
Factor

1

c

R

-« 1
1+R /R

R K
P RIR

-

R = 66.5K

1.000
0.892
0.917
0.+ 950
0.973
0.985
0.993
0.996
0.998

Actual 31302 Gain G

(amplitude
ratio)

37,292.
16,565,
8,492.
4,386.
2,243,

1,134, -
570.0
285.5
143.0

(db)

91.4
84.4
78.6
72.8
67.0
61.1
55.1
49.1
43.1



4. TELEMETRY AND RECORDING SYSTEHMS

In an ideal seismographic network, analysis of the system response ends
with consideration of the seismic amplifiers and filters, which are designed to
enhance the desired signals. However, in real networks the equipment used to
transmit and preser§e the data for future use has its own effects on the system
response. Some of these effects are inherent in the system design and result
from trade-offs between pefformance factors such as noise, data volume, bandwidth,
and dynamic range. Other effects, like distortioﬁ, cross~talk, and interference,
may be uhplanned, but alter the system ressonse nevertheless.

Figure 4.1 is a block diagram of the telemetry and recording systems. Data
from the seismic preamplifier and filter in the form of low—frequency voltage
variations are converted to frequency modulation of an audio-frequency carrier in
the VCO (voltage-controlled oscillator). The resultant FM (frequency-modulated)
signal is filtered to improve its spectral purity and reduce crosstalk with
neighboring carriers and then multiplexed, i.e. added algebraically with other
carriers in a.sﬁmming amplifier. The resultant bundle of multiplexed FM carriers,
which may contain from one to eight different channels of data, is teleée:ered
to the central recording facility by phone line and/or rad;o link.

Each bundle of tones is recorded directly on a single track of 1" wide
insttumentation;quality magnetic tape. The data are preserved as a bundle of
carriers for future use, and they may be dubbed onto liErary tapes in the same
format. For analysis, the data are reproduced on an instrumentation tape recorder
with both capstan servo control and subtractive tape speed compensation. The
carrier bundle from each track is demultiplexed and each tone is demodulated by
a bank of eight discriminators selected for the appropriate playback speed.

To provide for multiplexing and demultiplexing up to eight data channels,
each VCO-discriminator pair contains three filters. The VCO output filter, a

bandpass filter centercd about the unmodulated carrier frequency of the particular
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channel, has already been mentioned. The discriminator contains a similar filter,
which helps deﬁultiplex 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 (f0 + 125 Hi)bbut to attenuate strongly signals outside that band. For
effective channel separation, the filter must attenuate frequencies at the adjacent
band edges (f0 i (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 raéid
cutoff outside the passbaﬁd.

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 rathér than the ampli:udé of the FM carrier, the
VCO_Output filter has liitle effect on the amplitude response of the system.
Its delay, however, dbes have an effect on the phase response of the system; Un-
fortdnately, the transfer function of the VCO output filter for the J302 has not
been._analyzed in detail, and this is a possible area of fu:ure work. Yet a
vorst-Case estimate of,thé 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)
we «
The corresponding worst-case phase shift, which occurs at the upper (30 Hz)
end of the seismic band, is

Ad = fAt *360° = 8 ms . 30 Hz . 360° = 90° (4.7b)
we we

Such a phase shift can be significant only in studies of the phase properties
of individual seisﬁograms near~the upper end of the seismic band.

Timing errors due to this delay can normally be ignored. The crucial
factor in seismological aﬁalysis 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 Qill remain typically.below 10% of At . and thus
will beAsignificanﬁly 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
chaﬁnel 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 delayg produced in playback at a
higher,speed appear proportionally longer. Theée two effects cancel so that
the delay properties of‘a given type of bandpass filter are independent of the
speed used for playbﬁck. 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.

23



Three types of discrimihatorslare curréntly (1975) in use at the
Earthquake Reseafch.Centerff‘the;Develco modé1.6203, set for a speedup of x U,
the Airpax modeI;FDS{3O,,$et5fO('avspeedup of x 16,vand the home-made model
JBOT;Jdesigned'by-thananiSéha;ck for use in.real time. None of these

; devices have standard input filters amenable to slmple mathematical

description. However Tri-Com model ”02 discriminators designed for use with




" 85,555,
Tg(S) = G-3) ?)c?§ &% )(’é‘?m)

(4.2)
1 :

(1+if/f6) (l+if/f7) (1+i f/fs) (1+if/f9) (1+if/fm)

Tf(f) =

where § = 1w/mc is the scaled complex frequency, thetgi are the scaled
complex positions of poles in the filter response, and w, = Zﬂfc is the
angulér cutoff frequency (the scaling frequency), here 60r rad/sec. The
subseripts 6-10 are used rather than 1-5 to avoid confusion with the
characteristic frequencies already derived for the J302 in Section 3. For tne

Bessel filter ordered, the pole positions are

r~ - - 2

S6 1.5023

87’8 = ~-1.3808 + 1 .7179 (4.3)
The pole positions for the alternate Butterworth filter are

36 = -1

§7,8 = -A + iB (4.4)

59'10 - =D + iC
where A Z sin(mw/10) B = cos(w/10)

C = sin(w/S5) D = cos(m/5)

The corresponding characteristic frequencies used in the second expression of

(4.2) are given by £, _ =S, f.-

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'aSruell as over'a=broadtrange of frequencies including the seismic
band. Note that: tﬁé}.'rnté}e 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 uas chosen for the present application because:

accuracy cf timing, rather<than ease of calibration of spectral amplitudes,
"was thought to be of paramount importance. Unlike the Butterworth filter, the

'Bessel filter has constant group delay throughout its. passband, and'both the

':absolute delay and the unit-to-unit variatlons in delay are smaller for the

,‘Bessel filter/than'for the'Butterworth. The only'advantage~of theAButter-

f‘worth fllter is the f atte amp tude response near the cutoff frequency,

ewhich rende 3 pect al calibration: o: »the system 1ess critical. However»=“ith2




Beside the three filters in the teieﬁetry 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 respohse up to 6000 Hz, and the phase and group delays
aésociated 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 reéponse is simply the effect of the three data filters. In those
cases in whicﬁ small deiﬁys‘;ntroduced by the two carrier filters are
unimportant, the entire system of Figure 4.1 can be represented by phe single

transfer function (4.2). .
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- FIGURE 4.2 AMPLITUDE PESPONSE OF S-POLE BESSEL LOWPASS FILTER -

T ri—ll'r TV Y I-ftI

T

'117 J




FIGURE 4.3

mmd ®»ITT OMO

PHASE RESPOHSE OF S-POLE BESSEL LOWPASS FILTER
2&38 Ty T M S § T Ty LS LR | I':
- -
209 .0 -3
- =
150.0 :—' -
100 0 —
= -
s0.8 B =
= 3
8. =
- =
Py g E— —_".
-108.6 £ =
3 2
-158.8 £ ~
: 3
-206.8 [~ -3
-250.0 =
- =
“3‘3‘3.0- 2 J‘JAL Y 12l N e | 4 jllLL . 1al 2 7

1073 162 19~1 10 © 10 ! 19 2 1a 3

FREQ IN HZ ‘

27



=TT

3S FILTER

SSEL LOWPA

UTOFF OF S-POLE BE

C

MERR

SE

SPOH

L. RE

AP

.A_f T

w r;“ T

4.4

FIGURE
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FIGURE 4.7 PHASE RESPONSE OF S-POLE BUTTERWOPTH LOWPASS FILTER
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~ FIGUPE 4.8 MPL. RESP. NEAR CUTOFF OF S-POLE BUTTERWORTH LOPASS FILTER
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5. OVERALL SYSTEM RESPONSE

Uﬁder thézassumpcions énq'apprcxiﬁations used to derive transfef functions -
.for the individual syscam components above, the response of the entire system
'1s described by the product of the individual transfer functions. These arg:
the seiéﬁometer response given in equatlon (2. 11),.the preamplifier-filter re-
sponsé giQen 1nvequatzon (3 16), and the response of the discriminator output

filter;A Uﬁfortunatery}-cfithe:fpur discriminators in use or planned for use,

6h1& the,Tti-Cdm-modéI/ZOf;hésyan{bﬁtﬁﬁt'fiitér'whoée analytical ‘response function i

the.analytical,response function for the overall

is kncwn at - this wrltlng.w Ihus;:

system ma) befwrltten only for data plaved back through the Trl-Com dlscrlmlnators.

)
!

'
i
i
i




With the proper substitutions, the function Tiot(r) 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 gbove. Pole positions f1, fz, fA’ fs - flo
are give in sections 3 and 4, and the position f3 of the zero in the J302
response is derived in section 3. For convenience, these para-
meters, as well as typical values of g, Goger fosand the seismometer circuit
resistances Rc, S, and T, which depend on the particuiér seismometer and L-pad’
under consideration, are shown in Table 5.1. Normally, Ry is set to 10KQ 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/:izs Hz (with unity speedup factor).
However, sensitivities can drift or be misadju;ted, discriminators with
different output ranges can be used, and output ranges can be altered for
teghnical reasons. Therefore, the "fudge-factor™ B is included as a rem;nder
that the voltage gain of the particular VCO-discriminator pair used in a system
must be taken into account. If + Vyco change at the VCO input produces + 125
Hz deviatiqn from center frequency andi(: 125 Hz) x (speedup factor) produces
+ V at the discriminator output, B is simply given by

= Disc
/

B = Vyisc VVCO_- 2/3.375 = 0.593 (5.2)

It isyinteresting 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'Tsﬂf) are just the zeroces of
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TABLE: 5.1 SYSTEM RESPONSE PARAMETERS.

Characceriétic . ' Expreséion; Figure Value
Frequency: S : o ' B for (H2)

C Reference

S ¢ £ NC=3 i 3.1 48.4

| | ; e o . s,180.
R oot s s
|  .  31 , .85

= +30Hz(1.3808: o wnaz - s

osu

o 42 . 121

28, 73 - fhl 13

-281737¢~14M§13




TABLE 5.1 SYSTEM RESPONSE PARAMETERS (CONT)

(TYPICAL VALUES FOR STATION BGG AS OF 8/14/75)

Parameter
Mass
Natﬁral Fréquency
Coil resistance -
Series pad resistance
Shunt pad resistance
Amplifier input
resistance
Damping factor
Seismometer Generator
Constant
Effective Generator
Constant

System gain

(for Asta = 12db)

SEISMOMETER PARAMETERS

Symbol

eff

tot

38

Typical Value
1.00
1.044
5.35
2.118

6.749

10.0

0.798 (Note 3) .

285.

100. (Note 4)

3.56 x 108(Note 5)

Units
Kilogram
Hz
Kilohm
Kilohm

Kilohm

Kilohm

No units
V/(m/sec)

V/(m/sec)

V-secs/m



" TABLE 5.1 SYSTEM RESPONSE PARAMETERS (CONT) .

Notes:.

. Changes:slightly‘with.attenuator<setting'-- see Table 3.1. .

1

; 2. Calculaﬁe@ fobathe-Begsel.fiitér.using the pole positions 3;, cees 3}0

é “suphliedQﬁy fhé méné{gqtﬁref §ﬁd'shown,in~Equation 4.3. Frequencies for ‘
E ‘ f tﬁea3ut£;§§§;£ﬂAfiléé;'m;y'bﬁcéélculcated using‘the manufacéurer's pole

Aé positiaﬁsvin>?Aﬁation:Q;Q:;ndiihe{%quat;on fk -;E;fc = -(30 Hz) EL,

; : Caléﬁiégéd»f?ém;équaiion§%22 13) and‘(2.18)'using'measured'value of B,-

b Calculated from equation (2.8). = ' B
? ate on squat i = }usiﬁé;ébove'values; G'from Table 3.2 for

i
3
3
1
H

; SN
! . S it ;;ﬂ;‘""
E ¢ £ eix

550




1-%x% + 216X = 0 or X2-1-318%=0 (5.3)

Using the quadratic formula, the roots are found to be

a2
x - 2482 2“8 + 4 = 15+ V 1-8? (5.4)

To insure that the poles in the seismometer response have the same form as the
other poles in equation (5.1), let the seismometer pole frequencies fll and fl’

be defined as follows:

if ' "
NS S 1 - g2

M° 73 = 18+ N
o
o . (5.5)
x, = ¥, = q8- 1 -8’
12
f
o
J 2 - 2
= 2 -1 - E i - £
or fl1 fo(A iv1-8" ) and £15 fo(S +iv1-£87
With these definitions, the singular part of the seismometer respense caa be
written
2 A .
1 T NAS IR (5.6
1- lef 2+ 2u3e/e, 7 188 )+ 18/1,)
o
1

(1 + if/fll)(l + if/flz)

as the product fllflz =

Substitution of (5.6)‘in:o(51) yields an expression for the overall transfer

foz-by equation (5.5).

function as a product of simple zeroces and simple poles:
12

e oo 5 1 -
Teor D = = A, 1E (14 18/5) ; i TETEE (5.7)

k=1
k 3

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

to

extended to include the seismometer poles f 1 and f For convenience, Table

1 12°

5.2 1lists typical valuecs of the absolute frequencies
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TABLE 5.2 CHARACTERISTIC FREQUENCIES OF THE SYSTEM .
Frequency Value- ' Corresponding Pole -
£ o (Hz) . Position Sy = -27 f, (1/sec)
. (no scaling frequency)
£, 1,04 (Note 1) -
_ uaﬁﬁé A— SR -304.1
0.096 (Note 2) ~0.603
£y 6,180.f— o : -38,830. .
£, u9. 8 ?:Q o . 32,9
R O Lo.53
-283.2 ’
-260.2 + 1135.3 . l.l'.' i
f-26012;-c1135¢37A’ 0 1"?¥‘};
absewms
-180.5. - 1277.3 . R

.. z3u .13, 952. S

-5 234 -,13 952'

‘as. of. s, - 5

value forgstation BGG v
‘ e: Table*3 I and'Equatlon 3.T§).

lChanges
‘Correction;ignored‘ ere
‘Calculated: from: equations (5.5




fl - fxz of the poles and the zero. K%ott that all have positive real parts,
and that those for the seismometer and discriminator output filter are complex.
In circuit analysis, it i{s more usual to expres# the pole and zero positions
in terms of the complex variable S, vhere S is defined by
S £ i{uw vE 2nif (see note on p. 4la) . (5.8)
To effect a transformation to the S-plaﬁe,complex S-pole positiors are defined as

follows:

§ = <2nf
a n
so that

£ -(-Zﬂfh) -S

i +11f/£ ® Tt :if - —(-27f ) + 27if = S-g (5.9)
/£ n TE ‘

For a‘single circuit, § is usually scaled by some characteristic frequency fc’
e.g2., the cutoff frequency of the discriminator output filter, so that S is defined
as S = Zﬁif/fc. Here, however, as each part of the system transfer function
h;s its own characteristic frequency, no scaling factor is used.
If the transformations (5.8) and (5.9) to the complex S-plane are =ade,
the overall system response becozes
rtot(s) - Ttot(Zﬂif)

(5.10)

. 2 .
kel
k$3

A
where A;o: s COg
nr

This equation describes the system response at the discriminator ocutput to
ground displacement. The responses to grocund velocity and ground acceleration
are obtained simply by-dividlng‘expression (5.10) by s and,Sz. respectively.

Table 5.2 lists typical values of the 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 S for
the- diseriminator 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 S,+ Accordingly, in the interactive plotting process, the
factor of 2n enters in the relationship between the S, and the f,, and a
"eutoff frequency™ of unity is entered.




éoles in the S-plane, Sl’ SZ’ Sa,ss,ﬁ;zslz, and the simple zero 53. Note that
all have negative real parts, as is required for a st;ble 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 uged for the seismometer generator constant GL. To convert to the
practical system, i.e., units of V/(m/sec), thé value of GL‘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 invés:igated. In the following expressions, the
symbols [A] = Kg should‘be read '"the quantity A has units of kilograms". Exami-

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

[Geff] = [GL] = V/(m/sec)
[G] = no units
. ‘ (5.11)
[fo] a [fz] = [55] = l/sec :
(B] = no units
Hence - [Geff][G][B]‘ >V/(m/sec) Vosec?
[Acor 42 ‘ = - A = o (5.12)
[£,1%1£,11£) (1/sec) '
Now, inspection of ﬁhe gxprgssionrfor Ttot shows that
5 V-sec 1 \'4
[Ttot] .4[Atot1 {f]” = -~ secs = = (5.13)

Thus, the units of the vbltage response to displacement Acot are volts/meter,as

expected.
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Derivation of*uﬁits for eQuation 2.18 proceeds as follows. According to

that equation,

(5.14)
80
[’»WLur/sec),]2 . Vz-se'c3

) 2
~ Kg sec ochm | | Kg-mr -ohm

To. eliminaté< the electrical quantities, the vell-known gxpfessio'n for the power

P dissipated by a vol"tﬁgé v "~app1‘ied' across a resistance R is. used:

hence .2 . °© v2 Y 3 o
"R ]"'7 [P] : H_a;:_ secz‘: sec _ (5.1%

by 20N

-
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| FIGURE 5.1 AMPLITUDE OF SYSTEM RESPONSE TO DISPLACEMENT
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FIGURE 5.3 AMPLITUDE OF SYSTEM RESP. TO ACCELERAION IN U/(MIC/SECX%2)
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.ITABLE 5.3 SUBROUTINE TRFUN USED 'TO .COMPUTE OVERALL SYSTEM RESPONSE

P 30

| 'SUBROUTINE TRFUN(S,T)
COMPLEX S,T,J, P(12) .
5123141592653 $ J=(0.,1.)
ATOT=3,53E02 |
S= sxa XP1
P(1)=(-304.1,0

(-0 603,0

( 38830.,

(~0.534.0

(-283.2,0.) scricd by vontobt repuencyn Fo ta

= (

(

NOTES:

) 1. This computes acceleration res-
) ponse. For displacement response,
) o change exponent in line (*) from 3

0.
.) to 5.
)

-260.2,135.3) - main program, so that S is passed to
-260. 2, 135.3) this subroutine as S=J*F/FC. See page
_180 5 277 3) n 63, line 127.
(- l80a5,‘877.3) ‘
P(11 ( -5.234,3.953)

P(12)=(-5.234,-3,953)

ATOTP=ATOT/32./PIXX5
(*] T=ATOTPXSXX3%X(S-P(3))/P(3)

- DO 10 I={,N
IF(I.EQ. 3)G0 TO 10
T=TXP(I)7(S-P(1))
10 CONTINUE .
RETURN
END
(BOTTOM OF FILE)



Thecretical transfer functlons'(S.l) and (5.10) and the plots derived
from them represent compromiseS‘between ease of calculation and accuracy of
the description. They are apcroximatiohs based on the assumptione of 1) linearity
of the mass-spring system in‘the,seismometer; 2) linearity of the coil-magnet
transducer;.3) constancyvof the seismometer parameters, especially the spring
and' magnet strengths, &) lcw-tolerances fcr'electronic'components.in the l302
preamplifier, 5) ho-loading of;the.attehuatcr and highcass filter in the pre-
amplifier; ahd 6) use‘cf'the Irifcchh402‘diacriminator tc reproduce the data.

The f1rst three assumptlons ‘are natural and indlspensable for the der1vat10n of
simple and useful response functions;and they are generally good approximations.

The fourth may be more or less true dependlng upon the partlcular statlon and

'model numbers of the electronlc units used in it. With component.tolerances

of 57 the accuracy of the calculated response at any frequency is:- probably no

better than ZOZ., WLth components of IZ tolerance, 5 to. lOZ accuracy in- the ﬁ

3 These correctlons depend on the Station



file:///below

6. Interactive’Routines for Plotting Transfer Functions

This section of the repbrt is used to document a computer program for
interactive plo;ting of the amplitude and phase of arbitrary complex-valued
transfer functions on the Tektronix 4010 or 4014 CRT. Plot pitles, range of
the ordinate, frequency range, and resolution are entered by the user, while
the form of the transfer function is determined by Fortran code in a
subroutine. bThe foutines use the computer facilities ﬁf 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 apblicable 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 kKept by Bill Bakun.
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There are four steps required to run the program:

1.

2.

3.

Log onto the~Berke1ey hystem; on the 6600B or 6400C machine.
Execute the SESAME co&mands LIBCOPY, DAUL, JAY, JAY.

DISPOSE, JAY = IN.
Alter the subroutineQTRFUN on the local file JAY to calculate the
desired“transfer'funetioﬁ;
Execute the SESAME eommand CALL JAY. Thereafter, the program will

request the. necessary informatlon for the plots as explained below.

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

.

qulckly from any: user.. Except for step 3, the other steps are self-

explanatoryt Changing the subroutlne TRFUN requires: the following informatlon

about the NETED editing system used at Berkeley.

1.

To begin editlng'theelocal file JAY type NETED JAY (return)

]*The-NETED edltor'uses an imaginary "pointer,” which locates the llne




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 és 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 Gith the string NEW. The delimitor / may be replaced
by any character that does not appear in either string. -

5. Typing . (return) puts the editor into an input mode, in whicb 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, remembering 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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T. Wheniediting is 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 theﬁoommand:that does notvcount as part of the argument.

9. Typing (return) while 1n 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-caloulates

the response (N 2) of a S-pole Bessel lowpass filter with the poles given in

equations (u 3), while the(seoond calculates the response of a S-pole Butter-




" COMPLEX, and the user may wish to define the unit imaginary number J and the

constant PI as shown.

In the main program, the variable S used by TRFUN is defined as S-if/fc.
where f is the absolute frequency inm Hz and fc is a scaling frequency in Hz
entered by the user during the interaction. For plots of non-scaled transfer
functions of S=iw=2mwif, the user may enter fc = 1/2m=.15915494.

Alternatively, the user may add the Fortran statement S=S*2#PI before the
statements calculating his transfer function and enter 1.0 as the cutoff frequency

during the interaction.

The interaction proceeds as follows:

A. ENTER PLOT TITLE. A single line of up to 80 chara;ters, entered by
the user, will appear as the title of the subsequent plot unless changed.

B. ENTER EXPONENTS OF'LOQER AND UPPER FREQS IN HZ. Two integers, separated
by a comma, blank, or letter, are the exponents of the frequency limits for
the next plot. For example, the entry -4, 6 would produce a plot.of T(S=if/fc)
from £=107° Hz to £=10° Hz.

C. ENTER CUTOFF FREQUENCY IN HZ. The user enters the scaling frequency fc
as a fixed point number in Hz.

D. The program calculates the amplitude in decibels and the phase in
degrees of T(S) as GAIN = 20*ALOGLO(CABS(T)) aﬁd PH=180/P1*ATAMN2 (AIMAG(T),
REAL(T)) over the frequency range selected with a resolution of 10 plotted points
per decade of frequency. If the phase does not vary too rapidly between points,
the ptogram‘adds or subtacts multiples of 360° when necessary to make the phase
a continuous function of frequency.

E. WHAT NEXT?

1 = NEW TITLE 2 = NCW FREQS 3 = NEW LIMITS 4 = NEW RESLTN 5 = PLOT GAIN

6 = PLOT PHASE 7 = STOP 8 = NULL 9 = NULL



The: user enters his:choioe. Options 1 and 2 return the user to step A or
to step B folIowedoby 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‘subseqment'plots. The NEW RESLTN option allows the user
to-ENTER NER:NUMBER’OF POIﬁTS PER DECADE to be calculated and plotted, with
the restriction that the total number of points plotted, i.e., (the number of
p01nts per decade) X (the number of decades) +1, must be less than 200.
Normally, the derault resolution of 10 is sufficient for most purposes. The
other options are self—explanatory, 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 frequenc- limitSn and: new: cutoff frequenoy.




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-maiq program: sets the file environment table (FET)
for the teletype, here TAPEl; initializes the plot size on the screen by setting
TVXMIN, ..., TVXMAX; iﬁitalizes program variables and flags; allows interactive
entry of plot variables;sets up and sends the plot to the teletype; requests
a dummy ﬁumeric input by the statement CALL GET(R) to allow for hard copying
of the plot;-and;.téturns§controlito-the Bption subroutine WHTINXT.

Important variablesare as follows.

TVXMIN,,TVXMAX TVYMIN TVYMAX = boundaries of plot as fraction
of screen size.

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

NEND €'§*poneht.§f maximum frequency (in Hz) for plot

FC1=7cut$f£1fré§uén¢y in Hz

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

limzts;are to be*calculated l if limits are entered by user

LFRST = O:for first plot in sequence: (step A above) and =

I‘at stepfﬁ

: anA‘loderilimité of pldt,ﬁexpressed

,;’"Iogﬁof;;h¢;frequency in Hz, response



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 1in 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

FLOG, GNDB, and PH in common block /TRF/ for frequencies from f = lONS’r to

f= IONEND, 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 calc;lated
per decade is supplied in unlabeled common storage. Important variables.are:
NDEC = NEND - NST = number of decades of frequency caléulated
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 L1 and L2 are:
0 in quadrants I and IV, 41 in quadrant II, -1 in quadrént III, and *+2 for phases
of + 180°. By comparing L1 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 PMIN are
the upper and lowér data limits for the aﬁprop;iate 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 greater than'TMAx is found using the subroutine RND (see below). Along °
with the value RHAX, RND returns-a number NT which divides evenly into RMAX.
Depending on. whether THAX 1s derived from the minimum or maximum of the N values
in A, RMAX/NT is repeatedly added to or subtracted from RMAX until all N points
of A fall within the limits + RMAX and + RMAX rd MAJR * RMAX/NT :_RMAX/NT/S.
These limits are«thenlreturned as‘PMAk, PMIN (or vice-versa) and MAJR is the
number of div151ons along/the EXIS, except that MAJR is always made 3 or larger.
If the range of the array A is small g;gL, from 1.3 to 1.4, a warning message
is sent to the: teletype.~ |
SUBROUTINE RND(A ABIG MAJR) A round numbet ABIG close to, but farther
from the origln than;-the input A.and a round integer MAJR less than 10 which
divides evenly 1nto ABIG are. selected by thls routine. The routine takes the

absolute value of A then flnds the characterlstic part D of the number expressed

1n scientifxc notatxon. From a data array RD of round. numbers, the value RD(I)

whlch just exceed this characterlstic is chosen and multiplled by the exponent

‘,to the base 10.of.A The round 1nteger is: chosen from the companion data array MR.




.

the scale is logarthmic with MAJR cicies, and MINR must be either 5 or 9,
corresponding to log cycles 2, 4, 6, 8, 10 and 2, 3, 4, 5, 6, 7, 8, 9, 10,
respectively. The total number of divisions per axis 1is NDIV.

In order to use the same routine for tics in either directioh, prefixes A-
and B- are used to denote the scaled direction and the other direction respectively.
Endpoints of the tics are stored in arrays, with A holding the tic positions along
the scaled (A) axis as pairs of equal values, BL holding pairs of lower and
higher endpoint positions along the other (B) axis for the (A) axis th?ough the
origin, and BU holding pairs of'lower and upper endpoint positions along the
other (B) axis for the (A) axis notlpassing through the origin. Calls to the
system routine fVPLOT draw the tics as segments between successive pairs of
endpoints stored in the arrays.

SUBROUTINE LABNAM(NAXIS, NLET, KNAME) This routine writes titles for the
X-axis (NAXIS = 1) or the Y-axis (NAXIS = 2) consisting of NLET < 20 letters
stored in KNAME. The title is written parallel to the corresponding axis and
roughly centered on the plot border. .KNAME must be a Hollerith array of
dimension at least 2, e.g.

KNAME = 20H THE X-AXIS TITLE IS

SUBROUTINE BOﬁDER. This routine, which has no arguments, draws the rectangular
border of the plot using the data limits for the plot stored in commen block
/IPLOT/.

SUBROUTINEbLABAX (NAXIS, LINLOG, MAJR, ALL, ALH) This routine writes a numeric
scale for the tic marks along the axis passing the origin. The arguments NAXIS,
LINLOG, and MAJR are as in the s&ﬂroutine AXTIC. Minimum and maximum values of the
scale along the A-axis are supplied in ALL and ALH, respectively. If LINLOG = 1,

a linear scale from ALL to ALH is written; 1f LINLOG = 2, ALL and ALH are rounded to

integers of at most two digits, and the scale is plotted in the form nyghtLe

ALH .,

to "10 As in subroutines AXTIC and LABNAM, the prefix A- denotes the axis
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chosen with NAXIS while the prefix B denotes the other axis. For the linear

scale, or the exéenents in a log scale, the rositions of the labels on the

screen are~adju$ted;by changing STA and STB. Positions of the 10's in a log

scaie are set by the constants. .02 in BPOS and AST (after statement 50). The

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

and the‘ENCODE'ftDéCODE statements used in this reutine and in LABNAM are discussed
in the*CbC>Eortren manualt'

SUBROUTINE GtT(R)w Vr;tten by Jim Herriott, this routine allows format-free
entry of up to 10 fixed'peint.numbers or integers. The numbers,which can be
separated by any-tharecteriothervthan-a number or a decimal point, are entered
1n‘a:linejo§:70-characterstqrilessVendiread:in Fortran format 7A10. The routine
separates;the-line into the individﬁel numeric values, adjusts the. values for sign
and. position of the decxmal 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,Abut if any number has more. than. oqe decimal point, a- dlagn ic is

written on the screen and a new entry is required.




NNANRPPEMDIX R: LIST OF SUBZET TRFFLT OF LIBRARY JORAT 8/14/73
ASNN _ .

1.33L10
1. DELETE,LGO, LGOB. LISTY.
2 RUN7E,C,O=LISTY. \
3. LINK.F=LCO.F=T: L3, E.
re LGOB, TREETTY, TAFETTY.
s, CHIT.
6. CELETE,LGOE.
7. LIECOPY, JORAT. TYLGO-FF, THLGO .
e. LINK.F=LG0.F=TLGO,E .
S, LGOB. TRFETTY. THFETTY .
18 FIM. ,
11. ENR
12, PROGRANY CALTPFC TRPETTY=201,FILM=281, TRPELI=TAFETTY)
12 COMOH HEE=, ELAHECS)
T14. COMMOH TUFDOL22T M. 2160, YMIM, YMEaY, TUXMIN, TUXMAX, TUYMIN
» TUYTIRS |
15. CCOEMOH TUTUNE < T TUHES T
1€ COMMOH- JFLOT, =T, ¥FT. LA, YUP
17. CORMaN, TRI-FLOGE SO0, GHOS! 508 ), PHC S88)
15 OIMEHSTON IFETCS
19. DIMEMSION Kb« 3),LINEC72,RC18)
z0. b 7o
21. %C SET FET
z2. ChLL FETCSLTWPEL, IFET.3)
23. IFET. 2)=IFET" 2).0F 053 0010 06NY 0000 BBONB
24 IFET(3=1FET.&).0F. 4009 @OC OO0 6029 88563
25, CALL FET.SLTHFEL, IFET,-8)
25 T
zv. TUYMIN=—2 1@
5. TUYIRA=0 95
25. TUYMIN=6.15
39.  TUYHR=8. 3
o - -EDIT
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@ 6Lt | OK ~ ~EDIT

0. TUYMAY=0. 3
31. NST=-3 8§ HNEND=Z $ FC=t
32. LINFLG=8 & . LFP5T=G S NFES=10
33. GO 70 19
34 1 CALL. LHTMHYTCNY
35 GO TD ¢ 10,.29,39.40.509.€0.70.80.99). N
35. 10 CARLL TUNEXT.
3. WPITEZ1.,11) €& CaALL ENDFECC1)
38. 11 FORMATY SENTEP PLOT Tm_Ez b
39. PERDC L, 12 A IHE
49 . 12 FORIATC T'Hlﬂ v
41 IFCLFRST Er .05 GD TO ’0
42 GO TO 1 '
43. 28 WFRITEC S, 4:1; £ Cell ENDPECCT)
N 4. @ 21 Fopmn t&NTEP E:'POHENT" OF LOWER AND UPPER FREQS IN HZ
45, 7 -~c.-zu_ GETCRY & NST IFI (RCLYY S NENDﬂFIX(R(Z))
4c - . NDEC=HEMOD=-HZT . r NPT—-HDEFYNPE“H :
47 . WRITES$.23» €72 CaLL ENCRECC >
4c. 23 FOFMAT.YENTER CUTCFF FRECLENCY IN. HZX)
43 T L CHEE GETVR Y &0 FCEROLy
S oo CALEGHPHSE MHST.HEHD,FCY
St. . . XMINSILT=FLOGO L)
- L RMEA=FT=FLOG: NPT\
53, LIMFLG—-B'
'S4 . ULFPST=L »
.55 '

NF'ITE' LE)EE cnu. EHOFEC(D ' '
FOPNH CYENTEPR: HEW LOWEF: mo UPPER OROINATES, IN DB OR

.-CET’P ‘trYLO‘R(I) t 2 YUP’R(")
NR ITE( L. £ CAaLL ENDRECC L) ,
-‘ “HEW: HUMEER. OF DIVISIONS. ON ORD‘INRTE*)'

B
8uggan:

.



69, 93L!
ST

COCO QO =N NN NN
WRRRWONARAELNN

40
41

=)

45

33 FORMATCXENTER HEW HUMEER OF DIVISIONS ON ORDINATEX)D

CALL GET(R) $ MAUR=IFIK(R(1)»)

LIMFLG=1

GO TO 1

WPITECL.41) $ CALL EMNDRECCY)D

FORMATC XENTER MEW HUMEER OF POINTS PER DECAROEX)
CALL GETERY % NEES=IFIR(RCL))

GO TQ =&

IFCLIMFLG EQ. 1Y GO TO 45

CALL SETFLT: GHOB,MPT,.MAJR, YUP, YLD

GU TO 4S5

IFCLIMFLG EQ.1) GO TO 45

CAaLL SETPLT(PH.NPT.M&JR, YUP, YLD

GO TO 45

Y =5'UP

YMIN=YL0

CalLl TUMEXNT

CALL ENFOER

NAMINF=S § IFCHODEC LE. 35HYMINR=9

CALL RASTICCL.2,2.HOEC, HAaMINR )

CALL ARUTINC 2.2, 1. MaJR.9)

ChLL LABASCL, 2 HOECLRLT, ¥RT)

ChlLL LHBRSECZ, L. MAJP, YLD, YUP)

KE=13HFFER IMN HZ

CALL LKREHHM 1. 10.KE)D

IFCH.EQ.S5) Ek=10HCRIH IN OB

IFN EN &) ER=1OMOES FHAZE

CaLL LAEHAM 2. 18.KE)D

IFCH.ER . S5) ChrLL TUPLOTCFLOG, GNDE, NPT, 4HLINE)
IFCH . EQ.6> CALL TUPLOTC(FLOG, PHLHFT,4HLINE)D
XT=HMLT-0 . 28CVRT-HLT)Y $ YTsYUP+0. LXCYUP-YLO)DY
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90,120L! : C OK = ~EDIT
Sa. XT=XKLT-0.2%CFRPT-MLT)> & YT=YUP+Q.1%(YUP-YLO)
91. ITUNE: 3=
S2. CALL TULTRC /T;YT LINE,?7©) ‘
93. LIMFLG=a - '
oS4 . CALL TUSEND
35. . CALL GET(R):
9. 0 GO TO L '
o7 78 STOP
Sz . 8a STCP . BT :
93. e SToFP .- . '_"': S '
163 END- = - ‘ '
101. SUBROITIHE: NHTN AP
162, . DIMEMZION: KOS PO 18D
ul‘;" S . UHTH CEC I;.-.I l:':.‘ v 1OHHEW TITLE ,.18HNEW FREQOS , 18HNEW L
1 - . ) .
194. S tIGHHEN FEcLTN- IGHF’LUT GRIN » léHF’LOT PHASE,18H STOP. , .
195 - *d*-tHHl ILL, A )
19s. ol UWRITECE. S '
187 : ,-CF{LL EHDF‘E' s -
165. o
rig. J-l )+7 S J3-3XJ
iy i < J 2, J3.KCI3 )
 § AN
112
114
1135
116
117
112 :
115
126 :




29, 15aL!
120.
121.

s bt
GCITOTY
QWY

134,
" 135
136.
127.
128.
125,
143,
141
142.
143
144
145.
146.
147.
143.
149,
1359.
OK - ~gDIT

COMPLE> J.S.T

NDEC=NEND-MST ¢ HNPT=NDECXHRES+]
P1=3.141532£53

L2=9 $ HNUWURKRF=O

J=(a.,1.>

DO 19 I=1 SMPT

FLOGC T »=FLORTCNST M+FLOATCI-1 ) FLOART(NPES)
F=19 $XFLOGCIY $ S=JW/FC

CALL TRFUN.LS.T)

GH=CRES T)

GMHOB: I »=26 talLOGLO CGN)D
P=rTHHZCAIMRGC T >, REALCT D))

Li=L2

Le=INT 2 $P-PI)>

IFCLL ED.QX GO TO 29

IFCL2 EC. O GO TD 29

L3=ISIGH L. LL»=ISIGHCL,L2)

IFCL3I ED 8,60 TO 20

HUF APt WPRP~-TISTGH. L. L2

PH. I )=FPY L0 . ~PI+FLOAT MUPRPXZED )
COMTINUE

RETUFN

EMD :

SUEFOUTINE SETPLTC R, N. MAJR . PMRX. PMIND
DIMEMITIM Fe 1)

CALL MM (. N BMAS EMIMND
CMRS=HESCEMA.) $  CMIN=RBSCEMIND
THRH=AMR 1 CHMAY, CHMIN )

CAalL PHDC THAL, RMAR, NT D

NCHE=Z23HT ¢ MAaJR=0 § TSTEP=PMAX/NT
IFCTMAY, HE .CMAX G0 TO 19
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138,188 ¢
150.
151.
152
133.

154
155.
156
157.
138.
139,

15

150

i1 ' »
162. 28
1863 ' '
1€4:

165.

18

IFCTMAN . NE.CMAXYGD TO 18
DO 1S I=1,NCHK
MAJR=M& IR +1.

: lF(_(R!‘!FiX-f'b%JR*TSTEP).GT.(BHIN-T-STEPIS. > G0 TO 15

PrAX=FMAN,

$  PMIN=RMAX~-MAJRXTSTEP
GO 7O ' '

=
CONTIHUE
DO -z9 I1I=1, NCHi

MAJR=MAUR+1

IFCC-RMAK+MAJRKTSTEP ) LT, (EMAX+TSTEP-S. ))G0 T0 20

' PH IN’-F‘HQ

S PMR?’ ~RMA> *NF!JRXTSTEP
GO TO- 26
COHT TN IE

IFCMAJR EQ L MIPITE: 1, SB,BNIN'BNQX _

IFCMAYR ED.

“ t,‘

"NHJP-4 R : 0t

IFCHMAIR: B 2 oM IR=S -

FORMATC $1H: LRFHTHNG, - OFDINQTE RQNGE IS smal L, FROH :
 ELS. S, EH: ‘TO ;EIS 5abH QiLY : _ '

'«squePquxns PND(H,QBIG)MHJR)'
" DIMENZION. RDG9 3, MRC 9.
(DATACROCT ),

I=1.9>1.,1.5,2.,3.,4.,5.,6.,8. 1107
J=1, 9)(4,6,4 6,4,5,6,4,5

‘nL-nLor1aéué SCRY Y

-CHHP*HL-QINT‘HL)
T.82: (

,IF( FLL.




8).210!

126 IFCO. LT FOCKY)Y GO TO 18

181 IF(D.GE FDcK+1>) GO TO 19
122 MAJR=MRF+1 )

183. REIG=RO L +1 J(R/0

133 GO T0 1S

125, 19 COMT INUE

186. 15 COHT INUE

137. RETURHM

133 EHO

123. SUEROUTIHE MA-MIMNCA, N, BML, BMIND
194, "BIMENSION m 208)

191 EMmnzEM = 1 >

192. DO 19 I=1.M

193. IFCART . GT . EMAM )Y BMAK=RC 1)
194 . IFCR.T D LT EMINY BMIN=ACI D
195. 18 COHTIHUE

136 . RETURM

197, END :
132, SUERCGUTIHE A-TICCHSEIS, HEOTH, LINLOG ., MAJR, MINR )
139, COMMOM- TUTUNE- TTUNEL 20 )

200 . COMMOM - JFLOT < =LT . P T YLO. YUP
91 DIMENSION A 273),EBLC 209 ), BUL 206)
02 . ITUHED 15 »=34HDHTN

233, ATIC=0 @28 VUF-YLD)D

2ng : BTIC=0 DZ% Y ET=-NLT»

205. IFC MNP EDQ.8 > MOIVU=MAJR

265 . IFCHINRP HE @) MDIU=MINFYMAJR
i Pl IFCHAMIS . ED .20 G TO 10

ps= BLMH="LO+D 4YATIC

el ) EHIMtI=YUP-2 44QTIC

210. BLMJ=YLIO+ATIC
CK - ~EDIT ‘

65






40,272
240
241.
242.
243.
244 .
24S.

»

246 .
247 .
243 .
249.
23a. .
2351
2%2.

Rl —~4
253,

254 .
233,
256
257.
238.
99 .
268
ZEL .
262,
2632
264 .
2E5.
2€65.
2E7 .
263
2€3.
2v.

0K - ~EDIT
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45

B J+1 H=EHM)

IFCMINR .EQ.B> GO TO 30

00 40 11=1.MK

J=J+2

IFCLINLIOG EO. 1) ACH=AMMK+ANMTHRXI]

IFCLINLOG EQ.2) AR(JDI=AMNIK+AMIRXRLOGIOC FLOATC I IXLOGSET

Al J+1 r=ac J)

BLCJY=BLO

BLC J+1 =B

BUC Jr=EH]

Bl J+1 )=BHMM

CONTINUE

CONTINUE

J=J+1

IFCHESTH EQ.3> GO TO 4S5

IF (HRAIS ER. 1) CALL TUPLOTCA,BL, J, THSSEENT)
IFCHAAIS EQ.2) CALL TUPLOTCEL, R, J, 7THSEGIENT)
IFCHBOTH . EQ 10 030 TO 9

CONTIHUE

IFCHRSIS ER. L) CHLL TUPLOT(&,BU, J, PTHEERTENT)
IFCMARTS EQ Z0hLl TUPLOTCBIL. A, J, PHECGHENT)
CONTINUE

RETLRN

EHD

SUEFRDUTIHE LABMHAMCMENIS, NLET . KMNAMED

COMMOMH.- JPLOT - LT . R T, YLD, YUP

COMMUNA TUTUNE-TTUNMECID)

DIMENSION KLHEC 18D

I TUHEC 2 »=HRKTS-1 -

IF(CHAMIS . ER.1 > GO TO 19 -

€T2=0.15
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a.32gL!
270. ST2=0 15
r-&io 3 XX—#LT-STZY'ﬁPT-YLT)
ve. YY=YLO+ 2UVS¥ YUP-YLO)D
273. - GO TO 48
274 . 10 STi=a (2
eSS, YY=YLO-ST14 YVUP-YLOD)
275, HK¥=NLT+3 SPSLCGRT-SLT)Y
2??@ ' 39 ENCODE: HLET, 26, KLAB ) FHAME
27S. 20. FORMRT @&l s
2”: CALL TULTRC MM YY,. ELARB, MLET
259 RETURN. .
231 . EMD .
282 . SLBPOUTIME BOFLER
83 . oM JPLﬂTﬁHLT}ﬂPT,?LO,YUP
<ot o o DIMENSTION: B Sy (S:
285 v . ) -. 'lnl ’.-""-LT B S e . ’ !
C2B6. Lt weadAT - - | A
2T L uUMCSI=ALY L | : '
- Z28. o RE2I=HRT L
289, . WI=FET .
N T A48 5. WL

231 S ENe2)=IO

292 Tived=op

233 LYCRYOP
234 WS I=YLD
2as] CALL TUPLOTC KYsS) 4HLINE)
Zus.

- PETUF’N
v E "

B SUEPOUTINE LABAVCNARIS. LINLOG, MAJR, ALL, ALH) g
239 . COMMDITUTLHE- TTUNEX 38 |

302 - COMMOH JPLOT LT, $RT,YLO. YUP
or - aemr L

&}
~




38,3300

393 . COMMOM -~ JPLOT Z¥LT, ¥RT, YLO, YUP
391 . DIMENSION LKELY29)
28z ITUNE L 2,=@ & MLRAE=MAJR+1
323. IF(NHNIS.ED.z\ GO TO 2o
334 ALO=HLT € AHI=YRT
305. BLO=YLO § EHI=YLP
366 . STR=0.82 ¢ STE=D .68
7. GO TO 41
33S. 30 ALO=YLO
393, AHI=YLF
319. ELO=/LT § BHI=XRT
311. STR=0.8z ¢ 57E=0.12
312, 40 EFOS=ELO-STE¢ EHI-ELO)
312. AMJR=L RHI =00 T ds 8§ ALMJ=CALH-ALL )/MAJR
314. AST=mLO=CTht . HHI=HLD )
315. - 00 359 Ji'=1.MLRE
316. - AFOS=AST+AMJIRRCJK-1)
317. AUAL SHLL+ALMISC JK=1 3 :
=18, ~ ENCUDEC 6. 42 LRBLC X 2 3AURL
313. IFCLINLOG E2 25 ENCODEC 3, 43, LRELC JK ) DUAL
329 . 42 FORMNTIFE . 10
321. 42 FORMATCFZ @)
322. , MH=C & IFCLINLGG EQ.23 NN=3
323. IFCHAAIS ED 1) CALL TULTRCAPOS,EBPOS, LARSLCIK I, NND
324. IFCHNATS EQ.2) CALL T”LTP(BHUD:HPOQ»LRuu JKI.NND
325, Se CONTIMNUE
 326. IFCLINLOG . EQ.1)> GO TO &0
227 BFOS=BFO3-G. O2¢CEHI-BLO)
322. RET=AST-0 . B2 CAHI-ALO)
323. LL=2H10
326, ENCIOEC 2,44, FLLOLL
OK - ~EDIT
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ENCODEC 2,44 . KLLOLL
44 FORMATCR2) :
DO 59 JFKE=1,M_A8
" APOS=AST+AM IR JKK-1)
IFCHRMXIS EQ. 1) CALL. TUWLTRC APOS, BPOS
IFCNARIS EQ.2) CARLL TULTRCBPUS, AFOS
55 COMTIHUE
€n COMTIMUE -
E’E‘BUPN
$GET “UFFDL!TINE -— GET A SEQUENCE OF NUH" — FREE FORPMAT
SUEROUTINE GETCR)DY
gNTE!’FE:lef'- 763,0,S,NK 10).FHT(6) BEG,LINE(?),0I
all gy
99 RERD: 1 1ILINE $ DECODEC cO 2, LINE)OIG
- N=S=NS=NF=01=0 § J=1
Do 18 I=1.,78 . '
... 0=0IGc l) IF‘S EOQ. 6 AR.D.EG.45)>GOTO 10
INDE’ N‘-"I IF(o EQ ©. 9 D GE 2? n O.LE. 38)601’0 18
IF.D. EO 4r f-‘o NP Ef' 1) Gﬂ TO ag: S IF(O EQ. 4?)NP=1
IF(CI EQ.47» GO TO 16 f IFf° EG-8) GO TO <8
IFCDIGE . 27 .@ .0 LE.3€ »GOTO 18
e e __-Nf”_s NU(N/-I-OI S OI I $ NS=O §& NP=0O

KLL,2)
KLL,2)

- W

1e < o -
o EEG"Nﬂ e EHFODEl .,FNT)(ND(I3 I N) (J:I=BEG'11)
DECOOE". 76, FMT., LINE WRCL), I=L, N) 5 RETURN
98 WRITEL L, 4)1“0 5 GOTO 99
- ¥ FORMATL.PARIO Y
2 FORMATC?ORE o
' 3 FORMHT"* F*" IOfI" * %*),Il #)*)
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396L!

EDIT

19

oW

FOPMHTORCFE. 10012, 8. 4F%), 11, %)%)

EOE!‘IRT( YERROR O CHRP* 13,% -- RE-ENTER LIhEX)
M

SUEBRDUTINE TRFUNCS,T)

COMPLE.": SITIJ)F'( 10)

31;3.141592653 $ J=(8.,1.)

P(1)=(=~1. 3,8 )
P(2)=(-1.
P(3 =i -1.
PCYo=(—- 2

-ﬂ

L

—

0

s IRTATL
R TG
0'.-J-C-'JI~J
] .n\ ~
P—

“
b‘l'l'-‘
EN T
e =)
PO
“wf >’

00 10 I=1.M

CT=THPL L 53=FCI )0

RETURH
END

'CHBF‘O\JTIHE TR FUN(S T>

CO”FLE\ pil =, T A Ft 145

PI=2. 141532253 ¢ J=(0.,1.)

=22

N=3 ’ 290, 480L ¢

A=SIMNCPIA1B. D 330. PC(S)=—A-
B=COS PI- 113 0 331. T=(1.,
C=SINPI-S ) 392 DO 1
OU=CO5.PL-S. 23 19 T=T*P(
FCL )=-R+JiE 394. RETURN
P2 r==D+.0%C 395. END
PC2=-1. OK = ~EDIT

(4 r=-0-U¥C

FCS =—A-J4E
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174

HOTES TO APPENDIX A

l. As shown here, the main program and the subroutine GNPHSE.
plot either gain or phase on a linear scale along the Y-axis, The
ordinate labels appear as absolute anbers, not as exponentials,
€.g9., as =100 to 100, not - -102 to 10 The resultant plots look like
Figures 4.2 through 4.9.

2. Certain changes must be made to produce plots like those
in Figures 5.1 and 5.3, with logarithmic ordinates and appropriate
nuneric labels, For such plots, change the following lines
gf the main program and of subroutine GIPHSE as shown below:

S0 CALL AXTIC(2,2,2,MAJR,S)

32  CALL. LABAX(2,2,MAJR, YLD, YUP)
35 : IF(N;EQmS}aKK=10HfV/MICRQN {or othef appropriate labell
130 GiDB (I) =ALOGLF(GH) | |

TheuoriginalefofmeVontneeeflines.appear on pages:SIfand 63.

3. Hbteatﬁatfjfmzbﬁdbesfnet:outpht.lineahumbersi The lines
above: can be found, however, using JETZD's locate (L) command.
For example, the flrst line above could be found using the: command -

L CAL AXTIC(ZA(return)

and. thereafter tne"other llnes could be found uSLng the commands

i )



