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OBJECTIVE

This research was a preliminary study to develop a
microcomﬁutér instrument to noninvasively monitor the depth
of anesthesia. It was planned that a number of methods of
determining the depth of anesthesia would be incorporated
into the microcomputer instrument. One method, the onset
latency of a visual evoked response potential, has been
demonstrated by individual researchers to be a credible
indice of anesthesia depth (Uhl et al., 1980). Since, a
microcomputer operates only on digital data, the visual
evoked response potential must be processed by an analog-to-
digifal converter. Before the analog-to-digital conversion
takes place, it is necessary the visual evoked response
potential enter a low-pass filter to prevent aliasing
effects that can occur during the analog-to-digital
conversion QrGCess (Oppenheim and Schafer, 1975).

Therefore, the main focus of this research was to study
the feasibility of using the Intel Corporation 2920 signal
processing integrated circuit to filter digitally visuél
evoked response potentials. The 2920 processor combines an
anélog—to~digital converter, an arithmetic processcr, and a
digital-to-analog converter on a single integrated circuit.
An additional purpose of this research was to evaluate the
2920 software support package needed in developing visual

evoked filter programs for use on the 2920 signal processor.



This study will not try to correlate the onset latency
of an evoked response potential with depth of anesthesia.
The correlation process will be done on the soon to be

developed microcomputer instrument.



LITERATURE REVIEW
Visual Evoked Response

Elegtrical'recordings from the exposed surface of the
brain or from the scalp reveal a continuous oscillating
activity. A record of the electrical potentials is called
an electroencephalogram (EEG). The EEG has been found
useful in areas of clinical diagnosis of brain pathology anhd
as a measure of the level of consciousness, but is
inadequate in understanding brain function in vision {Perry
and Childers, 1969). The visual evoked response (VER) is a
waveform immersed in the EEG which is generated by an
externalﬁphotic stimulation. Due to random noise and the .
very small magnitude of the EEG (5 to 10 microvolts), a
repetitive stimulus and the technigue of signal averaging
must be used to separate the VER from the EEG (Perry and
Childers, 1969).

The EEG is a complex representation of all electrical
activity that goes on in the brain, and therefore lacks
specificity. It has been found that the VER might be a
better index of anesthetic effect than the EEG (Uhl et al.,
1980). ©Uhl et al. (1980) research data indicated that the
recorded visual evoked responses during surgical anesthesia
with halothane are qualitatively very similar to those

recorded in the awake condition, although they found the



latency of the VER progressively increased with increasing _
alveolar anesthetic concentration. They then concluded that
latency measurements of the VER could be used as a possible

tool in monitoring anesthesia depth.

As pointed out by Ackmann et al. (1979), disturbances
of intracranial blood flow are associated with amplitude
reductions of the evoked potential, and volume-occupying
lesions are associated with waveform changes. They claim
that clinically, the most important features of evoked
potentials are general waveshape, latency, and amplitude of
the various peaks-and‘troughs. However, the main objective
of their study was to determine a suitable upper frequency
cutoff 6f their digital filter. They concluded that the
frequency content of the records analyzed were largely
contained in a band from from O to 200 Hz. They also felt
that zero phase shift is necessary to prevent waveform
distortion, namely latency and morphology of the evoked
potential. Based on a frequency analysis using the Fast
Fourier Transform, a ten-pole, low-pass, Butterworth filtef
was chosen.

Desmedt et al. (1974) claim that a system bandpass of 0O
to 3 KHz is a requirement when studying the morphology and
onset latency of the evoked potential. They claim that
other researchers prefer a smooth waveform in which the

higher frequency components have been drastically filtered



out. Therefore, the interpretation of their results is
based on incorrect data. Bennett et al. (1971) used a
system bandpass of 3 Hz to 1 kHz in defining a set of
statistical models that would provide information concerning
the range of the normal visual evoked response parameters.
A review of a number of similar articles revéaled that
tliere is no agreed upon system bandpass range to filter
evoked=poteﬁtials correctly. However, there is a ¢general
concensus that the major frequencies of inferest lie in the
1l to 50. Hz range. Baséd on this, the system bandpass in
this research was chosen to be 1 to 100 Hz. The high
frequency components of a visual evoked potential are not

important in determining onset latency changes.
Microprocessor-Based Digital Filter

Conventional analog filter circuits use components such
as operational amplifiers; transistors, precision resistors,
capacitors, and diodes. The value of these components is
specified within tolerances. ;Therefore, replacing defective
parts may change the original specification of the circuit.
Also, in a production environment, no two circuits will be
exactly the same. Troubleshooting an analog filter circuit
can be a time consuming task, since there is more than one
component making up the analog circuit.

Large Scale Integration (LSI) techniques have produced



a special computer on a single integrated circuit called the
microprocessor. Digital filtering is a computational
process in which a seguence of input numbers are converted
into a sequence of output numbers by way of addition,
multiplication by constants, and delays. A microprocessor
can be programmed to perform this type of processing.

Agarwal and Priemer (1979) used the Intel 8080A
microprocessor to implement their digital filter algorithm.
The signal processing system consisted of three printed
circuit boards. One board was a complete microcomputer
which contained the B8080A processor, memory, and the
necessary interface circuitry. The other two boards
contained the data acquisition system and a hardware
multiplier.

Although the 8080A has the necessary instructions to
perform the required multiplications, the researchers
decided to implement the multiplication process with a
single integrated circuit multiplier in order to speed up
rrocessing. The effective on-line data processing rate was
2 kHz per s-order section (s is complex parameter). For a
two=pole network, the sampling rate is 1 kHz, and for a
four—polg network, the sampling rate is 500 Hz.

Walstrom (1979) also used the Intel 8080A
microprocessor to implement his fourth-order bandpass

digital filter. The digital signal processing system was
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designed to sample an eléctrocardiograph signal. The
hardware consisted of a microprocéssor with the necessary
interface circuity, the data acquisition components, and a
hardware multiplier. A sampling rate of 360 Hz was used.
The author concluded that the 8080A digital bandpass filter
system was a workable system, but lacked many refinements
which would enhance the overall operation. An improvement
suggested bf the author was to implement the filter on the
new generation of 16-bit microprocessors such as the Intel
8086, the Zilog Z-8000, or the Motorola 68000. These
microprocéssors offer greater program efficiency, faster
instruction cycle time, and true 1l6-bit operations wversus
the pseudo 16-bit operations performed by the Intel 8080A
and the Motorola 6809.

Typical microprocessors in use today are the Motorola
6300/6809'or the Intel 8080/8085. These microprocessors, as
well as most digital microprocessors, are designed for
general data processing and not for high-speed cohplex
signal analysis. A microprocessor-based digital signal
processing system can operate as a signal procéssor at
fregquencies to only a few hundred hertz.

In éontrast, most general signal processing frequencies
are in the kiloliertz range. Signals such as speech,
electrocardiogram, electroretinogram, and

electroencephalogram are complex in nature, and in some




cases, multiple signals must be processed in parallel.
Therefofe, due to the high sampling rates and the complexity
of the signal, a general purpose microprocessor is not well
suited for signal processing applications. A totally
different microprocessor architecture is required to

implement signal processing aléorithms.



BACKGROUND
Digital Filters

A digital filter implemented in software processes a
sequence of input numbers to produce a predefined sequence
of output numbers. The central element in the concept of
the digital filter is the linear difference equation as

defined by Oppenheim and Schafer (1975).

y(n) + biy(n-1) + bay(n-2) +...+ byy(n-k) =
apx{n) + a;x{(n-1) + ax(n-2) +...+ akx(n-k)

where,

. )
x(n) = input sequence samples
y(n) = output sequence samples
ap and bk = filter weights

k = order of the difference equation

One way of deriving the linear différence equation is
to start with classical analog-filter theory. Once a set of
frequency characteristics has been defined, the classical
theory is used to derive the analog transfer function.
Corresponding to this transfer function is a differential
equation. From the definition of the derivative, as the
independent variable (sampling period in this case)
approaches zero, the differential equation can be
approximated by taking the difference between adjacent

samples and dividing the difference by the independent
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variable. Therefore, as the sampling interval approaches
zero, the approximation improves. This procedure of
deriving a linear difference equation from a differential
equation is simple. However, an alternative procedure
proves to be more advantageous. This procedure is called
the z-transform.

The first step in developing the z-transform is to note
that signal sampleé of zero duration do not exist in any
physical system. Any sampling operation implemented in
hardware is necessarily associated with a holding operation
producing discrete samples of nonzero duration.
Consequently, a sample-and-~hold operation will transform a
continuous time signal into a stair-step output signal. As
the sampling freguency increases, the stair-step will
approach zero; hence, the sampled waveform will look more
like a continuous signal in time.

The most widely used sample-and-hold circuit has the
form shown in Figure 1(a). When the input signal is
continuous in time, the circuit produces a stair-step output
waveform as shown in Figure 1l(b).

A great deal of valuable information about the sampling
process and the stair-step output waveform can be obtained
from the Laplace transform of the stair-step signal. This

transform is

V, (s)= 2 Vo (t)exp(-st) dt.
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FIGURE 1. Sample-and-hold circuit. (a) Circuit. (b)
Waveform.
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where,
Vo(s) = sampled Laplace signal

vy (t) = sampled signal in time

By taking the Laplace transform of the stair-step
signal, and from the definition of the integral, the
integrai can be expressed as the sum of infinitely many
integrals, each spanning the time interval of one step in
the waveform (Oppenheim and Schafer, 1975). The evaluation
of these integrals yields:

1 - exp(-sT) ©
Vi(s)= wommmmm—mmne— )

=]

n=0 vy (nT)exp(-nsT).

Implicit in this equation is the fact that during each step
in the waveform, vy(t) is constant and equal to the value of
vy (t) at the beginning of the step.

The factor preceding the summation is the result of the
nonzero duration of the sample-and-hold operation.
Oppenheim and Schafer (1975) has shown that this factor is
the (sin x)/x function that amplitude modulates the
magnitude of the filter function. The (sin x)/x often

appears in the literature as

sin(r*w/w, )

where
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)
Il

radian frequency

Wy = radian sampling frequency

The sampling theorem indicates that the sampling rate
must be greater than twice the highest frequency component
of the input signal. If this condition is satisfied, the
samples will contain all the significant information of the
original signal. Therefore, if the sampling frequency is
much greétér than the highest frequency component, the (sin
X)/x function will approach one, and consequently, amplitude
distortion will be negligible.

The summation contains the values of all the samples of
the input signal v;(t), and it alsc conﬁains the instant of
time t=nT at which each sample occurs. Thus, it contains
complete information about the sequence of samples v, (nT).
It is, therefore, common practice to associate the summation
with the process of sampling the input signal.

By defining a new symbol
= exp(sT),

the z-transform of the sequence of sample values becomes

Vi(z)= I, -8
1(z)= I _45 vi(nT)z .

Referring to Figure 1(b), the stair-step signal is

simply the unit step function, u(t-aT), multiplied by the
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input signal. Therefore, the z ™0 symbol reprgsents a time
delay, where n is the nth delay.

The important point is, given an arbitrary sequence of
uniformly spaced sample values, the z-transform of the
sequence can be written by inspection. Then, the Laplace
transform of the associated stair-step wave can be written,
and from the Laplace transform the frequency spectrum of the
waveform can be calculated.

The z~transform, as developed, is a special form of the
Laplace transform with a new variable, z= exp(sT). Also, it
has been shown that the (sin x)/x weighting function is
introduced when nonzero duration sampling occurs.

It will now be shown how an analog transfer function in
the s-domain is transformed into a transfer function in the
z-domain, and finally, how the linear difference equation is
derived from the z-~transfer function.

The appropriate transform for a difference equation is
the z-transform, which performs the same role with
difference equations as the Laplace transform carries out
for differential eguations. The use of the z-transform
permits the specification of a digital filter from the s-
transfer function directly in terms of delays,
multiplications, and additions which is the correct form for
hardware or software implementation.

From the linear difference equation, two types of
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filters may be realized. The Finite Impulse Response (FIR),
or non-recursive filter, represents the summation of a
limited number of input terms and thus has a finite memory.
It has excellent phase characteristics but requires a large
number of terms to obtain a relatively sharp attenuation
characteristic. The Infinite Impulse Response (IIR) filter
represents the summation of both input and ocutput terms so
that it can-be considered as having an infinite memory. The
ITIR filter requires relatively few terms for similar
attenuation characteristics, but possesses relatively poor
phase response. Since phase response is not important and
memory storage is limited in this application, the IIR
filter will be developed.

The difference equation for an IIR filter is
y(n)= Zk=1 aky(nmk) + 2k=0 bkx(n—k).

Taking the z-transform of the difference equation yields:

N -k
Ek=0 bkz
H(z)= —--———-mmrvme e .
_ N Tk
1l - zk=1 a2
Stanley (1975) suggests that since the design of an IIR
filter is stable and causal, it is convenient to assume the

coefficient ag= 1. The coefficients in the above equation

are the same coefficients in the difference equation. So,
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by inspection of H(z), the difference equation for y(n) can
be directly derived, hence, the digital filter is ready to
be programmed into the computer. The question now becomes,
how does one derive the z-transfer function H(z) from the
given analog s-transfer function H(s)?

The bilinear transform is a method of transforming a
function in the s-domain to a function in the z-domain. The

standard form given by Stanley (1975) is

T(z+1)
where

T = sampling period in seconds.

However, the bilinear transformation causes shifting of
frequencies between the analog and digital transfer

functions. A correction factor suggested by Stanley (1975)

is
(z-1)
S= —————
(z+1)
and
w,= tan(w,T/2)
where
W, = analog frequency in radians/sec
Wz = digital frequency in radians/sec
T = sampling period in seconds
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2920 Signal Processor

With the great advances in Very Large Scale Integrated
circuit technology (VLSI), it is now possible to integrate
all the necessary real-time analog processing functions onto
a single integrated circuit (2920 integrated package size is
approximately 3.5 cm by 1.5 cm). VLSI advantages include
small size, high reliability, relatively low cost, and low-
power consumption. Basically, signal processing includes
the generation, filtering, detection, and modulation of
signals. Algorithms for signal processing repeatedly use
multiplications and additions.

The Intel Corporation 2920 signal processor has been
‘designeafspecifically to replace analog systems in real-time
applications. An overview of a sampled-data system that
uses the 2920 signal processor is shown in Figure 2. First,
the analog input signal encounters an anti-aliasing filter
and is sampled by a sample-and-hold circuit. Next, the just
acquired analog sample is then converted to a digital signal
and sent to the digital processor, where a signal analysis
algorithm is performed. The result from the algorithm moves
to a digital-to-analog converter, where it is converted back
to an analog signal. The signal sample then moves to
another sample-and-hold circuit and finally the sample is
sent to a reconstruction filter. It is here the sample is

smoothed to recover a continuous analog output signal.
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FIGURE 2. 2920 signal processor in a sampled data system
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Figure 3 showé a block diagram of the integrated
circuit.. Referring to Figure 3, the 2920 signal processor
is divided into three major sections:

l. a program storage area implemented with
Electrically Programmable Read Only Memory
(EPROM), ‘

2. the arithmetic and logic unit (ALU) with data
memory, and

3. the analog input/output (I/0) section.

A preogram within the EPROM controls all the functions
of the 2920 proceésor. The size of the EPROM is 192 words
of 24 bits each. Each word corresponds to one 2920
instruction. The 24 bits are split into the format as shown
in Table 1. Each "field" within the format controls a
specific aspect of the 2920 integrated circuit (Intel
Corporation, 198la). _

The analog section pérforms analog-to-digital (A/D) and
digital-to~analog (D/A) conversions. Included in the analog
section are the following:

1. an input multiplexer (4 inputs: SIGINO...SIGIN3),

2. an input sample-and-hold circuit,

3. a digital-to-analog converter (D/A),

4, a comparator, and

5. an output multiplexer with 8 output sample-and-

hold circuits (SIGOUTO...SIGOUT7).



20

~PROGRAM STORAGE
(EPROM)

192 x 24

<[‘:

A/D

SIGI.'NO_-_—
SIGINZ—1 ¢
i —
T—_ ]
- CLOCK
= | &
PROGRAM
CCLK- e—_ COUNTER

| AR Efl> |, S160UTO

_:> %c'RAM - A ALU SIGOUTI

B__B -JZZIZI{> b DMUX |3 STGOUT2

? ng' > steouts

S STE0UTS

L sI6oUTS

D/A N |—S> steouTs

B L STGOUT
VREF #5v -5y GND

EIGURE 3. 2920 signal processor block diagram
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TABLE 1. 2920 instruction format

ALU B A Shift Analog
- Instruction - Address | Address Code Instruction
{3 bits) (6 bits)| (6 bits)| (& bits) [{5 bits)

A special register called the DAR (digital/analog
register) acts as an interface between the digital and
analog sections. It is 9 bits wide (one sign bit and eight
amplitude bits), occupying the nine most significant
positions of a word whose other bits are set to ones (Intel
Corpeoration, 1981a). The DAR output is also tied directly
to the D/A inputs. The DAR is used as a successive
appreoxXximation register for analog-to-digital c<¢onversion,
under control of the analog function instruction fiéld.

In some applications, the output signal need only be a
logic level of one or zero. SIGOUT pins can be selected to
be either analog output or digital output (Intel
Corporation, 198la). The analog mode allows the full 9-bit
D/A output to bé present. The digital mode requires a LIM
instruction to yield a zero or one decision (Intel
Corporation, 1979).

The arithmetic section includes a 40-word by 25-bit
random access memory (RAM), a scaler, and an arithmetic and

logic unit (ALU). Data within this subsystem are processed
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using 25-bit two's complement arithmetic. The normal range

of any variable "x" is considered to be
-1< x <1

and the smallest resolvable change "y", in any variable is

given by (Intel Corporation, 1981la),
y= 272%= 5 _96x10"-8.

A positive voltage reference supply (VREF) of one volt
is provided to the D/A converter to establish its voltage
range. If digital output is required, VREF > 1.5 wvolts is
necessary (Intel Corporation, 19Bla).

The EPROM word addresses are numbered from O to 191
(decimal notation). During normal operation, the program
counter begins at word address zero and the program
sequentially executes through word address 191, or when an
End of Program (EOP) instruction is encountered (Intel
Corporation, 1979).. The cycle then begins again at word
address zero.

Program length determines the sampling frequency of the
analog signal. If an input is sampled once per program

pass, the sampling frequency is

1/(NT)
where

N = number of instructions
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T = 2920 instruction cycle time.

Example: if N = 192 and T = 800 nanoseconds, then the
sampling rate is approximately 6510 Hz.

The EPROM fetch/execute cycle is "pipelined" four deep,
meaning the next four instructions are being fetched while
the previously fetched instructions are being executed. lThe
term "pipeline" refers to the fact that the processor has
several hardware components which perform different
operations simultaneously and pass data from one component

to the next as through a pipe.
Limitations of the-2920 Signal Processor

The 2920 signal processor limitations are established
by the siée of the memory, the speed and capability of the
processor, and the resolution of the A/D and D/A converters.
Currently, there are three different 2920 signal processors
being produced by the Intel Corporation. They are the 400
ns, 600 ns and 800 ns processors (Intel Corporation, 198la).
The different processor speeds refer to one instruction
cycle time. For full 192 instructions, the sampling rates.
are approxXimately 13020 Hz, 8680 Hz, and 6510 Hz
respectively. Faster sampling rates are achiéved with
smaller size programs.

A typical digital filter requires at least one RAM word

per pole or two per complex conjugate pole pair. The size
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of the RAM limits the number of poles to less than 40, or
less than 20 complex conjugate pairs. The number of EPROM
words needed to realize a complex conjugate pole pair is
approximately 10 to 11 (Intel Corporation, 1980a).

When an analog signal is digitized, it is "quantized."
Theoretically, an infinite number of bits are required to
represent each analog sample exactly (Oppenheim and Schafer,
1975). Of course, physical limitations preclude sampling
with infinite precision. Therefore, each sample must bé
either truncated or rounded to fit a finite-length register.

Oppenheim and Schafer (1975) point out that the signal-
tonoise ratio (SNR) in decibels (dB) can be approximated by

the following equation:

SNR = 6N
where

N = number of bits in the A/D register (DAR).

The 2920 signal processor has a programmable A/D
conversion of 9 bits resolu£ion, giving the device 54 dB of
instantaneous dynamic range. With a maximum analog voltage
input of *1 wvolt, the 2920 signal processor has a voltage

resolution of 3.91 millivolts.
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DESIGN PROCESS
Filter Specification

Since the major freguencies of interest in an evoked
potential lie in the 1 to 50 Hz range, a 0 to 100 Hz
passband was chosen. The required Nyquist sampliﬁg
frequericy must then be greater than 200 Hz. The derived
filter programs required less than the maximum 192
instructions, but the EPROM was programmed for the full 192
instructions to give a sampling rate of 6510 Hz. This was
done for the sake of convenience.

The type of filter chosen was a Butterworth filter,
which is characterized by a maximally flat passband (Budak,
1974). A Chebyshev, Elliptic, or Bessel filter would have

worked just as well if their passbands were optimized.

Fifth-Order Filter Design

For a 3 dB passband, the squared magnitude function for

a Butterworth filter is given by Budak (1974) as

1
|G(s)|2= H(S)= ==<=memmaa—oo
1+ (u/ws)*®
where
n = ovrder
Wz = cutoff radian frequency.
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As described by Budak (1974), a fifth-order, 3 dB

passband, 1 rad/s cutoff transfer function in cascaded form

is
H(s)= H;(s)Haz(s)Hs(s)
where
1
Hy(s) = -=—=-=—--
(s + 1)
1
Ha(S) I e e o e
s + 0.618s + 1
1
Hs(S) I L R

s2 + 1.618s + 1

'The cascaded form is a series representation where the
output bﬁ an individual section becomes the input to the
next section. The significance of the preceding result is
all of the decomposition can take place on the analog
function, for which tabiulated information is given by
Stanley (1975), and for which the manipulative steps of
decomposition are usually easier.

As shown by Stanley (1975), the standard form of the

individual analog section is
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By + Bys + Bps? +...+ Bksk

H(S)= ————m——mmmmmmmm e )

Ap + A;s + A,s% +,..+ A K

k

Thé bilinear transformation is then applied to the
individual section and the discrete transfer function of the
digital filter will be of the form (Oppenheim and.Schafer,

1875)

N ~k
£k=0 bkz
H(z)= -==m=-moommmeooe- :
- mg ae

The H(z) transfer function is a bilinear transformation of
H(s) with the correction factor taken into account. All the
coefficients in H(z) were calculated by the formulas given

by Stanley (1975). Consequently, a fifth-order Butterworth

z=transform filter is

H(z)= H,(z)H2(2)Hz(z)

where

HI(Z) = e sscscc e —-—

1 - ailz 1

bzay + bayz™! + bppz”?
Hy(z2) = ===

1 - (az127' + az,z72)

bag *+ bayz™! + bgpz~?
Hy(2) = ~m—mmmmmmmmmmmmmaomee




where

a;; = 0.9079
azy = 1.9331
azp, =-0.9422
aa; = 1.8467
azp, =-0.8554

28

by, = &.6068x10"2 bs, = 2.1585x%10"3
bis = by - by = 2bjg

by, = 2.2594x10" 2 bs, = bay

bay = 2bay

bz = bz

Then, by inspection the difference equations can be

determined for each function. The output of section one

will become the input to section two and the output of

section two will

First Section

yi(n)=

where

Second Section

Yz (n)=

where

Third Section

yYs(n)=

where

become the input to section three.
a;1y(n-1) + by¢x;(n) + bi;i1x;(n-1)
Xz2(n) = yi(n)
az1¥z2(n-1) + az2¥2(n-2) + bayxa(n)
bza1Xz(n-1) + bzpxz(n-2)
x3(n) = yvz(n)
az1Yz(n-1) + azayz(n-2) + bzexa(n)
b3i1x3(n-1) + bazxs(n-2)

va(n) = Filtered sample
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Tenth-Order Filter Design

The derivation of the tenth-order digital filter
follows the same procedure as the fifth-order filter. As
given by Budak (1974), a tenth-order 3 dB passband, 1 rad/s

cutoff transfer function in a cascade form is

H(s)= H;(s)Hx(s)Hs(s)Hs(s)Hs(s)

where
1

H1(S) T e ———
s2 + 0.3128s + 1

1
Hz(S) T e o
s2 + 0.9080s + 1

3
H3(S) I e -
s2 + 1.4142s + 1

3
H4(S) T e -
s2 + 1.7820s + 1

1
Hg(S) = ==meememmccee—am i

s2 + 1.9754s + 1

The tenth-order Butterworth z-transform filter is

H(z)= H;(2)H2(2)H3(2)H4(2)Hs(2)

where



and
and

a;j; =1
a1, =-
ay = 1
a, =-0
ag; =1
azz =-0
aqy = 1
a4z =-0
ag; = 1
ags =-0

.9611
.9703
.9073
.9162
.8637
.8724
..8333
.8419
.8177

. 8262

b

1

no

+ b
n
I B

(a

nl
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-1 -2
1z + bnzz

'1+a -2
-4 n2? )

n=1,2,3,4,5

1}

2.2922x10°3
2by g
bj,
2.2292x10"8
2ba
ba
2.1783x10°3
2bgy
bay
2.1428x10° 3
2bs

byg

The difference equations are:

First Section

where

Second Section

2.1245x10°3
2bsgy

bsa

Yi(n)= a;3v1(n-1) + a;,y:1(n-2) + byx;(n)

+ bi1xy(n-1) + by,x,(n-2)

Xz2(n} = y;(n)

y;(n)= az1¥2(n~1) + az¥2(n-2) + byoxz(n)

+ bz1X5(n-1) + bppxp(n-2)
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where

X3z(n) = yz(n)

Third Section

ya(n)= azi1ya(n-1l) + azzyas(n-2) + bazgxz(n)
+ bz;Xz(n-1) + bzzxz(n-2)
where

x4(n) = yz(n)

Fourth Section

va(n)= ag1¥qs(n-1) + as,y4(n-2) + bgox4(n)
+ bg1X4(n-1) + byzx4(n-2)
where :

Xg(n) = y4(n)

Fifth Section

Vvs(n)= as1¥s(n-1) + agpys(n-2) + bgoxs(n)
+ bgi1Xg{n-1) + bgpxs(n-2)
where '

ys{n) = Filtered sample
Software Development Tools

To progfam the 2920 signal processor for a specific
function, the 2920 software support package {Intel
Corporation, 1979, Intel Corporation, 1980a, Intel
Corporation, 1980b), was used on the Intel Intellec 800
microcomputer development system (Intel Corporation, 1975).
The operating system used was the Intel ISIS-II (Ihtel
Corporation, 1981b). The combined hardware and software
tools take a design from concept to implementation. With

these tools, the designer can implement an entire design,
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including testing and debugging, before the 2920 signal

processor is used in the actual application.

2920 Assembler

The 2920 Assembler (Intel Corporation, 1979) translates
symbolic assembly language programs into machine-readable
code. The assembler generates a listing file and an object
code file (in hexadecimal). A listing file lists the source
code with the corresponding machine code and memory
1o§ations. It also includes comments and titles (if any).
error and warning diagnostics, the number of RAM and ROM
locations used, and a table of user-defined symbols. A
listing of the fifth-order Butterworth filter is shown in
Appendix A and the tenth-order is shown in Appendix B. The
ocbject code files, alsc included, contain machine-readable
code used to program the 2920 processor for real-time
testing or for the use with the 2920 Simulator (Intel

Corporation, 1980b), for off-line debugging.

2920 Software/Compiler

The SPAS20 Signal Processing Applications
Software}Compiler accepts high-level (English-like) language
input and produces 2920 assembly language code (Intel
Corpeoration, 1980a). The SPAS20 Compiler gives the designer
substantial interactive manipulation of parameters and

constraints, both in design of filter stages and in
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optimization of code size and error limits.

Two.main functions of the SPAS20 Compiler are:

1. to make it easy to specify, alter, and review
design parameters, and

2. to save time in writing the detailed steps
reguired to implement the necessary functions in
assembly language code.

A macro is a labeled block of commands, executed in
sequence when the mackro name is used as a command. The
block of commands is also referred to as the macro bedy.
The SPAS20 Compiler provides a number of macros, which
include the Butterworth filter and the bilinear transform.
Parameters specified when invoking the Butterworth macro
are:

1. order of the filter,

.2. 3 dB cutoff frequency in hertz, and

3. a label to uniquely identify a pole.
The output of the Butterworth macro is the poles specified
in the s-domain.

Next, the bilinear transform macro is used to transform
the poléé in the s-domain to poles in the z-domain based on
a predefined sampling rate. Once all the poles have been
transformed into the z-domain, the final step is to produce
the 2920 assembly language instructions on a per-pole basis.

In other words, each pole represents an individual filter



34

section cascaded with the other filter sections to produce
the required digital filter.

The command CODE is used to produce the required 2920
instructions for each pole section. An error parameter is
imposed on the CODE command to minimize movement of the pole
from the original coordinates. This constraint was equal to
+0.0001. Based on this constraint, the SPASZO Compiler
derives the necessary instructions to minimize the specified
movement. This position error parameter is needed because
the assembly language program generated by the CODE command
implements a filter stage corresponding to a pocle that has a
slightly different location than the specified original
pole. This difference is due to a finite word length (25
bits). After the compilation has been performed, the pole
is moved to the location matching the code generated.

Once all the poles have been coded, the design is now
ready to be assembled by the 2920 Assembler (Intel
Corporation, 1979). Appendix C shows an example of the use
of the SPAS20 Compiler in generating a fifth-order
Butterworth filter. For additional details, refer to Intel

Corporation (1980a).

2920 Simulator

The 2920 Simulator simulates the program as it would be
executed in the 2920 integrated circuit. The simulator

allows the designer access to registers, inputs and outputs,
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clock, memory locations and other points of interest in the
signal processor when the performance and problems of the
program are analyzed. Although the simulator simulates the
functions of the 2920 signal processor, the simulator
executes much more slowly than the 2920 processor. The 2920
processor is a ¥real-time signal proceséor, but thé simulator
is a logical time signal processor.

Sinée a digital filter algorithm involves arithmetic
operations, proper scaling must be implemented to prevent
overflow. Three pins on the 2920 processor can be used for
hardware debugging:

l. end of program (EQOFP),

2. overflow (OF), and

3. the instruction cycle (CCLK).
With the aid of the simulator, the designer can determine
the instruction at which a register overflows.

Appendix D presents a demonstration of the 2920
Simulator. Initially, the designer direets the simulator to
load the program to be simulated from disk to RAM. The next
command, TPROG sets the sample period. 1In this case, the
sample period is 153.6 microseconds (192 instructions
multiplied by 800 nanoseconds instruction cycle time).

The TRACE command specifies the items to be traced.
TIME, INO (the last character of the preceding item is a

zero), and OUTO (the last character of the preceding item is
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a zero) are the items to be traced. The TIME increment is
equal to the sample period or one pass through the program
(TPROG). Next, the QUALIFIER parameter instructs the
simulator when to ceollect a trace. For PC=0 {program
counter = zero), a trace will be executed for every pass
through the program. SIZE is set equal to the total number
of 2920 instructions. During the actual simulation of the
program, a break in simulation may be specified by using the
BREAKPOINT command. The example shown in Appendix D
indicates a break on an overflow condition (OVE=1l) or when
the program counter equals zero (PC=0) and when TIME is
greater than or equal to 100 passes through the program
(TIME2100+*TPROG).

Another important capability of the 2920 Simulator is
its input facility, which enables the designer to specify
input functions on any or all of the four, 2920 multiplexed,
input pins. Therefore, the designer can input test signals
as an analog designer would to measure the system's
performance.

Wheriever the simulator encounters the 2920 instruction
"INO" (INO, means to sample channel zero), it evaluates a
function using the current values for the variables used.
In addition, the following symbolic constants can appear in

the function:

1. PI = 3.14
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2. HPI

PI/2
3. TPI = 2*PI
&, ONE = 1.00.

The input function specified in Appendix D is

INO= sin(l00*TPI*TIME)

which indicates a sine wave at 100 Hz.

The coﬁmand CONSOLE OFF directs the simulator not to
output the TRACE data to the console during simulation.

This command increases the speed of the simulation process,
but doesn't affect the results of the simulation. To
initiate the simulation of the program, the SIMULATE FROM O
(zero) command is given. With a sine wave input of 100 Hz,
the simulation time is approximately one second per pass of
the simulated program. Therefore, there is a maximum of 100
seconds before the SIMULATION TERMINATED response is printed
on the consocle: The end of simulation will occur accérding
to what was specified in the BREAKPOINT command. The break
in simulation is to occur if OVF=1l or if 100 passes through
the simulated program has been completed.

When the OVF command is entered and the flag is
observed to be equal to zero (OVF=0, overflow flag = zefo),
the break then occurs on the 100th pass through the
simulated program. Therefore, there were no overflow errors

in the simulated program. If there had been an overflow
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(CVE=1), then by entering in the PC command, the simulator
will print out the word address of the overflow.

The PRINT ALL command displays the entire TRACE buffer.
When the GRAPHICS ON command is specified, each trace item's
changing value is displayed as a curve. Since TIME was the
first TRACE item specified, the vertical axis is labeled in
seconds: For the horizontal axis, the left most value is
minus one and the right most value is plus one. This range
corfesponds to the output limits of the 2920 processor. The
graph of ones' and twos' corresponds to the data wvalues of
INO and OUTO respectively.

The following commands are a summary of what has just
been described to simulate a five~pole, 100 Hz cutoff,
Butterworth filter:

1. LOAD‘SPROG;HEX

2. TPROG=192*0,0000008

3. TRACE=TIME, INO,OUTO

4. QUALIFIER=PC=0

5. SIZE=192

6. BREAKPOINT=OVE=1 OR PC=0 AND TIME>100*TPROG

7. INO=SIN(100*TPI*TIME)
8. CONSOLE OFF

9. SIMULATE FROM O
10. OVF

11. PRINT ALL
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12. GRAPHICS ON

13. PRINT ALL
Once simulation is completed and the designer is satisfied
with the performance of the program, the next step is to
install the program into the EPROM of the 2920 integrated
circuit. The 2920 integrated circuit is inserted into the
socket of the Intel Universal Prom Programmer (UPP) (Intel
Corporation; 1981c). The software package used to install
the program into the EPROM of the 2920 signal processor is
called the UPM which runs under ISIS-II. Instructions on
the use of the UPM are given by Intel Corporation (1981lc).

The fully programmed 2920 signal processor is then

inserted into the Intel SDK-2920 kit (Intel Corporatiocn,
1981d, Intel Corporation, 198le), which has the necessary
interface circuitry. Figure 4 represents the basic
configuration of the 2920 signal processor for real-time
applications. Intel Corporation (198la) suggested using a
value of 1000 pf for the input sampling capacitor to yield
an offset of less than minus one-half of the least

significant bit.
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Analog Input Analog Qutput
Anti-Aliasing Reconstruction
Filter Filter
A
INO OUTO
2920
Processor

1000 pf__ | .
Sample _ﬁ —:l_
& 1 5 MHz
Hold —[.___ P

Capacitor

FIGURE 4. Basic configuration of the 2920 signal processor
in real~time
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COLLECTION OF EVOKED POTENTIALS

A dog anesthetized with halothane was outfitted with
scalp electrodes. Cortical electrical activity was
amplified with a Grass amplifier (model P511) having a
bandpass of 1 to 100 Hz. Gain was set at 1000 and the 60 H=z
notch filter was enabled on the Grass amplifier. Averaged
visual evoked responses were obtained folloﬁing 32
presentations of a visual stimulus using an averaging
computer (Nicolet mcdel 1072). A strobe light placed 10 cm
away, on axis, from the dog's right cornea was illuminated
every 500 milliseconds to serve as the visual stimulus. The
averaging computer was synchronized to begin sampling at the
flash onset and the averaging period had a duration of 256
milliseconds following the flash onset. During the
averaging period, 1023 samples were collected in which the
time interval between each sample was 250 microseconds.
Recordings of the averaged visual evoked responses were then
made on a Honeywell 5600 tape recorder.

End-tidal halothane concentrations were measured with a
calibrated Beckman LB-2 gas analyzer. The recorded visual
evoked responses were performed at 0.7, 1.0, and 2.0 per
cent end-tidal halothane concentrations. The visual evoked
response recordings were initiated 15 minutes after
induction of anesthesia and, thereafter, when halothane had

been maintained at a given concentration for at least 2
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minutes.

Precautions were taken to prevent the dog's cornea from
drying out, since, self-retaining lid retractors had been
placed to keep the palpebral fissures open. The recorded
waveforms were then amplified by a Threshold Model NS10
Preamplifier to a maximum value of *1 volt and fed into the

input of the 2920 signal processor on the SDK-2920 kit.
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RESULTS

The following oscilloscope recor@ings represent the
averaged visual evoked responses at three different
concentrations of halothane. The top trace in each
recording is the unfiltered waveform and the bottom trace is
the filtered response.

Figure 5 represents the five-pole Butterworth filter at
a 0.7% concentration of halothane. Figure 6 represents the
tenipolekButterworth filter at a 0.7% concentraﬁion of
halothane. Figures 7 and 8 are recorded at a faster
oscilloscope sweep speed to enhance the definition of the
waveform.

Figure é représents the five-pole filter at a 1%
concentration of halothane. Figure 10 represents the ten-
pele filter at a 1% concentration of halothane. The
multiple images of the waveform are due to the incorrect
triggering of the oscilloscope which was beyond the author's
control. Note how the ten-pole filter severely diminishes
the amplitude of the evoked potential.

Figure 11 represents the five-pole filter at a 2%
concentration of Halothane. Figure 12 represents the ten-
pole filter at a 2% concentration of halothane. Notice
again how the ten-pecle filter attenuates the amplitude of

the evoked potential.
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Visual Evoked Potential

FIGURE 5. Five-pole, 0.7% halothane (vertical axis= .5
v/cm, horizontal axis= 5 msec/cm)
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Visual Evoked Potential

|
|
|
|

FIGURE 6. Ten-pole, 0.7)% halothane (vertical axis= .5 v/cm,
horizontal axis= 5 msec/cm)
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Visual Evoked Potential

FIGURE 7. Five-pole, 0.7% halothane (vertical axis=
v/cm, horizontal axis= 2 msec/cm)
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Visual Evoked Potential

|
|
|

FIGURE 8. Ten-pole, 0.7% halothane (vertical axis= .5 v/cm,
horizontal axis= 2 msec/cm)



48

Visual Evoked Potential

FICGURE 9. Five-pole, 1% halothane (vertical axis= .5 v/cm,
horizontal axis= 2 msec/cm)
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Visual Evoked Potential

FIGURE 10. Ten-pole, 17 halothane (vertical axis= .5 v/cm,
horizontal axis= 2 msec/cm)
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Visual Evoked Potential

FIGURE 11. Five-pole, 2% halothane (vertical axis= .5 v/cm,
horizontal axis= 2 msec/cm)
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Visual Evoked Potential

FIGURE 12. Ten-pole, 2% halothane (vertical axis= .5 v/cm,
horizontal axis= 2 msec/cm)
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The ten-pole filter responses display slow rise times
and longer settling times in comparison to the five-pole
filter responses. This is characteristic of a higher order
Butterworth filter (Johnson, 1976). In comparison, a Bessel
filter will have a shorter rise time as the orXder of the
filter increases (Jchnson, 1876).

Since, the raw visual evoked‘potentialslwere already
frequency band-limited at 100 Hz before being processed by
the 2920 signal processor, it was necessary to perform
frequency and phase studies of the 2920 signal processor. A
t1 volt sine wave generated from an Interstate Electronics
Corporation Model F34 Function Generator was fed into the
input of the 2920 signal processor. The output signal
versus the input signal in terms of normalized magnitude and
phase responses, are depicted in Figure 13 and Figure 14
respectively. The magnitude is reasonably flat and has a
fairly linear phase response in the passband for both the
five pole and ten pole filters.

A Tektronix Model 465 Oscilloscope was used to menitor
the input and output ports of the 2920 signal proccessor.
Consequently, the magnitude and phase data were calculated |
from,thgiwaveforms displaved on the cathode ray tube.
Measurement of the phase differencé was based on the

Lissajous method.
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o (o] o

Normalized Magnitude

o

0.

0.

0.

0 b T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

w/w3

'n = order of the Butterworth filter
Wq = cutoff radian frequency

FIGURE 13. Magnitude résponse
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W/W3
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0 ! { 1 i L i 1 ! ! |
(] 1 LI 1 LI ! L 1 I T
n = order of the Butterworth filter
Wq = cutoff radian frequency
-100 5~
=200+
-300—+
(%]
a
& -4004+
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[1}]
[ ]
~5004
-6004
-7004

FIGURE 14. Phase response
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CONCLUSIONS

The-visual evoked potentials at a 0.7% halothane
concentration show the filtéring and analog-to-digital
actions of the 2920 signal processor. However, pictorially,
the visual evoked potentials at 1% and 2% halothane
concentrations portray multiple images due to incorrect
triggering of the oscilloscope. From a morpheological point
of view, the 2920 signal processor performs correctly in
filtering the visual evoked potentials at a 0.7)% halothane
concentration., It clearly shows the slow rise times and
longer séttling times that are associated with higher corder
Butterworth filters.

The ten-pole filter severely diminished the amplitude
of the visual evoked potentials at 1% and 2 concentrations
of halothane. The magnitude response portrayed in Figure 13
show the amplitude response should be at least 80% of the
original signal.

Thg amplitude responses of the five-pole filter at 1%
and 2% halothane concentrations were diminished but not as
severe as the responses from the ten-pole filter. However,
the magnitude response given in Figure 13 for the five-pole
filter show the magnitude should be at least 80% of the
original signal. Again, as in the case of the ten-pole
filter, in terms of magnitude response, the five-pole filter

did not perform as expected. Only in the 0.7% halothane
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concentration does the 2920 signal processor support the
results of the magnitude responses shown in Figure 13.

The magnitude and phase responses depicted in Figure 13
and Figure 14 respectively, clearly show the 2920 signal
processor to perform as a Butterworth low-pass filter should
(Budak, . 1974). On the other hand, the results of the
filtering action of the evoked potentials at the 1% and 2%
halothane concentrations prove somewhat contradictory.

Given the above mentioned results, the author cannot
offer any absolute answers to the perplexity of the
findings. More experiments will have to be performed and
the results scrutinized to determine if the 2920 signal
processor is suitable as a low-pass filter and analog-to-
digital converfer preprocessor for the microcomputer
instrument.

In regards to the 2920 software support package, it is
a very powerful tool in developing visual evocked potential
filter programs for the 2920 signal processor. The SPAS20
Compiler program provides the necessary commands to specify
and develop the low-pass Butterworth filter easily. The
2920 Simulator allows the designer to thoroughly test the
program before programming the 2920 signal processor. Also,
the simulator has the capability to graph the input and

output waveforms versus time on a hard copy device.

b
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APPENDIX A: FIETH-ORDER BUTTERWORTH FILTER LISTING

ISIS-II 2920 ASSEMELER V1.0

ASSEMEBLER INVOKED BY!: {F1!{A52920 SFROG.RUT
LINE LOC ORBJECT SOURCE STATEMENT

1 H

2 iA/0 CONVERSION ROUTINE
3 f

4 0 40C6EF LA DARYKFO sCLEAR DAR
5 1 0000EF INO

é 2 0000EF INO

7 3 0000EF INO
a8 4 O000Q0EF INO
? » O0000EF INO
10 6 0000EF INO
11 7 Q000EF INO
12 8 0000EF INQ
13 ? 4000EF NOF
14 10 &4000EF CVTS
15 11 4000EF NOF
16 12 AQ00EF NOF
17 13 7100EF CVT?7
i8 i4 4000EF NOF
19 15 4000EF NOF
20 16 6100EF EVTé
21 17 4000EF NOF
22 i8 4000EF NOF
23 1? S5100EF CVUTS
24 20 4000EF NOF
25 21 4000EF NOF
26 22 4100EF CVT4
27 23 4000EF NOF
28 24 4000EF NOF
29 23 3100EF cVT3
30 26 4000EF NOF
31 27 4000EF NOF
32 28 2100EF cvT2
33 29 4000EF NOF
34 30 4000EF NOF
35 31 1100EF CVT1
36 32 4000EF NOF
37 33 4000EF NOF
38 34 0100&F CVTO
39 35 4000EF NOF
40

-

a1




42
43
44
A5
46
47
48
49
50
51
52
53
S4
55
56
57
58
59
60
61
62

37

58

39
40
41
42

43

40222E

4200FF
A60BEF
44087
44083K
4408FE
A408FC

44600DD

60

+STH ORDER BUTTERWORTH FILTER
F100 HZ CUTOFF

r

» Bk

Lha INO_FP10rDARYRZ

1
QUTZ2_ P10 EQU TEHWP

Lba

L.DA

LDA

SUB

SUB
ADD

ADLD

OUT2_F10y0UTL_F10rROO
i OUT2_F10=1.00000000%0UT1F10
OUTL_F10yOUTO..F105RO0O

# DUT1.P10=1,00000000%0UTO_F10 __

GUTO_F10s0UT2_F10sRO4

# OUTO_F10=0,062500000%0UT2_F10
OUTO_F10y0UT2_FP10sR10 -

i OUTO_F10=0,061523437%0UT2_F10
QUTO_F1i0+0UT2_F10+RO0

7 OUTO-F10=-0,9384746546X0UT2_F10
OUTO_F10»OUTO_F10,KRO08

i OUTO_F10=-0.94214242%0UT2_P10
OUTO_F10,0UT1I_P10,LO1

¢ OUTO_F10=2.0000000

FXOUT1..F10~-0.,94214248%0UT2_F10
44 440074 SUB QUTO_F10+0UTLI_P10+RO4

63
64

# OUTO_P10=1,92375000

3ROUTI_P10-0,24214248%0UT2_P10
45 44600FA SUB QUTO_F10y0UTL_F10sRO8

65

66

i OUTO.F10=1,9335937

PXOUT1_F10-0.94214248%0UT2_F10
46 446003B SUR OUTO_F10:0UT1_F10.Ril

&7
&8

i OUTO_F10=1.,933105G4

FXOUT1_.FP10-0,94214248X%0UT2_P10
47 4400FD AI'D QUTO_F10sINO_F10,RO0

&9
70

FXKOUTI_P10-0,94214248
FXOUT2_P10+1.,00000000KINO_F10

71
72
73
74

75

76
77
78
79
80
81
82
83
84

48 446083E
yOSHIFT INFUT TO FOLE

!

i OUTO_F10=1.9331054

?
INO_FP11 EQU OUTO_F10

r

-

LDA INO.F11,0UTO_F1i0,R2

i1 BY 2

f
OQUT2.F11 EQU TEMF
4% AB00FF LDA OUT2.F11,0UT1I..F11sRO0

i OUT2_F11=1.,00000000%0UT1_Fil

90 4818EF LDA OQUTi_F11,0UTO..F11,R0O0

# OUT1I_P11=1.00000000%0UT0O.F11

91 40185E LDA OUTO_FL1,0UT2_F11sRO3

i OUTO_FP11=0.125000000%0UT2_F11




6l

89 52 4018DA SUB QUTO_F11,0UT2.P11,RO7

84 3 DUTO.F11=0,117187500%0UT2_F11
87 53 481890 ALD OQUTO_F11,0UTO.F11+R13

88 _ i OUTO_FP11=0,117201804X0UT2_F11
a9 54 A018FF SUB OUTO_PL1,0UT2_FPilsROC

20 i OUTO_F11=-0,88279824%0UT2.F11
o1 55 4818%A SUR OQUTO_F11,0UTO_FP1isROS

oD ;i OUTO_FL1=-0.85521074%0UT2_F11
93 56 481000 ADD OUTO_Pi1,0UTI_P1i,LO1 :
94 i OUTO_F11=2.0000000

FXOUTIF11-0.85521074%0UT2_F11
25 57 48105%A SUB QUTO_F11-0UT1_F11¢yRO3
98 $ OUTO_F11=1.8750000
$X0UTI_F11-0.85521074%0UT2_F11
97 58 481094 SUR OUTO_FL1i,0UTi_P1i1+ROS
98 . i DUTO_F11=1,8437500
$ROUTIP11-0.85521074%0UT2_P11
9% 59 481010 ADD QUTO_PL11,0UT1I-FLl1+:R09
100 i DUTO_P11=1.8457031
F¥OUT1 P11-0,.85521074%0UT2 P11
104 40 481030 ADD OUTO_F11,0UT1_P1isR10
102 } QUTO. F11=1,844679¢
FX0UT1_F11-0.85521074%QUT2.F11
103 61 48109F SUR QUTO_PL1,0UTi_F11,R13
104 # DUTO_P11=1,.8445574
FROUT1FP11~-0,85521074%0UT2_F11
105 42 4218FD ADD OQUTO_F11sINO_F11sR0O0
106 # OUTO_F11=1.,8465574
SROUTL_F11-0.85521074
FAQUT2.P11+1,000000Q0XINO_Fi 1

107 ;
108 i
109 ING.F12 EQU OUTO_Fil
110 63 48181E LDA INO_F12,0UTO_P11sRO1
FRIGHT SHIFT INPUT TO FOLE 12 BY 1
SEEEE! ;
112 ;
113 ;
114 DUT1_F12 EQU TEMF
115 44 AACOFF LDA OUTi_ F12+0UTO.F12,R00
116 i OUT1.F12=1,00000000%0UTO_F12
117 &5 441864 SUB QUTO.F12,0UT1.F12yR04
118 i OUTO._P12=1,00000000

FROUTOLP1I2-0.042500000%0UT1. P12
119 646 4E108A SUB OUTO_F12,0UTO_F12,ROS
120 i DUTO_F12=0.96873000
PXOUTOP12-0.0460546875%0UTI_F12
21 47 4Ei04B SUR OUTO..F12,0UTO.F12sRI1
22 i QUTO_F12=0.,94827695
FXOUTO_F12—~0,040517309%0UT1_F12 ‘
123 &8 4CIBEDR ADD ODUTO.F12sINO.F12+R0O0



124

62

¢+ DUTO.F12=0.96827495

$X0UTOP12-0.,060517309
FROUTI_PL1241.00000000XINO_F12

125
126
127
128

129
$ STUFF
130
131
132
133
134
135
134
137
138
139
140
141
142
143
144
145
144
147
148
149
i50
151
152
153
154
155
156
157
158
159
140
141
162
163
164

185

144
147
148
169
170

49

FINAL VALUE

70
71
72
73

74
75

76

78

79
80
81
82
83

84
85
86
87
88

89
20
?1
@2
23

24
o5
¢6
7?7

4A44EF

4000EF
4000EF
4000EF
4000EF

8000EF
8000EF
B800Q0EF

- 8000EF

8000EF

F000EF
FO00EF
?000EF
PC000EF
2000EF

A000EF

AQOOEF

AOOOEF
AOOOEF
AO00EF

BOOOEF
BOOOEF
EOQOEF
ROOOEF

BOOOEF

COOOEF
COQOEF
CO00EF
COOQEF

&

OUTPUT SEGUENCE 3

L DR TR T |

LIia DAROUTO_F12
INTO DaAR.
’
+ OUTPUT DAR.
;
NOF $SETTLE Ii/A CONVERTER.
MOF
NOF
NOF

ouTo FMININUM OF 3.5/10%%é6
auTo $TO SETTLE S&H QUTPUT.
ouTOo } 800/10%%9 SEC CYCLE
ouTO
ouTo

e >

QuUT1L
QuTi"
ouT1
ouT1
ouT1t

L UL 1)

ouTz2
ouTZz
auT2
ouTz
ouT2

b L+

ouT3
ouT3
ouT3
ouT3
ouT3

- ik

ouT4
GuT4
ouTAa
ouT4



171
172
173
174
175
176
177
178
i79
i80
181
82
183
184
185
186
187
188
ig9e
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
209
306
207
208
209
210
211
212
213
214
215
214
217
218
219

220

?8

a4
100
iol
102

103.

104
105
104
107
108

109
110

111

112
113

114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

COODEF

DOOOEF
OOOEF
DOOOEF
OQOEF

DOOOGEF

EQQOEF
EOQOEF
EQQOEF
EQOOEF
EOOOEF

FOOOEF
FOOOEF
FOOOEF
FOOOEF
FOOOEF

A000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
A000EF
4000EF
4000EF
4000EF
A00OEF
4000EF
4000EF
4000EF
A4000EF
4000EF
A000EF
4000EF
4000EF
4000EF
4000EF
A0QOEF

L L T

-k W

-

L LB 1)

ouT4

QuTS
ouTs
ouTs
ouTS
ouTS

0uTh

ouTé
cuTs
ouTs
ouTé

ouT?
ou¥?
ouT?
auT?
auT?

NOF
NOP
NOF
NOF
NOP
NOF
NOF
NOF
NOf
NOF
NOF
NOF
NGF
NOF
NOP
NOF
NOF
NOF
NOF
NOP
NOFP
NOP
NOF
NOF
NOP
NOF

63



140
141

142

143
144
145
146
147
148
149
150
151
152
153
i54
155
156
157
158
159
1460
161
162
163
164
145
lb&é
167

168

16%
170
i71

172

173
174
175
176
177

178

179
180
181
182
183

184

185
184
187

AQ0OOEF
4000EF
4000EF
4000EF
4000EF
4000FF
AQ0Q0EF
4000EF
4000EF
AQQOEF
A000EF
4000EF
4000EF
4000EF
A0QOEF
4000EF
4000EF
4000EF
A000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
A000EF
4000EF
4000EF
4000FF
4000EF
4000EF
4000FF
4000EF
4000EF
4000EF
4000EF
4000EF
A000EF
4000EF

4000EF

4000EF
A000EF
4000EF
4000EF
4000EF
4000EF
4000EF

4Q00EF -

NOP
NOF
NOF
NOF
NOP
NOF
NOF
NOF
NOP
NOF
NOP
NOF
NOF
NOP
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOP
NOP
NOF
NOF
NOF
NOF
HOP
NOP
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOP
NOF
NOF
NOP
NOF
NOF
NOF
NOF

64



269
2790
271
272

188
i8%
120
igi

S000EF
400GEF
4000EF

PREMATURE EOF

SYMROL ¢

INO.F10
OUT2_F10
TEMF
OUT1.F10
DUTO_£10
INO.F11
OUT2.P11
OUT1_F11
OUTO..F11
TNO_F32
OUTL..P12
OUTO_P12

ASSEMELY
FRRORS

WARNINGS
RAMSTZE
ROMS I ZE

COMFLETE
O
0
7

192

HHH#

4000EF

EaF
NOF
NOF
NOF

65

VALUE:

O (MEn b i WM =O
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$ 18000000F 4F OF CF 6F EFFF OF OF OF OF EFFF OF OF OF OF EFFF OF OF OF OF EFF DE
: 18001 800F OF OF OF OF EFFF OF OF OF OF EF FF OF OF OF OF EFFF OF OF OF OFEFFDIC
$ 18003000F OF OF OF OF EFFF 4F OF OF OF EFFF 6F OF OF OF EF FF 4F OF OF OF EFF B4
: 18004800F 4F OF OF OFEFFF 7F 1FOF OFEFFF AF OF OF OF EFFF 4F OF OF OF EFF 98
$ 18006000F 6F 1FOF OF EFFF AF OF OF OFEFFF 4F OF OF OF EFFFSF 1F OFOFEFF 7F
118007800F 4AFOFOFOFEFFFAFOFOF OFEFFFAF LIFOFOFEFFFAFOFOF OFEFF 4B
$ 18009000F AF OF OF OF EFFF 3F 1F OF OF EFF F 4F OF OF OF EF FF 4F OF OF OFEFF 54
1 1800ABOOF 2F 1F OF OFEFFF 4F OF OF OF EF FF 4F OF OF OF EFFF 1F 1F OF OF EF F 3F
$ 1B00COOOF 4F OF OF OF EFFF 4F OF OF OF EFFF OF 1F OF OFEFFF 4F OF OF OF EFF 27
$ 1800DBOOF 4F OF 2F 2F 2FEF AF 2FOF OF FFFF 4F 6F OF BFEFFF AF AF OF BF 7FEQQ
$ 1800F 000F 4F AF OF 8F 3F BF 4F 4F OF OF FF BF 4F 6F OF 8FFF CF AF 6F OF OF IIF DI
$ 180 LOBOOF AF 6F OF OF 7F AF 4F 6F OF OF FF AF AF 6F OF OF SF BF AF AF OF OF FFDE 3
$18012000F 4F 6F OF 8F 3FEF 4F 8F OF OF FFFF AF 8F 1F 8F EFFF AF OF 1F BFSFEAS
$ 18013800F 4F OF 1F 8F IFAF AF 8F 1F 8F9F IF AF OF 1 FBFFFBF 4F 8F L FBF 9F A9
$18015000F AF BF 1F OF DF IF AF 8F 1 FOF SFAF 4F 6F 1F OF 9F AF 4F 8F LIFOF 1F D99
1 1801 6800F AF 8F 1FOF 3F IF AF 8F 1F OF $F BF 4F 2F 1F8FFFIF 4F 8F 1F8F 1FE72
: 18018000F 4F AFOF OFFFFF 4F 4F LF 8F 6F AF AFEF 1F OF BF AF 4FEF 1F OF 4FBS3
$ 18019800F 4F CF 1F 8FEFIF AFAF 4F 4F EFFF 4F OF OF OFEFFF 4F OF OF OF EF F 26
1 1801 BOOOF AF OF OF OF EFFF 4F OF OF OF EFFF 8F OF OF OF EFFE 8F OF OF OF EF F 2
: 1801CB00F BF OF OF OFEFF F 8F OF OF OF EFFF 8F OF OF OF EFFF 9F OF OF OFEFF OA
: 1801EQQOF 9F OF OF OF EFFF 9F OF OF OF EFFF 9F OF OF OF EF FF 9F OF OF OF EFFEF
: 1801FBOOF AF OF OF OF EF FF AF OF OF OF EF FF AF OF OF OF EF FFAF OF OF OF EFF I3
: 18021000F AF OF OF OFEFFFBF OF OF OF EF FF BF OF OF OF EF FFBF OF OF OFEFFE7
! 18022800F BFOF OF OF EF FFBF OF OF OF EFFF CF OF OF OF EF FF CF OF OF OFEFF 9C
: 18024000F CFOFOF OF EF FFCF OF OF OF EFFFCF OF OF OFEF FFIIF OF OF OFEFF 81
: 18025B0OF IF OF OF OF EFFFIF OF OF OF EF FF DF OF OF OF EFFFDF OF OF OF EFF 66
{ 18027000F EF OF OF OF EFFF EF OF OF OF EFFFEFOF OF OFEFFFEF OF OF OFEFF 44
$18028800FEFOF OF OFEFFFFF OF OF OFEFFFFF OF OF OFEFFFFF OF OF OFEFF 2F
! 1BO2A000FFF OF OF OFEF FFFF OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OF EFF 2C
$ 1802EB00F 4F OF GF OF EFFF 4F OF OF OF EFFF 4F OF OF OFEFFF 4F OF OF OF EFF 24
1 1802II000F AF OF OF OFEF FF 4F OF OF OF EF FF AF OF OF OF EFFF AF OF OF OF EFF 1.2
! 1BO2EBOOF 4F OF OF OF EFFF AF OF OF OF EFFF AF OF OF OF EF FF 4F OF OF OFEFFF &
1 1B0Z0000F AF OF OF OF EFFF 4F OF OF OFEFFF 4F OF OF OF EFFF 4F OF OF OFEFFE1
$ 18031800F AF OF.OF OF EFFF 4F OF OF OF EFFF AF OF OF OF EFFF 4F OF OF OFEFFC9
$ 1B033000F 4F OF OF OF EFFF AF OF OF OF EFFF AF OF OF OF EFFF 4F OF OF OFEFF B 1
{ 18034800F AF OFOF OF EFFF 4F OF OF OF EFFF 4F OF OF OFEFFF 4F OF OF OFEFF 99
1 18034000F 4F OF OF OF EFFF 4F OF OF OFEFFF 4F OF OF OF EFFF AF OF OF OF EFF 81
$ 1603 7BO0F AF OF OF OF EFFF 4F OF OF OF EFFF AF OF OF OFEFFF 4F OF OF OF EFF 69
1 18039000F 4F OF OF OFEF FF 4F OF OF OF EFFF AF OF OF OF EF FF 4F OF OF OF EFF 51
! 1B03ABOOF 4F OF OF OF EFFF AF OFOF OF EFFF 4F OF OF OF EFFF 4F OF OF OF EFF 39
1 1803C000F 4F OF OF OFEFFF 4F OF OF OF EFFF AF OF OF OFEFFF 4F OF OF OFEFF 21
$ 1B03IBOOF AF OF OF OFEFFF 4F OF OF OF EFFF 4F OF GF OFEFFF 4F OF OF OFEFF 09
! 1803FO0OF 4F OF OF OFEFFF 4F OF OF OF EF FF 4F OF OF OFEFFF 4F OF OF OFEFFF 1
t 18040800F 4F OF OF OFEFFFAF OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OFEFFIIB -
: 18042000F AF OF OF OF EFFF 4F OF OF OF EF FF AF OF OF OFEFFF 4F OF OF OF EFF CO
$ 1B043800F 4F OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OF EFFF AF OFOF OFEFF A8
: 1B04S000F 4F OF OF OF EF FF 4F OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OFEFF 20
: 1B0446BOOF 5F OF OF OF EFFF 4F OF OF OFEFFF 4F OF OF OF EFFF AF OF OF OFEFF77
$00000001FF
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APPENDIX B: TENTH-ORDER BUTTERWORTH FILTER LISTING

ISIS~I1I 2920 ASSEMBLER V1.0

ASSEMELER INVOKELD BY: (F1i:AS2920 10PROG.RUT

LINE LOC ORJECT SOURCE STATEMENT

1 § :

2 »A/0 CONVERSION ROUTINE
3 ;

4 0 40C4EF L.I'é DARsKFO ;CLEAR DAR
] 1 000OEF INO

[ 2 O0000EF INO

7 3 O00CEF INO
8 4 0000EF INO
9 S 0000EF INO
10 6 QO00EF INO
i1 7 0000EF INO
i2 8 0000EF INO
13 ? 4000EF NOF
14 10 &000EF CVTS
15 11 4000EF NOF
146 12 A000EF NOF
17 13 7100EF cVuT?
18 14 4000tF NOFP
19 15 4000&F NOF
20 16 6100EF CVTS
21 17 4000EF NOF
22 18 4000EF NOF
23 19 S5100EF CVUTS
24 20 4000EF NOF
25 21 4000EF NOF
26 22 4100EF CVT4
27 23 4000EF NOF
28 24 4000EF NOF
29 - 25 3100EF CvT3
30 26 4000EF NO¥#
31 27 4000EF NOF
32 28 2100EF cvT2
33 29 4000EF NOF
34 30 4000EF NOF
35 31 1100EF CVT1
36 32 A000EF NGFP
37 33 4000EF NOF
38 34 0100EF CVTO
39 35 40Q0EF NOF

S
2



68

41 ?

42 #10TH DRDER BUTTER FILTER

43 i

44 346 40224E LDBA INO_F10,DARR3

45 ’

44 v

47 GUT2_FP10 EQU TEMF

48 37 4200FF LDA QUT2_F10y0UT1_P10:R00

49 # DUTZ2_F10=1.00000000%DUTL_P10
50 38 4408EF LDA OUTI.FLiOsDUTO_Fi0sRO0

o1 i OUT1_F10=1,00000000%0UTO_F10
92 39 4400FF LDA QUTO_F10sINO._F10,R00

53 i DUTO_F10=1,00000000%INO._F10
54 40 4408FE SUB DUTO_F10yQUT2_F10,R00

S5 § DUTO_F10=~1.00000000

SHOUT2.F10+1.00000000%INO..F10

9é 41 440890L ADD JQUTO-PL10,0UT2_F10sRO05S

a7 v DUTO.F10=-0,24875000
$HROUT2_F10+1,00000000XINO_F10

a8 42 44081F SUR OUTO_PLOSOUT2_FPLOsRO?

5% 3 OUTO.P10=-0,970703312
FXOUT2.F104+1.00000000%XINO_F10

40 43 440850 ADD OUTO_F10,0UT2.F10sR11

61 7 OUTO.F10=-0,%97021484
FROUTZF10+1.00000000%XINO_F10

&2 44 440000 ADD OUTO_PL100UT1I.Fi0sLO1

&3 # DUTO_F10=2.0G0060000
$KOUTI_F10-0.97021484
FXROUTZ_F10+1.00000000XINO_F10

64 435 440094 SUB OUTO_F10yOUTi_FP10sR05

&5 # OUTO_F10=1.,9887500
$XOUT1.F10-0.97021484
PXOUT2.F10+1.00000000%INO._F10

&b 46 4460014 SUB OUTO.F10,0UTLI_F10yRO7

&7 i ODUTO_F10=1.94609375
FROUTIF10-0.97021484
FROUTZ2.F10+1.,00000000%XINO..F10

&8 47 44009D ADL OUTO_F10,0UT1_F10,R13

59 i DUTO..F10=1,92410595
FXOUTLF10-0,.27021484
FROUT2_F10+1 . 00000000%INO._F10

70 H
71 ¥
73 INO.Fi1 ERU OUTO_F10

73 ]
74 48 446081E LDA INO_F11,0UTO_F10,R1

[+
75

76

-
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77 QUTZ.F11 EQU TEMF

78 4% 4800FF LDA OUTZ2_Fil1,QUTI1I.F11+R00

7¢ ¢ DUTZ2_F11=1.00000000%0UT1i P11
80 SO 4818EF LIA OUTI_F11,0UTO_F11sROO0

81 # OUTLI F11=1.,00000000%0UTO_F11
82 51 481094 SUB QUTO-F11,0UT1_P11,R05

83 ¢+ OUTO.F11=1.0G0000000

SXOUTO.F11-0,0321250000%0UT1F11
84 52 4818RA SUH OUTO_F11s0UTO_F11,RO6
85 § OUTO_P11=0.98437500
PROUTO..F11-0.030761718%X0UT1..F11
8é 953 4818FD ADD DUTO_P11yBUTO_F11,R00
87 f OUTO.F11=1,94687500
FROUTOF11-0.,061523437%0UT1. P11
88 94 4018FF SUE QUTO.-F11,0UT2_P11,R00
89 # OUTO_F11=1.9687500
$ROUTO_F11=0.,061523437
$%0UTLI_P11-1,00000000%0UT2_F11
20 55 40187C ADD OUTO_F1i,0UT2_P11,R0O4
21 - # OUTO_F11=1.2687500
FROUTOLPLI1-0.061023437
PROUTI_F11-0,73750000%0UT2_F11
F2 96 4018ERC ADD OUTO_P11.0UT2_F1ii.RO6
93 # DUTO_F11=1.9487500
PROUTOP11-0,061523437
FROUT1. PL11-0,.92187500%0UT2_P11
949 57 4018FC ADD QUTO-F11,0UT2_Pi1,R0O8
25 7 OUTO.F11=1,9687500
FROUTOF11-0,081523437
FROUTIF11-0.917946875%0UT2F11
26 58 401810k ADD OUTO.F11,0UT2_F11sRO?
97 # DUTO_F11=1.,94687500
FROUTO.F11-0,061523437
FXOUT1_FP11-0.914601562%0UT2_F11
' ?8 59 40189B SUB OUTO_F11,0UT2_FP11-R13
44 # ODUTO_F11=1.2687500
FROUTOF11-0.061523437
$ROUTILP11-0.21613767%0UT2.P11
100 60 A218FD ADD OUTO_FP11,INO.F11,R00
101 : # OUTO_F1i=1.,9487500
PROUTOF11-0.061523437 :
$X0UTI_FI11-0.91613769
s RKOUT2P11i41.00000000XINO_FIi1

102 ;
103 ;
104 INO_P12 EQU OUTO-P11
105 i

104 61 A8181E LDA INO_PL12,0UTOPI11sR1
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107 ;

108 §

109 OUT2_F12 EQU TEMP

110 62 4A00FF LDA QUT2_Pi2,0UTI_Fi2,R0O0

111 i OUT2.F12=1.,00000000%0UT1_F12
i1z &3 4E18EF LDA OQUT1.Pi2,QUTO_F12,R00

113 . § DUT1..F12=1.00000000¥%0UTO_Fi2
i1a 64 AEIiQ3C ADD QUTO_F12y0UT1_F12:R02

i15 i BUTO.F12=1.00000000%

SOUTO_P1240.25000000%0UT1_P12

114 6% 4E10DA SUR QUTO-FP12,0UT1..P12:R07

117 i QUTO_FP12=1.00000000%
FOUTO_PI240.24218750%0UT1_Fi2

118 46 4EIB1C ADD OQUTO_F12,0UTO_F12.R01

119 i ODUTO.F12=1,50000000%
FOUTO_F12+0.34328125%0UT1 P12

120 &7 AE109D ADD OUTO_F1I2,0UT1. Fi2yR13

121 i OUTO..P12=1.50000000%
sOUTO_F1240.346340332X0UT1_F12

122 68 4E187I+ ADD QUTO_F12,0UTO_P12,R12

123 # DUTO_FP12=1.50034621%
SOUTOLF1240,36349204%0UTL_F12

124 69 4418FE SUR DUTO_F12,0UT2_F12yR0O0

125 i ODUTO_FP12=1.5003464621%
SOUTO_F1240.36349204
$AOUTI_F12-1,00000000%0UT2_F12

126 70 44185C ADD OUTO_FI12,0UTZ2_F12,R03

127 3 OUTO_FP12=1.5003464621%
FOUTO_F1240.346349204
FXOUTI_F12-0.87500000%X0UT2. P12

128 71 441810 ADD OUTO_F12,0UT2_Pi2yRO9

i29 §# OUTOLF12=1.50036621%
FOUTO_F12+0.346349204
FROUTL _FPIZ2-0,87304487X0UT2_F12

130 72 441850 ADD OUTO_F12,0UT2_F12syRii

131 $ DUTO.F12=1.500364621i%
FOUTO_FI240.36349204 ‘
FXOUTL_F12-0,87255859%0UT2.F12

132 73 ACIBFD ADD QUTO_Fi2yINO_F12,R00

133 i OUTO_Pi2=1.50036621%
FOUTO_F1240.346349204 -
FROUT1_F12-0.87255859
$ROUT2_F12+1, 00000000 INO_F12

134 H
135 3
136 INO_P13 EQU OUTO.FI12
137 i

y
138 74 AE181E LEA& INO_F13,0UTO_F1i2sR1
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139 7
140 ;
141 OUT2.F13 EQU TEMP

142 75 4020FF LDA OUT2_F13,0UT1_F13sR00

143 ; OUT2_FP13=1,00000000%0UT1._F13

144 76 4068EF LDA OQUT1_F13+DUTO_F13,RO0

145 + OUT1_F13=1.,00000000%0UTO P13

144 77 40401C ADD OUTO_FP13,0UT1_F13sRO1

147 #¢ DUTO.FP13=1.,00000000
PROUTO_F1340.50000000%0UTL P13

148 78 404609A SUB QUTO_F13,0UT1_F13sR05

149 i OUTO_F13=1,00000000
$X0UTO_F134+0.46875000%0UT1..P13

150 ~ 79 40601k SUB OUTO_F13,0UT:I_Fi3rRO?

151 # OUTO_F13=1.060000000
FRXOUTO_F1340.,464679687%0UT1_F13

152 80 40683C ADD OUTO-F12+DUTO_F13¢ROZ

153 i$ DUTO_F13=1,25000000
FXOUTO_F134+0.58342609%0UTL_P13

154 81 4048FE SUER OUTO_P13,0UTZ2_P13yROO

155 i DUTO_F13=1.25000000
FXOUTOLF1340.58349609
$XOUTI_FP13-1,00000000%0UT2-F13

156 82 404850 ALD ODUTO_F13,0UT2_F13+R0Q3

157 7 ¢ QUTOF13=1.25000000
$%0UTO.FP1340.583494609
sXOUTI_F13-0.87500000%0UT2._F13

158 83 40489C ADDR ODUTO_F13,0UT2-F13,ROD

159 s OUTO_F13=1.25000000
§%DUTO_F1340,5834%2609
FXOUTI_F13-0,84375000%X0UT2_F13

160 B4 40481 ADD QUTO_F13y0UT2_F13,RO?

161 ¢+ OUTO_P13=1,25000000
FX0UTOF1340.58349409
FXOUTI_F13-0.84179687%0UT2_F13

1462 83 404878 SUB OUTO-F13,0UT2_F13sR12

163 # DUTO_P13=1.25000000
FX0UTOLP1340,.583494609
FROUTI_F13-0.84204101%0UT2_PFP13

164 85 4A48FD ADD OUTO_F13sINO_F13sRO0

1465 ¢+ DUTOLF13=1.25000000
$XOUTOLF1340.583494609
sRxOUTI.F13-0.84204101
yXOUT2_F13+1.00000000%INO_P13

146 F
147 ¥
148 INO_F14 EQU QUTO_F13
149 ?

y
170 87 4068%E LDA INO_P14,0UTO_F1i3sRS
171 ]
i72
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173 CQUTZ2.P14 EQU TEMF

174 88 4220FF LDA OUT2_.F14,0UTi_F14sR00

175 # OUT2_F14=1,00000000%0UT1_F14
176 89 4668EF LDA OUTI_F14,0UTO.F14,R00

177 # OUT1_-P14=1,00000000%0UTO_F14
178 20 4464607E LDA OUTO_F14,0UTI_F14,R04

179 $# OUTO_F14=0.062500000%0DUT1_P14
180 91 44403a SUEB QUTO_F14,0UT1_F14,R02

ig1 $ OUTO_F14=-0.18750000%0UTL_F14
ig2 92 44646000t ADD OUTO_F14,0UTI_F14,L01

183 # DUTO_F14=1.8125000%0UT1_F14
184 23 464810 ARD DQUTO_F14,0UTO-P14,RO09

185 i OUTO.F14=1.81460400%0UT1_F14
186 24 4646818 SUB OUTO_F14,0UTO_F14yR0O9

187 i OUTO-F14=1.8124930%0UT1_F14
188 25 466810 AID QUTO_P14,0UTO_F14sRO?

1g9 i OUTO_P14=1.8160331%0UT1_F14
190 ?6 4464830 aDD QUTO_F14,0UTO_F14,R10

i91 i QUTO_F14=1.81780465%0UT1_F14
192 ?7 4448FR SUB OUTO_F14,0UT2_Fi4+R00

193 i DUTO.F14=1.8178065

s %0UT1_F14-1.00000000%X0UT2. P14

194 98 44485C ADD OUTO.F14,0UT2_F14rR03

195 i OUTO_F14=1.8178065
$X0UT1_F14-0,87500000%0UT2..F14

196 99 44487C ALD OUTO_F14,0UT2_F14,K04

197 i DUTO_F14=1,8178065
$X0UT1_F14~0.81250000%0UT2_F14

198 100 4448BA SUP OUTO_F14,0UT2_F14rR06

199 3 OUTO_F14=1.8178065
$X0UT1_F14-0.82812500%0UT2_F14

200 101 444810 ADD OUTO_F14,0UT2_FP14,R09

201 5 QUTO_F14=1,8178065
$%0UT1_F14-0.82617187%0UT2_F14

202 102 44489E SUE OUTO_F14,0UT2_F14,R13

203 ; OUTO_F14=1.8178065
$AOUTL_F14-0,B2629394%0UT2_F14

204 103 4448FD ADD OUTO_F14,INO_F14sR00

205 $ OUTO_P14=1.,8178065
FXOUT1.F14-0,82629394
SXOUT2.F14+1.00000000XINO_Fi4

206 ;

207 i

208 104 426CCF LDA DARsOUTO_F14,L01

209

210

211

212

213

214 105 4Q0OEF NOF

TAKE WHAT’S IN THE DAR & SHOVE IT OUT.

s EF e MAF



104
i07
108

109
110
111
112
113

114
115
114
i17
118

1i9
120
i21

122

123

124
125
124
127
128

12¢
130
131
132
133

134
135
134
137
138

139
140
141

4000EF
4000EF
4000EF

8000EF
8000EF
8000EF
8000EF

8000EF

F000EF
Y000EF
?000EF
Y000EF
2000EF

AOQOEF
AQGOOEF
AQOOOEF
AOOOEF
AOOOEF

EQOOEF
BOQOQEF
EQOOEF
BOOOEF
BOOOEF

COOOEF
COOOEF
COOOEF
COO0OEF
COOOEF

DOOOEF
IOOOEF
IOOOEF
LOOOEF
DOOOEF

EOQOEF
EQOCGEF
EOQOEF

R A

e

e M

L TR 1Y

A LI 13

b LI 1

NOF
NOF
NOP

ouTo
ouTo
ouTo
ouTo
DUToO

ouT1
oUT1
ouTL
ouT1
ouTi

auT2
ouTZ2
ouT2
QuTZ2
ouT2

QuUT3
ouT3
ouUT3
ouT3

ouT3

ouT4
ouT4
ouT4
DuUT4
ouUT4

ouTS
ouUTS
ouUTS
ouTS
ouTs

ouTé
ouTé
oUTA
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FMININUM OF 3.5/710%%6 BEC
+TO SETTLE S&H OUTFUT.

&

800/10%%%? S5EC CYCLE TIME



265

266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284

289

286
287
288
289
290
291
292
293
294
293
2948
297

298

299
300
301
302
303
304
305
306
307
308

309

310

142
143

144
145
146
147
148
149
150
151
152
153
154
155

156

157

158
159
160
i61
162
163
164
165
166

167

168
169
170
171
172
173
174
175
176
177
178
179

180

181
182
183
iR4
185

EOOQOEF
EOQQEF

FOOOEF

FOOOEF
FOOOEF
FOOOEF
FOOOEF
4000EF
4A000EF
4000EF
4000EF
4000EF
A000EF
4000EF
4000EF
4000EF
4000EF
4000CF
4000EF
A000EF

"40Q0FF

4000EF
400GEF
4000EF
4000EF
4000EF
4000EF
A000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
4000EF
40Q0EF
4000EF
4000EF
4000EF
4000EF

AQ00EF

- W

ouTé

. ouTS

ouT?

. OUT?Z

QuT?
ouT?
cuT?
NOF
NOF
NOF
NGF
NOF

NOF

NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NODF .
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOF
NOP
NOF
NOF
NOF
NOP
NOF
NOF
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311
312
313
314
315
314

184
i87
iss
169
190
iel

4000EF
4000EF
SO00EF
4000EF
4000EF
4000EF

FREMATURE EOF

SYMEROL

INO_F10
DUT2_F10
TEMF
OUT1-F10
OUTO_F10
INO_F11
OUT2_P11
OUT1 P11
OUTO_F11
INO_F12
DUT2_F12
OUT1_F12
OUTO_P12
INO_F13

S OUT2_FP13

OUTI1_F13
OUTO_F13
INO_F14

OQUT2.F14
GUT1_F14
OUTO..F14

ASSEMBLY
ERRORS
WARNINGS
RAMSIZE
ROMSIZE

COMPLETE

Wonnu

0
0
i2

192

NOF
NOF
EOF
NOP
NOF
NGF
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1 18000000F 4F OF CF 4FEFFF OF OF OF OF EFFF OF OF OF OF EF FF OF OF OF OF EFFIIE
$ 18001800FOF OF OF OFEF FF OF OF OF OF EFFF OF OF OF OF EF FF OF OF OF OFEFFIIC
$ 18003000FOF OF OF OFEFFF 4F OF OF OFEFFF 6F OF OF OFEF FF AF OF OF OFEFFB6
$ 18004800F 4F OF OF OFEFFF 7F 1FOF OFEFFF 4F OF OF OF EFFF 4AF OF OF OFEFF 98
$ 18004000F 6F LF OF OFEFFF 4F OF OF OF EF FF 4F OF OF OF EFFF SF 1F OF OFEFF 7F
: 18007800F 4F OF OF OFEFFF 4F OF OF OFEFFF 4F 1F OF OF EFFF 4F OF OF OFEFF 4B
: 18009000F 4F OF OF OFEFFF 3F 1F OF OFEFFF 4F OF OF OF EFFF 4F OF OF OFEFF 54
: 1800ABOOF 2F LF OF OFEFFF 4F OF OF OFEFFF 4F OF OF OFEFFF 1F 1FOF OF EFF 3F
! 1800CO0OF 4F OF OF OF EFFF AF OF OF OFEFFF OF 1F OF OF EFFF 4F OF OF OFEFF 27
: 1800DB00F 4F OF 2F 2F 4FEF AF 2F OF OF FFFF 4F 6F OF 8FEFFF 4F 4F OF OFFFFF D
: 1B00F 00OF AF AF OF 8F FFBF 4F AF OF 8F 9F CF AF 4F OF 8F 1F BF 4F 4F OF 8F 5F DEH
! 180 10B00F AF 4F OF OF IIF IIF 4F 4F OF OF 9F AF 4F 6F OF OF IIF AF 4F 6F OF OF 9F DDIL!
11801 2000F 4F 6F OF 8F 1FEF 4F 8F OF OFFFFF 4F 8F 1F 8F EFFF AF F 1FOF 2F AAA
1 1801 3800F 4F 8F 1F 8F BF AF 4F 8F 1F 8FFFDF 4F OF 1F 8F FF BF AF OF 1F8F 7FCaD
1 18015000F 4F OF 1F 8F BFCF AF OF 1F 8FFF CF 4F OF 1F 8F LFIIF 4F OF 1F 8F 9F BBF
11801 6800F 4F 2F LFS8FFFIF 4F 8F 1F8F 1FEF AF AF OF OFFFFF 4FEF 1F 8FEFF AC
$18018000F 4FEF 1FOF 3FCF 4FEF 1FOF DF AF AFEF 1F 8F 1FCFAFEF 1IFOF 9F D4A
$18019800F 4FEF 1FBF 7FDF 4F 4F LF 8F FFBF 4F 4F 1F8F SFCFAF 4F 1IFBF 1F D34
11801 ROOOF AF AF 1F8F SFIF AFCF LF8F FFDF AFEF LF8F 1FEF 4F OF 2FOFFFF 11
$ 1801CROOF 4F OF 4F BFEFFF 4F OF 6F OF 1FCF AF OF 6F OF 9F AF 4F OF 6F OF 1F B2
! 1801 E0OOF AF OF 6F 8F 3F CF 4F OF AF BFFF BF 4F OF 4F 8F 5F CF 4F OF AFBF 9F CF 6
: 1801F BOOF AF OF 4F 8F 1F IIF 4F OF 4F 8F 7F BF 4F AF 4F BFF F DF AF OF 6F 8F 9FEDO
1 18021 000F 4F 2F 2F OFFFFF AF 6F 6F 8FEF FF AF 6F 6F OF 7FEF 4F 6F 4F OF 3FAB9
1 18022800F AF 6F 6F OF IIF IIF AF 6F 6F 8F 1F IIF AF 6F 6F 8F 1FBF AF 6F 6F 8F 1F DA4
1 1B024000F AF 4F 6F BF 3FIIF 4F 4F AF BFFF BF 4F 4F 4F 8F SFCF AF 4F 4F 8F 7FC84
$ 18025800F 4F AF AF 8F BF AF AF AF AF8F LFI'F 4F 4F 4F 8F 9F BF 4F AF 6F8FFFD69
$ 1B8027000F 4F 2F 6F CF CFFF 4F OF OF OFEFFF 4F OF OF OF EF FF 4F OF OF OFEFF 60
1 18028800F 4F OF OF OFEFFF 8F OF OF OFEF FF 8F OF OF OF EFFF 8F OF OF OFEFF 4E
$ 1802A000F 8F OF OF OF EFFF 8F OF OF OF EFFF 9F OF OF OF EF FF 9F OF OF OFEFF 30
: 1802RBOOF 9F OF OF OF EFFF 9F OF OF OF EFFF 9F OF OF OF EF FF AF OF OF OFEFF 15
: 18021:000F AF OF OF OFEFFF AF OF OF OF EFFF AF OF OF OF EFFF AF OF OF OFEFFF A
: 1802E800F BF OF OF OFEFFF BF OF OF OF EF F F BF OF OF OF EF FF BF OF OF OF EFF DE
! 18030000F BF OF OF OF EFF FCF OF OF OFEFFFCF OF OF OFEFFF CFOF OF OFEFFC2
1 1803 1BOOF CF OF OF OFEFF F CF OF OF OF EFFF IIF OF OF OF EFFF IIF OF OF OF EFF A7
* 1B0FZ000F IF OF OF OFEFFF IF OF OF OFEF FF IF OF OF OF EFFFEF OF OF OFEFF 8C
1 18034800FEF OF OF OFEFFFEF OF OF OF EFFFEF OF OF OFEFFFEF OF OF OF EFF 71
+18034000FFF OF OF OF EFFFFF OF OF OFEFFFFF OF OF OF EFFFFF OF OF OFEFF 55
$ 1803 7800FFF OF OF OFEFFF 4F OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OFEFF SE
$ 18039000F 4F OF OF OF EFFF AF OF OF OF EFFF 4F OF OF OF EFFF AF OF OF OF EFF 51
*1802ABOOF 4F OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OFEFF 39
1 1803C000F 4F OF OF OFEFFF 4F OF OF OF EFFF 4F OF OF OF EF FF 4F OF OF OF EFF 21
$ 1803IB00F 4F OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OFEFFF 4F OF OF OFEFF 09
2 1803F 00OF 4F OF OF OFEFFF 4F OF OF OFEFFF 4F OF OF OF EFFF 4F OF OF OFEFFF 1
! 18040800F 4F OF OF OFEFFF 4F OF OF OF EFFF 4F OF OF OF EFFF 4F OF OF OFEFF I'G
$18042000F 4F OF OF OFEFFF 4F OF OF OFEFFF 4F OF OF OF EFFF 4F OF OF OFEFFCO
: 1B04XBOOF 4F OF OF OFEFFF 4F OF OF OFEFFF 4F OF OF OF EFFF AF OF OF OFEFF A8
¢ 1BOAS000F AF OF OF OFEFFF 4F OF OF OF EFFF 4F OF OF OFEFFF 4F OF OF OFEFF 90
_$1BO46800F 5FOF OF OFEFFF 4F OF OF OFEFFF 4F OF OF OFEFFF 4F OF OF OFEFF 77
1O0BOGOOIFE T T T e



¥i1F1
X:BU

* & & =M gy as @p

~Gr Wb ar Wk

FOLE
FOLE
POLE

e
19
80

TS =
g =

+BT

e ws car wr 36 AF ar g = D W sar e W oW

77

APPENDIX C: SPASZ20 COMPILER EXAMPLE

15FAS2 $iS5tart ur the S5FAS20 comriler.
TTER S+s100+0 sCall the BUTTERWORTH macro.

The following listing is
rroduced when the macro is called.

This is a2 BRUTTERWORTH FILTER GENERATOR for SFAS20)

Calling seauence {BUTTER ORDERs Fcoy LAEEL where
tRUTTER e3lls the MACRO,
ORDER is the order aof the filter.
Feco is the cut-off freguency in Hz.,
LABEL is the starting roint for FOLE numbering.,

The macro exransion has beerr omitted.

The followind ~oles have been denerated bge the
BUTTERWORTH macro.

0 ~30.7016%7y 25.103451yCONTINUOUS
1 -80.201702, 58.7785246CONTINUOUS
2 = ~100.,000000y 0.00000000,CONTINUOUSS REAL

it U

ecify the samrling frecuency.
2= number of 2920 prodram words.
0/10%%9= 800 nanoseconds

192%800/10%%9 i SAMFLING FREQUENCY
1.,33597833/710%%4

Now call the bilimear transform.
F O0y10Q tllo 3 bilinear transform on FOLE O.

This listind is rroduced when the bilinear transform
is invoked.

iThie macro denerates 3 Bilinear transform of a

igiven role. .
iCalling gsequence JBRTF FOLE # IN Sy FPOLE # IN Z

The bilinezr transform has comrleted for rale 0.
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§

¥IBTF 1s11 tBilinear transform on POLE 1.
XIBRTF 2,12 $Rilinesr transform on FOLE 2.
H
i NDTE ¢ The macro exesansion has beern omitted for the BTF,
¥

*FZ serint out 2ll the roles.,

POLE 0 = ~-30.92016927y 95.105651,CONTINUOUS

FOLE 1 = -80.9201702, 58.778324CONTINUOUS

FfOLE 2 = ~100.000000+0.00000000,CONTINUQUS? REAL

FOLE fO = 0.9708752%9 0.0921745910»7
FOLE 13 = 0.224921406 Q.0067711927
FOLE 12 = 0,920793417,» 0,00000000sZ% REAL

’
t Now dgenerate the 2920 instructions for each roles
 Position error has bheen srecified as 0.0001,

§

¥CODE FOLE 10 PERROR<Z.0001,.0001

¥COUE FOLE 11l PERROR<.0001:.0001

¥CODE POLE 12 FERROR<.0001,.0001

Text rroduced by the SFAS20 comriler bhas beern omitted
hetween each ‘CONE’ command.

& W wr e ca

Bz irrint out 311 the roles.
b l
FOLE O = -30.9014%7y 95.,105451,CONTINUDOUS
FOLE 1 = -80.901702y S58B.7783524,CONTINUDUS
FfOLE 2 = -100.000000, 0.000Q000000yCONTINUOUS: REAL
POLE 10 = 0.9707464046y 0.091818725,27
FOLE 11 = 0,924915852y 0.0546793292,7
POLE 12 = 0,907998%93: 0.00000000,Z5 REAL

¥ .
s Note ! Foles 10-12 reflect the generated 2920 instructions.,
¥

¥EXIT fReturn to the ISIS-II orerating sustem.
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APPENDIX D: 2920 SIMULATOR EXAMPLE

*LOAD SPROG.HEX

HTPROG=192H0. 0000008

HTRACE=TIME y INO -OUTO

XQAUALIFIER=FC=0

XSIZE=192

RXBREAKFOINT=0UF=1 OR FC=0 AMD TIME=100XTPROG
HKIMNO=8IMCIOORTFIRTIME)

H*CONSOLE OFF

¥_IET #COl

KOUF

QUF =  0.00000000

MFRINT Al
TIME 1nNO auTo
0.00015360 0.09435297 &.,395484348
0.00030720 0.19182314 0.389140463
0. 00046080 0,28550103 0. 33007813
0:000461440 0.372652180 G.30273438
0.000746800 0.446403833 O.22492188
0.0007921460 0. 54723599 0.,30273438
0,00107520 0.482534072 0.32417188
0.00122880 0+692762539 0+ 3492609238
0.00138240 0.746341749 0.37695313
0.00153400 0.822104320 0. 40429689
0:00148940 0.873137%4 0.43554488
0.00184320 0.21604251 0.4465794880
0,0012924RQ 0.95043330 G.425044688
0.00215040 0.275927154 +HRI20313
0.00230400 0.9P2426046 0,546445313
0.00245740 0.99964521 0.59370313
0.002461120 0.9P75E401 8 0.62304488
0+ 002746480 0.9284619092 0,5644648439
0.002918940 G.26564336 0.54%22188
0.00307200 0.93410869 0.468945313
0. 00322540 0.8978&61462 0.70507813
0.00337920 0.85125830 0,712890463
0.00353280 0.794673237 0.72070313
0.003468640 0.73479141 0.72070313
0.00384000 0.464601.1467 0.714679688
0, 00399340 0.592103364 C0.705070813
0.00414720 0.51055483 0.68945313
0.00430080 0.A2532427 0.447921088
0.00445440 0,334613538 0.64257813
0.004560800 0.24381787 0.61523438
0.00475160 0.14923159 0,38007313
0.00491520 0.053254601 0.53710938
0.0053046880 ~-0.04321477 0.42414043
0.00522240 -0,13928383 0.447248563
0.005374600 -0, 234054835 0.39257813



0. Q05529240

0.00548320
0,00583480
0.00599040
Q0,004614400
0., 00629740
0.004645120
0.,0046460480
Q. O0475840
0.004691200
0,00706%560
0.00721920
0.00737280
0.00752540
0,00748000
0.00783340
0.00798720
0,00814080
0.00829440
0.00844800
0.00840160
0.0087552

0.008%0880
0.00906240
0,00921400
0.009346950
0.00952320
Q. 00947480
0.00983040
0.00298400
0.01L013740
0,01029120
0.010444020
0,01059240
0.,01075200
0.01090540
0.01105920
0.01121280
0,01136640
0,01152000
0.011467340
0.01182720
0.01198080
0.01213440
0.01228800
0.01244140
0,01259520
0.01274990
0.01220240

80

~0, 32A5TO0T7T
-0.414204564
-0.501988530
-0.58289443
-G, 465847939
—Q., 72793569
-0, 79061704
-0.,.845924004
~0.892339023
-0 ,.93252578
—0.96298223
—0 . 984474627
-0,99480791
-0, P9984240
-0.99361123
~0,97811279
~0.95351094
-0,92003484
~0 Q7799629
-G.02778433
-0 ,74987197
—0.70479243
-0, 43315384
-0, 5554502217
—0,47221943
-0, 305815463
-0.29512114
-0.201467949
~0.,10435084
-0.01005281
0, 084634880
0.18194724
0.2750523%4
0.3&6718945
0.45510995
0.53879443
0,.461744470
0. 69038750
0.754688554
0.81833950
0.856819541
0,9119711¢%
0.94725947
0,97373174
0.99114140
0,.999324684
0.99821152
C.9PB780805
0.924820703

TL3F7AFGET

0.28320313
0.22070313
0.146210938
0. 09960939
0. 03320313

~0, 02929488

-0.09179483

-0,15039063

-0,21239063

-0, 24757813

~0,32617199

0374695313

-0.42382813

~0. 46479488

-0, 50585938

—0. 54101567

—Q 572465463

—0,5957031 3%

-0,561523438

-0, 624695313

~0, 63476563

~0 434755463

-0, 43085938

—0.61914063

—0.59940938

~0, 50007813

-0, 55273438

~0.51757913

-0.,47851542

-0.43945313

~0,39257913

~0,34179480

-0.28710938

~-0.23242188

-0.,17332813

~0,11132913

—0. 05273438
0.00P7465463
0.072246543
0.13085938
0.,18945313
0.24804568
0.30544043
0. 35742189
0.,40820313
0.4511i7i08
0., 49414063
0.52929488




0.01305600
0.01320940
0.0133632¢C
0.01351480
0.01367040
0.01382400
0.01397760
0.0141312

0.01428480
001443840
0.01452200
0.01474560
0.01489920
0.01505280
0.01520640
0.01535000

81

U+ 23959697
O.20224248
0.85642063
0.80276743
0.74157300
0.867347671

+5992112490
0.51917231
0.43440103
0.34558604
0. 20355474
0.159214340
0. 046329210

—~0., 03314940
—0. 12932222

~0.,22427144

0.546445313
0.587990483
G.5113281L3
0,82695313
0.634745463
0.4638467188
0.,5638671.88
0.43085938
G.615323432
0LE2G70313
0. 548352308
0.54101563
0, 50585938
0, 4528906
0.,41992188
¢ 38214063
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