(— (NASA-CR-177000) 2 MICROPEKOCESSOR BASED N86-29117

i ANTI-ALIASING FILTER FOR A FCF SYSTEM Final

| Report, 31 Oct..1¢80.- 31 Oct. 1984

L“N(California Pclytechnic State Univ.) 160 -p. Unclas '
L ‘ 'CSCL 17B G3/32 . 43345 |

A MICROPROCESSOR
BASED ANTI-ALIASING FILTER

FOR A PCM SYSTEM

FINAL REPORT

' PRINCIPAL “INVESTIGATORS
Daniel Creighton Morrow

Doral R. Sandlin
10/31/80 - 10/31/84

California Polytechnic State University
Aeronautical Engineering Department

San Luis Obispo, California

Grant No. NCC 4-1



ABSTRACT

A MICROPROCESSOR BASED ANTI-ALIASING FILTER

FOR A PCM SYSTEM

DANIEL CREIGHTON MORROW

March 1983

This project report_de5cribes the design and
evaluaticn c¢f a microprocessor based digital filter. The
filtef was designed to investigate the feasibility of a
cdigital replacement for the analog pre—sampling filters
used in telemetry systems at the NASA Ames;Dryden Fliagnt
Research racility (DFRF). The digital filter will utilize
an Intel 2920 Analog Signal Processor (ASP) chip. Testing
includeé measurements of (a) the filter freguency response
and (b) the filter signal resolution. The evaluation of
the cdigital filter was made on the basis of circuit size,
-projected environmental stability and filter resolution.
The 2920 based digital filter was found to meet or exceed

the pre-sampling filter specifiéations for limited signal

resolution applications.
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CHAPTER 1

INTRODUCTION

A substantial portion of the research conducted at
NASA's Ames-Dryden Flight Research Facility (DFRF) 1is
flight oriented. Airborne test beds aliow experiments to
be conducted uﬁder conditions which cannot be approximated
in wind tunnels or pressure chambers. Storing the data
collected dﬁ:ingkén airborne experiment is a definite
challenge in the space restricted flight environment.
Often, the volume of data collected during flight tests
make'on-board storage of data, at best, impractical.
Therefore, a pulse code modulation (PCM)l telemetry system
is used to collect, multiplex and transmit data to the
ground station for storage and analysis (see Figure 1l-1).
The ability of the PCM system to accurately measure and
transmit data to the ground station is critical to the

success of airborne experiments.

lrerrel G. Stremler, Introduction to Communication
Systems, ed. David Cheng, Leonard A. Gould and Fred
Manasse, (Phillipines:Addison-Wesley Publishing Company,
Inc., 1977), pp. 355-3€66.
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The flight environment is full of electriceal
noise. The major contributors are the aircraft 400 Hz
power'supply, the avionics and the power plant. The pre-
sampling filters (PSF) perforﬁ a twofold service for the
system. In the process of atténuating noise signals in
frequency bands above that of the data, these low pass
filters act as anti-aliasing filters?:3+4 for the PCM
system signal multiplexer. Without these filters,
aliasing of high frequency noise into the data bands could

seriously impair system accuracy.

The Analog Pre-Sampling Filter

The circuit diagram of the analog PSF is shown in
Figure 1-2. If the resistors and capacitors cf the
circuit are matched, the transfer function of the circuit
becomes:

s~ + 2wcs2 + 2w§s + wg

2Andreas Antoniou, Digital Filters: Analysis and
Desian, (United States: McGraw-Hill, iInc., 1579), pp. 151-
154.

3Lawrence-R. Rabiner, Theory and Application of

Digital Signal Processing, (New Jersey:Prentice Hall,
Inc., 1975), pp. 26-28. :

42920 Analog Signal Processor Design Handbook, (Santa
Clara: Intel Corporation, 1980), pp. 2-2, 2f3.
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Thus, if the cifcuit is assembled using matched
components, it provides a very efficient implementation of
a3 third order Butterworth filter. The circuit requires
few parts and occupies approximately two square inches on
a circuit board. While the simplicity of this circuit
allows a space efficient design, it‘algo leads to

sensitivity to environmental stresses.

As the componénts age and go.thfough the thermal
extremes of flight, the values.of the various circuit
components tend to drift. The program TRCLC. (see appendix
E) was used to evaluate the magnitude and phase-respbnse
of the circuit as the value of Rl varies. Figure 1-3
shows the magnitude response curves when Rl is allowed to
vary 10%. At the filter corner frequency (Wa=1l Hz), the
gain error associated with a 10% variation in R1l is
1.2 dB. The distortions in the PSF transfer function lead
to system errors in measured data. Fortunately} if the
distorted transfer function iS'known, the impact on the
final measurements can be minimized by post flight data

reduction.
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The Digital Alternative

A digital implementation of the PSF filters could
provide a significant improvement to the existing PCM
system. The transfer functions of digital filters are
primarily dependent on the program which drives the
processor, rather than the values of the components which
form the circuit. Therefore, the digital filter is
expected to exhibit improved transfer function stability.
By the same argument, improved filter repeatability is
also expected. The potential also exists for reducing the

physical size of the filter.

This project report describes the design and
evaluation of a real-time microprocessor based digital
PSF. The goal of the project was to investigate the
properties of a digitel filter which approximates the
analog PSF circuit. The embhasis of the design is on size
efficiency and transfer function stability, not on the
implementation of an ideal Butterworth filter. The
processor utilized to implement the digital filter is the
intel 2920 Analog Signal Processor (ASP). This processor
was selected because of its unique design and the

availability of support tools.



CHAPTER 2

DIGITAL FILTER DESIGN

Filter Design Specifications

The pre-sampling filter is an important part of
the. PCM system. The filter attenuates high frequency
noise in sensor signals before the PCM system samples the
data fcr transmission. The high frequency noise must’be
removed to avoid aliasing. The performance of the
existing analog filters is degraded by their sensitivity
to environmental stresses, The digital PSF is to
approximate the response characteristics of the anaiog

circuit. The nominal specifications of this filter are:

1) The filter transfer function:

-G
H(S) = —-—m—m e e
s s S
[--=-13+ 3(--=-12+ 3[--=-11+ 1
-
W. Wc W
where: s = jW

We = Corner frequency

G = Gain

2) A balanced differential input.

3) Input impedanceE 100k ohms minumum.



4) Output impedance: 20k ohms maximum.
5) Nine bit (eight bit plus sign) signal
resolution.

6) Four signal inputs per 2920 chip.

The digital filter design process will be treated

in four major steps:

1) Filter hardware design
2) Choosing a sample frequency
3) Development of the Z domain transfer functicn

4) Implementation of the transfer function
The following is a discussion of the engineering
" process for designing a digital replacement for the analog .

third order Butterworth PSF.

The 2920 Support Hardware Design

. The 2920 ASP requires several types of external
hardware support to meet the PSF nominal specifications.
The 2920 input channels require buffering to meet
impedance requirements and to interface with the
differential input signals. The outpﬁt signals require

filtering to remove noise from the D/A converters.

Figure 2-1 shows the functional blocks necessary

to interface a 2920 based filter with the existing PCM



ORIGINA
OF POOR

L Pﬁuiw 15
(gkjﬁd,ﬁiﬁf

PSF. Qucputs

l !

_'g: : IHC ouTO
H IR Ut
5] - IN2 ouT2 L_
—~ . In oUT3
|
R » IXTEL
2 ‘ 2320
b Dr———
g
e
= D=
S
Signal Vref ' Recenscy
Conditioning Filters
Bufiers 1 Vvoic
Reference
Voltage
Generator
Figure 2-1 Digizal PSF Functionai Blociks



system. The Signal Conditioning Buffers (SCB) are
required to meet the nominal filter input specificatioés.
The SCB circuits raise the input impedance of the filter,
convert the differential inputs to single line, scale the
signal to magnitudes acceptable for the 2920 ADC's and act
as anti-aliasing filters for the 2920 by attenuating high
frequency signals. The 2920 output signals are passed
througb reconstruction filters to attenuate noise from the
DAC outputs. The reference voltage will be generated
local to the processor to reduce reference voltage noise.
The circuit shown in Figqure B-1 is one possible
implementétion of these functional blocks. Further
information on 2920 support hardware design is contained

in Appendix B.

Choosing a Sample Freguency

Choosing the digital filter sampling frequency

(F is a fundamental part of the digital filter software

s)
design. As shown in Figure 2-2, a broad range of sample
frequencies is available for 2920 filter design. The
acceptable values of F, are band limited by the Nyquist

frequencyl, noise bands and the speed of the digital

processor. The minimum acceptable sample rate 1is

1Ferrel G. Stremler, Introduction to Communication

Systems,ed. David Cheng, Leonard A. Gould and Fred
Manasse, (Phillipines: Addison-Wesley Publishing Company,
Inc., 1977), pp. 112-116.

11
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N

determined by the Nyquist criteria applied to the highest
signal frequency of interest. This frequency corresponds
to the point at which the transfer function of the filter

is down 54 dB (the maximum resolution of the 2920 inputs

and outputs). This occurs approximately a decade above

the corner frequency of the third order Butterworth

transfer function (10 F c)e The Nyquist criteriéz"éiates

13

that the mlnlmum acceptable sample frequency (Fsmln) lsg,

twice the =54 4B frequency or:

Fsmin_"= 20 Fg

whefé:“Ec = corner frequency of-theﬂfiixé_gig'

Fgq should be chosen such that it will not ¢ause

aliasing of the 400 Hz power supply noise into the
passband of the 1iigital filter. The frequency bands.which
are subject to aliasing are centered around multipies of

F and are bounded by:

sl

N Fg - 10 Fc

and

N Fs + ;0 Fc

where N =1, 2, 3, 4, . . .

2Stremler, pp. 112-116.



Any noise occurring in these bands is frequency
translated by the sampling process into the passband.
Therefore, to avoid frequency aliasing of the 400 Hz power
supply noise signal into the passband, Fg, must be chosen

such that:

N Fg - 10 Fc > 400
or

N F. + 10 F. < 400

S
Sample rates which do not meet this condition are
considered unacceptable for this application. The maximum

sample rate (F ) is established by the maximum clock

smax

frequency of the 2920 processor. This rate as a functicn

of crystal frequency is:

where: F crystal frequency of the processor

cry

Fcry < 6.6E6 for 2920-16 processor

Fery < 5-0E6 for 2920-18 processor

N number of program steps in the filter code

ps
The program cycle rate (chr) is the frequency at
which the program space of the 2920 is cycled. The value

of Fg is also constrained to be a factor or multiple of

FPCI’ Fg equals chr if a signal sample'is processed

14



every program pass. F_ may be made less than F

s by a

pcr
factor N, by enabling the filter input sequence on every
Nth program pass. This technique is discussed in greater

detail in the 2920 Analog Signal Processor Design

Handbook. F_ may be up to four times greater than F

s pcr PY

linking duplicate filter code blocks in the 192 step

program memory.

In summary, the acceptable values of Fs are

limited by the following constraints:

1) Fg = Fcpr'* M
» 1 1 1
where: (M=4,3,2,1,-—=,=—=, ===, ccee)
2 3v 4
2) F, > 20 F
3) N Fg - 10 FC > 400
or

N F, + 10 F, < 400

where: chr = program cycle rate
. lemy
4 Nps
and: Fcry = processor crystal frequency,
Fg = filter corner frequency,
Nps = number of.program steps in the

filter code.

1S



Development of the Z Domain Transfer Function

The development of filter software which will
approximate the characteristics of the analog PSF requires
that a Z domain equivalent of H(s) be developed. The type
of transformation process which will yield the best
results depends on the form of H(s) and the target filter
structure. For this application, which requires a space
efficient implementation, Infinite Impulse Response (II?)
transform techniques will yield the best results. IIR
filters approximate analog circuit transfer functions more
efficiently»than Finite Impulse Response (FIR) filters.
Further, étﬁdies show that the Bilinear Transform is the
preferred IIR.transform technique for Butterworth transfer

functions3.

The Bilinear Transform

The Bilinear Transform4

technique 1is an
approximation method which converts an analog transfer
function H(s) to a discrete-time transfer function H(z).

This method allows any valid analog transfer function H(s)

3Bernard Gold and Lawrence R. Rabiner, Theory and

Application of Digital Signal Processing, (New Jersey:
Prentice-Hall, Inc., 1975), pp. 252-257.

4Go1d and Rabiner, pp.219-224.

16



to be expressed as a function of the discrete operator z

using the equation:

I
I .
H(z) H(s) | z -1
!
I

The Bilinear Transform 1is an algebraic
substitution of a function of thg discrete variable z for
the laplacean variable s. The derivation of this
technique is based on a trapezoidal approximation of an
integral, thus the Bilineéf'fc&nsfo:ﬁ techniéué is not an
exact method®. The ffequency response of H(z) is equal to

H(s) 1f and only if :

Wy
W, = 2 Fg Tan [----- ]
2 Fq
where: W, = frequency variable (analog)
wd = frequency variable (discrete)

This equation implies that the frequency response
of the Bilinear Transform based discrete time transfer

function will be frequency shifted with respect to H(s) as

Sandreas Antoniou, Digital Filters: Analysis and
Design, (United States: McGraw-Hill, Inc., 1979), pp.178-
179. a .




a function of input frequency. This effect is known as

"warping"s.

The warping error is negligible for input
frequencies much less than Fg. The warping error
increases as the frequency variable Wy approaches one-half
of the sample rate. The error may be minimized in the
pass band by applying the pre-warping factor (L) during

the transform process. L, is defined as:

- —— — s — — ———— —— T —— —

where: W, = filter corner frequency.

L, shifts the frequency response of the digital
transfer function so that the amplitude response of the
digital transform is exactly equal to the amplitude
response of the analog transfer function at wc. Applving

the Biiinear Transform to the transfer function of the

general third order Butterworth pre-sampling filter shown

6Antoniou, pp.182-185

18
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in Figure 1-2 we find:

1 I
H(s) = - |
: l
s s s
[--2-13+ 3(--2-12+ 3[--2-11+ 1 | -1
Wc wc wc ls:ZFS Lw [—==]
z+1
yields the z transform;
123 + 322 + 3z + 1
H(z) = SR R et
Ko 2 + Ky 2z + Ky 2z + Kq
. ow = 3 2
where: Kq 8 RSC + 8 Rsc + 4 Rsc + 1
=— 3 - 2
Ky 24 Rie 8 RS + 4 Rge + 3
= 3 - 2 -
Ko 24 R, 8 RSe 4 Rgo + 3
: = 3 2 - )
Ky = -8 Ry + 8 RS 4 Rge *+ -
Rsc = sample rate to corner frequency ratio
_ Ew * Fg _ 1
W W
c 2 Tan[---——- ]
2F¢
2 = discrete-time operator

The analog to digital transfer function
transformation for the Butterworth filter is complete once
the values of Ko through Kj have been calculated. The
results of the transformation are compared to the analog
response in Figure 2-3. The frequency response of the

H(z) was evaluated by the program MAGCK (see appendix E).
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The magnitude response of the transforms is normalized to
0.8 volts/volt to avoid the non-linearities in the 2920-
16D ADC's and DAC's. This normalization convention 1is

carried throughout this investigation.

Implementation of H{2)

Implementing H(z) with a 2920 ASP requires that
the discrete transform bé converted into a sequence of
instructions that the 2920 can execute. The structure of
the filter algorithms is an important considerétion given
the program length restrictions of the 2920. Realizing
four filters with one 2920 implies that the length of each
individual filter algorithm is limited to forty-eight

program steps.

Benchmark programs were written based on the
ladder, parallel, direct and cascade structures to
evaluate the relative efficiencies of the 2920 algorithms,
The benchmark filters implement 300 Hz PSF's with a
minimum signal resolution of nine bits. The parellel and
iadder structures did not perform well in this
application. Both these structures failed to meet the
signal resolution fequirements; The direct and cascade
forms were found to be better suited to the 2920

architecture.



Figure 2-4 shows the flow diagrams of the cascade
and direct form-2 algorithm structures’. The z~1 term
represents a memory storage element wnere data is time
delayed one saﬁpie. The sections with discrete feedback
are called reéﬁrsive sections, the sections Qithout
feedback are called non-recursive sections. The recursive
sections implement the denominator (poles) of H(z), and

the non-recursive sections implement the numerator

(zeros).

The direct form-2 structure implements H(z) with
fewer multiplications and memory variables than the
cascade form, but the resolution requirements impact the
length of the multiplication algorithms to a greater
degree than in the cascade form. Thé direct form reguires
three full accuracy recursive multiplications and f&ur
non-recursive multiplications. The cascade form also
requires four full accuracy recursive multiplications, but
the gain of the recursive section is divided into two
parts, thus redﬁéing the accuracy requirements of these
multiplications. Further, the gain of the two non-
recursive sections can be distributed so that three of the
multiplications are one instruction long. This

effectively reduces the number of non-recursive

7Antoniou, p.76.
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multiplications in the cascade structure to two.

The third order recursive section of the direct
form is subject to oscillations caused by power up
conditions. Under normal circumstances stability is not a
" problem for these digital Butterworth filters.
Occasionally power up conditions leave random values in
the delay memories which cause ALU overflows during
multiplications. Recursive sections feed the overflow
resultants back into the algorithm. thder certain
conditions the overflow resultants cause :new overflow
errors. When this occurs the recursive section goes into
an oscillatory mode. The instability is observed only in
odd orders of recursive sections. This unstable mode can
be prevented by software which detects the mode and damps
the oscillations. The additional instructions of the
software fix furthef reduce the efficiency of the direct

structure algorithms.

A comparison of the relative efficiencies of the
benchmark programs shows that the cascade structure is

best suited for the PSF application.

The Cascade Difference Equation

The cascade form of H(z) may be derived directly

from the results of the Bilinear Transformation. Applying

25
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The cascade form of the discrete transfer function
is derived by expressing H(z) as the product of second
order transfer functions. 1In this application, H(z) will
be e#pressed as the product of two transfer functions,
Gl(zf and Gz(z). The transfer functions Gl(z) and Gz(z)

are defined as:

Y(2z)
H(z) = =-=--- = G,(z) * G,(2)
X (2) 1 2
where:
G'(2) 1+ 221+ 1272
Gy(2) = —===——- e e - S
1 X(z) 1 - dl z"l - dz 2'2
ang:
Y(z -1
) ag + a; 2
Gz(z) = e = CoTTTmTTIITC
G'(z) 1 - d3 z



and 4y dy, d3 are defined such that:

D(z)= 1 - by 271 ~ b, 272 by 273
= (1-d; 27 -dy 272 * (1 -4dy270
with: b1 = —Kl/Ko
by = -K,/K,
by = -K3/K,

Gain Scaling in The Cascade Algorithm

If the flow diagram of Figure 2-4a was programmed
as shown into a2 2920, the output ¥Y{nT) would be distorted
by ALU overflow errors. The two's complement fixed point
2920 ALU overflows if the result of any calculation
exceeds one (some overflow protection is provided, see the

2920 Assembly Language Manual for details). To avoid ALU

overflow errors the signal should be scaled as it is

processed through the filter algorithm.

The magnitude of a section gain determines the
amount of signal scaling required to prevent overflow
errors. A gain scale factor, C;, is carefully introduced

into each section such that the gain of the entire filter .

does not change. This requires that:

1 =C; *Cy*Cy* .o Gy

where: i = section number
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A further restriction on the value of C; is made
-5 insure that the scale factors do not significantily
sengthen the instruction code. C; is restricted to be a
cower of two. This allows Cy to be implemented with one
instruction. The binary scale factor (SFy) is the
:xponent of two which determines C;. The values of SF;
are limited to integers between negative thirteen and

rositive two by the instruction set of the 2920. The two

restrictions on the allowable values of C. are:

SF;
l) Cl = 1
where SFi = -13,-12,-11,-10,..... 0,1,2
2) l = Cl * C2 * C3 * oLl Cj

Signal scaling prevents ALU overficws, but it a;so
increases the accuracy requirements in the algorithms,
which 1increases the required accuracy of the
nmultiplications. The optimum magnitude of <5 will De the
largest valid power of two which prevents ALU overflows

during signal processing. This implies that:

CiAi(l+k) <1

Solving for Cj: C; < ~==---=—=--

where: C4 gain scale factor

SF{
2771

28



and: A; = gain of the section
i
= G(z) |
lz=1
with G(2z) = the section transfer function

k = percent overshoot of the section

transfer function

Solving this equation for the binary scale factor SF; :

Ln Ai + Ln {(1+k)

The binary scale factor may be determined from
this equation by finding the largest integer value of SE;

wnich will satisfy the equation.

‘The method in which gain scaling is implemented is
different for the recursive and non-recursive sections.
In recursive sections, the scale factor is implemented as
a binary shift applied to the section input. The
coefficients are not modified. 1In non-recursive sections
the coefficients and the scale factor are multiplied

together to form new non-recursive section coefficients.

Once the gain scale factors are properly placed in

the flow diagram (see Figure 2-5), it is ready to be

29
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converted to 2920 instruction code. Ci and Co buffer the

magnitude of the signal input and the algorithm output.

Accuracy of Multiplications

The flow diagram in Figure 2-5 contains five full
accuracy multiplications. 2920 program memory constraints
limit the number of instructions in each filter algorithh
to forty-eight steps. An average 24 bit multiplication
requires eight program steps. Five 24 bit multiplications
would consume forty of the forty-eight available program
steps. Clearly, if all the filter functions are to be
implemented within the forty-eight instruction step limit,
the multiplication algorithms must occupy less space. The
multiplication algorifhms can be made more space efficient
by decreasing the accuracy of the multiplications. The
amount of multiplication accuracy required to preserve the
signal resolution, as it is processed through a section,
is a function of the resolution of the input signal and

gain of the section.

The binary resolution of a fixed point digital
signal is defined as the number of bits in the signal
which contain accurate data. The original accuracy of the
sampled dafa is limited to eight bits plus sign by the
resolution of the A/D converters. The binary resolution

of a signal (R;) at the input to section i can be



32

approximated by finding the largest integer which

satisfies the equation:

Ln A
Ri < Rs - SFi - o
Ln.2
where: R; = Binary resolution of input to section i

1

(number of bits),

R = Binary resolution of signal

{number of bits),

A = Product of the filter sections prior

to section i.

To establish the relationship between the input
resolution, section gain and muitiplication accuracy, the
effects of finite signal accuracy in the section

algorithms must be established.

The value of a finite accuracy signal may be
expressed as the value of the infinite accuracy signal

plus an error term (Ers)'
X(nT)f = X(nT)in'+ Ers

value of finite accuracy signal

where: X(nT)f

value of infinite accuracy signal

X(nT) in

E finite signal accuracy error

rs



Recursive section difference equations have the form:

X(nT);, = Y(nT);, + By X(nT-T);, + B, X(nT<2T);, ...

-++By X(nT-3jT)

where: Y(nT) discrete input to the section

X(nT-T) section output

Then, assuming finite signal accuracy, the

difference equation becomes:

X(nT) ¢ Y(nT)in + E + (Bl*X(nT—T)in) + (Bl*E

rs I’S)

+ (Bz*X(nT—ZT)in) + (82*E + ...

L’S)
oo (BX(NT-IT) ) 4 (BSRELL)

or: X(nT)¢ X(nT);, + E + (Bl*Ers) + (BL*E ) + ...

rs

e s o + (Bj*Ers)

The finite signal error E . is bounded by the

signal resolution:

Therefore, the maximum error contributed to a

signal by the multiplications in a recursive section may
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be expressed as:

= * . %
Ecsirsec Erg #8) * Byg + By + E o ... By ¥ Ep
= E #
Ers (1 + B, + 82 + B3 ces )
_n: 1
¢ 2R L .
Aj
where: Erslrsac maximum section ocutput

error due to finite accuracy sig-

nal input for recursive section.

"Similarly, for the non-recursive section it can be

shown that:

. - _
Erslnrsec DO Ers * Dl Ers + D2 Ers e Dj * Ers
= * .
Ers ( Dy + Dy +# D, + ... Dy)
_Ri
< 2 * Ay
where: Erslnrsec = maximum section output

error due to finite accuracy sig-

nal input for recursive section.

and: A; = gain of section i.

The effects of finite accuracy multiplications are

determined by a similar argument. The multiplication

constants are expressed as the sum of the infinite

34



accuracy constant (Bj) plus an erfor (Er-)’
J

B: = B. + E
Jf Jin L

where: ij = the value of the finite accuracy
constant,
B. = The value of the infinite accuracy

constant,

Erj = finite constant error for Bj.

Again, recursive section difference equations have
the form:

X(nT);, = Y(nT)in + (Bli; X(nT—T)in) + (Bzi; X(nT-T)in)...

. * -1
ees + (BJin X(nT-3T))

The results of the finite accuracy multiplications

for recursive sections may then expressed as:

X(nT)g = Y(nT);, + (Blin + Etl) * X(nT-T) + ...
. * )
oo+ (By, ¥ Erj) X (nT-3T)
= X(nT)¢ + Erl* X(nT-T) + Erz* X(nT-2T) +...
. Erj* X(nT-3T)

X(nT) is bounded by the fixed point memory such that:

| X(nT) | < ——===—-
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Also, the individual multiplication errors are

bounded by the accuracy of the multiplication algorithm:

where: R, = accuracy of multiplications (as-

sumed to be uniform in section 1i).

Therefore the the maximum output error associated

with finite accuracy multiplications in recursive sections

is:
1.
-R
* m o
Ermlrsec < Np 2
Aj
where: Ermlrsec = maximum output errcr due to

\1}

finite multiplications in

recursive sections.

For the non-recursive sections, the error associ-

ated with finite multiplications is:

-Rp ,
E < Nm * 2 Ai

rminrsec

where: E maximum output error due to

rm|nrsec

finite multiplications in a

non-recursive sections.
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The finite accuracy multiplications will not
degrade the section performance if the error associated
with the multiplications is less than the maximum output
signal resolution. Un-degraded section performance
requires that the errors due to the finite multiplicatiéns
are less than errors due to the finite signal accurécy.

The inequalities:

E:rmlrsec Erslrsec
and
E"rmlnrsec Brslnrsec

state this condition. Solving these inequalities for the
required binary multiplication accuracy yields the same

relationship between multiplication accuracy, number of

multiplications and input signal resolution for recursive

and non-recursive sections.

These equations reduce to the inequality:

Rm > Ri + (T ——— t.!.‘..__]
Ln 2
where: R, = required binary accuracy of
section multiplication
Ry = input signal resolution
N, = number of multiplications in

the section

37



The minimum required accuracy of ¢the
multiplications in a section may be determined by finding

the smallest integer which will satisfy this equation.

Converting the final flow diagram to 2920 instruc-
. N

tion code is a straight forward task. The coefficient
multiplications must be coded into efficient algorithms
using the section Rm as a standard for minimum aécuracy.
Figure 2-6 shows a breakdown of the digital and analog
function placement in the forty-eight step program block.
The code is arranged to minimize the phase delay
associated with numerical processing. Tﬁe'éode block
shown was used in the development of the PSFSS software.
The A/D conversion is not complete until late in the
processing, so all the multiplications which do not
require the input are performed first. The final portion

of the code block performs the sample rate division

process and manages the time delayed variable storage.
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CHAPTER 3

RESULTS AND MEASUREMENTS

The evaluation of the 2920 based PSF includes

several areas of its design. The filter size, accuracy

and limitations are all important considerations. The

issue of filter size is investigated in Appendix B. The

test results presented in this section demonstrate filter

‘accuracy and provide an indication of the limitations of

the 2920 ASP.

The.final space requirements of a 2920 based PSF
are largely decided by the complexity of the 2920 support
hardware. The 2920 occupies 1.5 square inches of the
estimated 10 square inches occupied by the PSF circuit
shown in Figure B-1. The remainder of the space is
consumed by the various 2920 support and PCM interface
circuits. The circuit presented in Appendix B was
designed using available components in order to provide a
rough estimate of the size requirements of a 2920 PSF
which meets all the input and output specifications. The
design is not space optimal. Several special purpose
linear chips available could be used to reduce the size of
the circuit considerably.

40



The accuracy of the 2920 processor and PSF
algorithms was determined by measuring filter transfer
functions from a 2920 PSF test circuit. Three basic PSF
algorithms were written for the 2920, and from these,
using sample frequency division techniques, fourteen
filter algorithms were developed. These algorithms form

the PSFSS library presented in Appendix D.

Test Circuitry and Transfer Function Measurements

A block diagram of the test set which measured the
transfer functions is shown in Figure 3-l1. The filter
input signal is provided by a noise source from the HP
54410A A/D Converter. The output of the filter is
processed by the HP 54410A A/D Converter and a HP 544708B
Digital Filter. ‘The digitized output signal is then
processed by the HP 5420A Digital Signal Analyzer to
determine the filter transfer function. A circuit diagram
of the 2920 and test support hardware is shown in Figure

-2. The input SCB's and local reference voltage

(93]

generator wére not included in the test set to eliminate
the impact of these circuits on the measurements. The
power supply voltages, reference voltage and bread board
for the test circuit were supplied by an EL Instruments
ZLITE 2 Circuit Design Test System. The réconstruction
filters on thé 2920 outputs were required to minimize

interaction between the 2920 DAC's and the sampler in the

41
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HP A/D converter. Without these filters the high
frequency noiée added by the D/A conversion could cause
aliasing errors in the measurements. The transfer
function of the test circuit was measured using a 2920
test program which passes the sampled input directly to
the output without modification (other than a D-C offset
error compensation). The test circuit transfer function
(Figure 3-3) illustrates several effects caused by the
sampling processl. The magnitude response of the circuit
shows the magnitude of the output as a function of the
input frequency. The frequency of the output signal is
aiways less than the sample rate, regardless of the inbut
frequency. The magnitude minimum and 180 degree phase
shift observed at multiples of the sample rate are
characteristic of the test set. The slight roll off of
the magnitude response is caused by signal skewing during

the sample capacitor charging cycle.

2920 Version D Software Fixes

The D version 2920 has several glitches which

affect the processor operationz. Intel has released new

12920 Analog Signal Processor Design Handbook, (Santa
Clara:Intel Corporation, 1980), pp. 2-4.

2carmel Vernia, "Signal Processing Products Status",
ASignal Processing News, Aprili 1982, p. 2.
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versions of the 2920 which are free from these operational
problems3. Most of the operational 'glitches' had no
impact on the PSF filter operation; others require
software fixes to insure proper operation. These fixes
appear in the input sequence df all the filter algorithms
written for this investigation. The SUB DAR,KM2,R00,CND6
and LDA T,T,ROO,CND4 instructions are all version D fixes.
These instructions occupy four program steps which could

otherwise be used for multiplications. Separate fixes are

used to compensate for signal conversion errors.

A test algorithm which samples the énglog input,
converts it to a digital value, then back to analog was
used to measure the 2920 conversion process
characteristics. Figure 3-4 shows the results of the
measurement. The linear regions for the output convertérs
are from -.95 to 0 volts, and 0 to .9 volts. Beyond these
regions, the converters saturate. The gain of the PSF
~filters has been normalized to .8 volts/volt to prevent
DAC saturation. The conversion processes also introduce a
negative DC offset. A typical offset can be seen in the
linearity curve shown in Figure 3-4. 1Intel states this
offset is typically -16 mV, -70 mV maximum. To partially

correct for the offset, a DC value of .062 is added to the

3carmel Vernia, "2920 Status®", Signal Processing

News, ‘January 1982, pp. 6-12.
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filter output before the D/A conversion. These PSF fixes
appear in all the filter algorithms presented in this
investigation. Five digital and four analog instructions
in each forty-eight instruction block are dedicated to the

version D fixes.

Test Algorithms

The test algorithms presented represent the
extremes of the filter applications. The test set
includes 300, 80, 70 and 10 Hz filters. All the
algorithms were written using the cascade structure of
Figure 2-5, and are pari of the PSFSS library (sese
Appendix D). The 300, 80 and 70 Hz algorithms sample at
4.1K Hz. The 10 Hz algorithm is actually the 80 Hz
algorithm using the sample rate division techniqgues to
reduce the sample rate and corner frequency by a factor of
eight. The 300 Hz and 10 Hz filters represent the
extremes of the PSF corner frequencies used by NASA DFRF.
The 7d Kz filter represents the approximate lower limit.of
the filter corner frequencies without using sample rate

éivision technigues.

Magnitude and Phase Response Curves

The transfer functions of the algorithms as
measured and plotted by the test set are shown in Figures

3-5, 3-6, 3-7 and 3-8. The expected transfer functions
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are shown in Fiqures 3-9, 3-10, 3-11, 3-12. The measured
transfer functions correlate closely with the predicted
transfer functions. The 2920 filter resolution is
demonstrated in Figure 3-13, This plot shows the high
frequency response Qf the 10 Hz filter. The filter rolls
off till the magnitude of the output signal is less than
the resolution of the DAC's. The result is the flat afea
in the stop band above 100 Hz. This plot also shdws the
effects of sample aliasing. A slight rise in the
magnitude response may be observed at 200 Hz. This effect
is shown more clearly in Figure 21-14. 1In this plot, the
freqqency scale of the 10 Hz filter transfer fﬁnction has
been éxpénded to show the pass bands centered at multiples
of the sample rate. The peaks are caused by ADC frequency

aliasing of the analog input signals.

Filter Repeatability

A demonstration of filter repeatability is shown
in Figures 3-15 and 3-16. These plots are the transfer
functions of two 70 Hz filters implemented on different
2920 chips. The frequency responses of these filters are

for all practical purposes identical.

53



SO *-3O0p3

[ e BEVIE <3 NG O o)

s ma -

+
we

-4

n

D]

T TYT ST TY Y Y
»

1 i
:

-~
C e !
4 H
o -~ H
h +
r i
- 3
b I
F i
.. - . i
N 1
1

i

1

1

1

1

1

H

!

N o

- 1

. ;

b T 5

i |

! i

[ - i

r i

L “ ;

[ !

....... . B
L

:

!

i

'

1

s e e )

$ i

{ !

bt sy O RN NR N L s " . Lt Lt ‘L]

3% 109 134 IGo 199 Y99 1S3 499 D Soaw 2S00 Doy wSy TR T9d 39

Figure 3-9 Calculated Magnitude Response of the 300 Hz
Digical Filcer



ORIGINAL F/7E 15
OF POOR GUALITY

T

LA G m o o

r
7

“AUw3IOCOWwWaDN AaaCce~-3awX
o

TVTTY

weh

TYYYTY

TVTTY
¢

—rr

-.BGIAAL:I" L'.Azl L s =
0 % 29 e 10 T 17 17s 200

Fréguency -rz.

(R}
)

Figure 3-10 Calculaced lagnictude Response of the 30 He

Filcer




v ———, . 4 -

ni PAST IS
ORIGINAL pAGL ¢
OF POOR QUALITY

et s @t ot e mea® e

" 0 [ o i )
E -
Q T e—
n - T
1 - mesere o amsretarmeeneesbs ssetsesesenon s w4 s s eee 4 iree SEngen s seesesssresanen ot 2r0n
t s 9
v [
d i .
L B T R
-4 F ’ .
M L : . -«
s : bt e e N
-15 ..... - JETORREN e e wet o bteer ehrmesesmeessesietesiers svibave pemeiearens e e ~.
-] 3 . . - . T
- 4 o -
n [
k ERpT Y ——— - -
& L -
r b
[} I . :
d 228 Jram e e e e e s oy e o . e
B P X ; k : ! \\.
3 L
-39 SR S - - -
-
L
L N I—

-3 S S S L. b LY — - - e > '.. -
9 p] el bS] b ) LS LS [

Frequenc: w2

-

Figure 3-11 Calculated Magnitude Response cf the 70 =z
gu Cas gn P
Tilcer



"D A4QALC"-J20w3X

® IO

- ..

ORIGINAL PAGE 15

.
[

OF POOR QUALITY

19 C 5 ;
- B |
L . !
l-; ;..... - .5 - . ;
- 1
L ?
[
B - - aase
s | ; {
SRS T - §
F : i
¢ fun - - -
o 1
k H
t 1]
3 e P - —
o " é
. 3
> .
-1 l:‘, [P e - R ' - - 4
" . i
3 i =
-6 t - e e e .
2= Eu“. . . . i L
o o i
- \,\
- 3@ [, o . - Py
-
L
_F
- :5 et eerrane
-
r ~,
SO (e . - i
=9 | ‘
r i
r v
- - !
L 1
v !
- i . N L X L L i
Y Ad b L - 2 el fdd " —id — e e .1 Lv-
] S 12 LS <0 <2 ta 3% =G F}] AC]
Fregquency ‘nI

Figure 3-12 Calculated Magnitucde Response of cthe 10 lz
Filter.



58

(dB)

Log Magnitude

-390

— e e

-50-

Figure 3-13

Log Frequency (Hz)

Magnitude Response of the 10 Hz Filter

10.0 100.0



S SR N U S

Log Magnitude (dB8)
]

RN T
i

800 16k
Frequency (Hz)

Figure 3-14 Aliasing in the 10 Hz Filter Magnitude
Response



R

M

Wil

ARty

ORIGINAL PAGE IS
OF POOR QUALITY

2)

1
w
o

)
“wr

TP

i)

i

[V, pa—

500
Frequency (Log Hz)

i W\ H
N l
| b |
i \ ] |
|
% \ P
§ i i % s
_595 } \\\' j ‘J
e N
| %,
B k'
F N
20 ! i
5 ' 500

50
Frequency (Log Hz)

F¢gare 3-15 Comparison of Magnitude Response Curves
for 70 Kz Filcters

65



A) 180
N
| N
é \
: ~R.
| ‘\J‘wj"
‘5 2 }f
A i
o S |
s ~.
LN |
N ‘
N N
\ 1
-180 , _ ‘ S

5 59 50%
Frequency (lLog Hz) :

i

3) 180

-

-

—

Phase (Deg)
o

N

S

v

-180 + - l
50 G0
Frequency (Log Hz)

Figure 3-16 Comparison of Phase Response Curves
for 70 Hz Filters



 ———y gt . erm

CHAPTER 4

CONCLUSION

summary

The goal of this investigation was to evaluate the
feasibility of replacing aﬁalog PCM PSF's with a digital
equivalent based on Intel's 2920-D-18 Analog Signal
Processor. The focus of the investigation was on the
operational characteristics and limitatioﬁs of the 2920

processor functioning as a PSF.

The design procedure establishec £for this
investigation starts with the enaleog PSF transfer function
H(s). The Bilinear Transform Technique is applied to H(s)
to derive the digital transfer function H(z). H(z) is
then facﬁored into its cascade form. Scale factors are
assigned on the basis of individual filter section gain to
prevent ALU overflows during processing. The resulting
modified cascade transfer functions are coded into 2929
assembly language. These filter algorithms are then
compiled and loaded into the 2920 EPROM memory. The
filter algorithms were ground tested in a 2920 test
circuit to determine the operat}ng characteristics of the

filter.



The test results presented in the previous chapter
demonstrate that the 2920 is capable of performing the PSF
function for limited resolution signals. The maximum
signa} resolution which the 2920 can process without some
loss of signal accuracy is determingd by thé width of the
2920 A/D and D/A converters. This constraint limits the

resolution of 2920 output signals to nine bits. There are

several design 'tricks' which extend the resolution of the,

2920, but the techniques are too hardware and software

intensive to be used in this application.

The transfer functions of the digital filters roll
off more sharply than the analog filtetrs, and have
excellent repeatability characteristics as the filter
algorithm is implemented in different chios. The
increased roll off rate is due to the "warping effect" of
the Bilinear Transform. The frequency scale distcrtion in
the H(s) to H(z) mapping is desirable in this application.
The increased noise rejection in the transition band is
realized without disturbing the smoothness of the
Butterworth shape. The transportability of filter

algorithms is a major advantage of the digital filter.

The filter algorithms were written in such a form
that a computer program can handle all the code linking
and compiling operations normally associated with digital

programs. The filter transfer functions are independent
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of which 2920 chip or where in memory it is implemented.
Therefore, the algorithm development process can be
performed in a uniform manner for any 2920 chip. The
PSFSS programs are a result of this characteristic of
digital processing. The PSFSS tool simplifies the
installation of a 2920 PSF modification to a five minute
operation. The only information needed to specify a PSF
is the desired corner frequency. The power in this type
of tool lies both in the simplicity and the £lexibility.
The PSFSS software manages signal processing modules. The
function of the modules is not limited to PSF filters.
Modules could be included which perform any dcesired
function (waveform generation, linearization, etc.). This
flexibility could allow many of the tasks normally
associated with ground processing to be performed real

time in flight.

The size of the 2920 based PSF circuitry is
estimated to be 2.25 square inches per filter. This is
comparable to the size of the analog circuit. This
estimate is based on the circuit shown in Figure B-l, and
the implemeﬁtation of four filters per 2920 PSF circuit.
The potential exists for significanély reducing the size

of the circuit.
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2920 Version J

The major design limitation encountered in this
investigation was the length of the 2920 program space.
Implémenting four filters per chip limited the number of
instructions for each filter algorithm to forty-eight.
This design constraint becomes more and more imposing as
the ratio R¢ o (Fg/W.) increases. As Ree increases, the
accuracy requirements of the multiplication algorithms
also increase. More accurate multiplications require more
instruction steps. If Rg o is large, there simply is not
enough room to implement the algorithm within the forty-
eight program step limit. The 70 Hz filter in the PSFSS
library has a Rsc equal to 9.5 Hz/Rad. The upper limit of
Re . which can be implemented within the size and
resolution constraints 1is apprbximately ten for the
2920-D. The filter algorithms with corner fregquencies

below 70 Hz (R > 10.0) were created using the sample

sSC

rate division techniques. The value of RSC for these
filters was too large to allow coding a filter which used
the base sample rate (4166.7 Hz). 1Intel has released a
newer version of the 2920 which does not require the
software fixes required by the version D 2920 used in this
investigation. The I/0O sequences version J processor have
been fixed thus increasing thé number of instructions
available for calculations. The impact of the reduced

algorithm overhead of the version J is to increase the

flexibility of algorithm design.'
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Areas for Further Study

This investigation demonstrated the
characteristics of the 2920 PSF transfer functions. But
the effect of environmental stresses on the critical 2920
support circuits has not been established. Further study
and tests are required to determine an optimum design for
the support hardware and the impact of environmental

stress on the 2920 PSF circuitry.

The function of the analog PSF in the PCM systenm
is to remove high frequency noise in signals before
sampling. The introducing of a digital equivalent for the
analog filters creates an interesting anomaly in the
system. Analog signals are processed by the 2920 circuit
SCB's to remove any high frequency noise, then sampled by
the 2920. The 2920 processes the digitized signal, then
converts the signal back to analog so it can be sampled by
the PCM system. The PCM sampler haé a digital PSF (the
2920) which nas its own PSF (the SCB's). Further, the
signal is converted from an analog to a digital twice.
The extra PSF and conversion could be eliminated by using
the SCB circuits as PSF's for the PCM sampler - and
performing the digital filter processind function on the
output of the PCM sampler. Further study is needed to
determine the feasibility of eliminating the extra PSF
circuit and A/D, D/A conversion process present in the

2920 based PSF schenme.
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APPENDIX A

TRANSFER FUNCTION GRAPHS

Appendix A contains the measured transfer
tunctions of the 2920 algorithms contained in the PSFSS
filter library. The transfer functions were measured and
plotted using the test set described in Chapter 3.
Pigures A-1 through A-14 are th2 magnitude and phase
response plbts of filter algorithms created by the PSFSS

support tool to implement the desired corner frequencies.
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APPENDIX B

2920 HARDWARE SUPPORT CIRCUIT

The nominal specifications of the digital pre-

sampling filter are:

1) The filter transfer function is to aporoximate
the transfer function of the analog PSF.

2) Balanced differential inﬁut

3) 100k ohms minimum input impedance

4) 20k chms maximum output impedance

5) Nine bit signal resolution

5) Four filters per 2920 chip

The design specifications for the 2920 PSF filters
w111l impact the filter implementation in two basic areas.
Items 1, 5 and 6 of the specification list are primarily
determined by the software (within the constraints of the
2920 chip hardware) the 2920 will execute. The structure,
the filter algorithm, the accuracy of the multiplications
and other software techniques determine these parameters,
T™he I/0 specifications of the filters are determined by
rhe hardware. The 2920 will reguire hardware support to
aneet the input specifications and to perform post

filtering of the output signal from the DAC's, Figqure 2-1

-2 y



shows a block diagram of the extra support circuits

required for the PSF application.

The SCB éircuits perform several functions. They
act as buffers between sensor signals and the 2920 ADC's.
The circuits convert the differential input signals to
single line, and act as an anti-aliasing filter and input
buffer. Finally, the circuit scales the input signal to

levels acceptable for the 2920.

The SCB circuits shown in Figure B-1 perform these
funcﬁions. The circuit was designed for differential
signals magnitude limited to * 5 wvolts. The corner
frequency of the circuit is l/R2C. The sample rate of the
filter is knowﬁ to be less than 4.166 kHz, therefore the
‘corner frequénéy of the SCB circuit is 2.5 kHz. The gain
of the SCB's is 0.5 volts/volt. The input impedance of

the circuit 100k ohms.

The reconstruction (or post) filters remove the
high frequency DAC noise prior to resampling by the PCM
system. The corner frequency of these filters is 6.6k

ohms.

The one volt reference voltage should be generated
locally to the processor to reduce reference noise.

Figure B-1 is the circuit diagram of a circuit which meets
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the circuit specifications. Thié circuit was designed
Qsing available hardware. It is not intended to be a
space optimal design. The circuit will serve as a model
for a rough estimate of the space requirements o£ the 2920
PSF circuit. Table B-1 contains a breakdown of the
various parts and estimated size. The space requirement
for the circuit of Figure B-1 is estimated to be 10 square

inches, or 2.58 square inches per filter.

)

Table B-1 Estimation of the 2920 PSF Circuit Size

A —— - —— " —— ——— =D T T — - " P —h —— T — . - — — - —— — v - —- e - — e ———es = wme — -

2920-D : Signal Processor : .9 :
1cl : LM747AH, SCB op-amp : .09 :
1C2 : LM747AH, SCB op-amp : .09 :
LM1104 ; Reference yb?tage Buffer : .09 :
IN746 3.3 volt Zener Diode } .05 ;
Crystal } 3.2 MHz ¢r9§£f; : .57 :
1.5k Adj } 1.5 Adjust%ﬁfe potentiometer ; .12 ;
Misc : 24 Misc Resiétors @ .l2/resistor i 2.88 i
E 17 Misc Capacitors @ .l12/cap E 2.04 i
5
Subtotal I 6.83 [

circuit layout factor x .5 E 3.42 E

Total estimated size (four filters) T_CIBTEQ——--T

Estimated size per filter | 2.58 |
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APPENDIX C

2920 PROCESSOR OVERVIEW

The Intel 2920 digital signal processor is
specifically designed for signal processing applications.
The unique architecture of the 2920 gives it the
capability and the speed necessary to perform real time

digital signal processing functions.

2920 Architecture

As shown in Figure C-1, this unusual stand alone
microprocesgor may be divided into two major sections,
analog and digital. The architecture of the 2920 allows
analog and digital functions to be performed

simultaneously.

The analog section, which is controlled by the
digital section, contains all the components necessary for
analog I/0. This section's circuitry is composed of four
anélog input channels, an input channel nultiplexer,
sample and hold circuitry, eight bit A/D and D/A

converters and eight analog or digital output channels.
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Data is passed between the digital and analog sections by

the nine bit DAR (Digital Analog Register).

The digital section of the processor contains 192
x 24 bits of EPROM program storage and 40 x 25 bits of RAM
storage. The 2920 supports a maximum of 192 instructions,
and up to 40 variables. Arithmetic éperations are
simplified by the capabilities of the.shift register,
which scales the A reéister operand by 2**N, where: -14 <
N < 3. 1If an arithmetic operation causes an ALU overflow,
the largest valid magnitude of the result and the proper

sign bit is retained as the resultant.

The DAR is a nine bit 2's complement binary
register which passes data between the digital and analog
sections. After an A/D conversion, the result is
converted from a 1l's complement to a 2's complemaent number
for the DAR. When the twenty five bit digital section
reads data from the DAR, the lower sixteen bits of the DAR
are read as 1's. This partially compensates for A/D

offset errors.

2920 Instruction Set

The assembly language used by the 2920 is as
unusual as the 2920 architecture. Each assembly language

instruction is comprised of five instruction fields (see



Table C-1). The contents of these fields specify the ALU
1ﬁstruction, the B register, the A register, the shift
factor and an analog instruction. Table C-1 lists the
2920 instruction set. The execution time of all the

instructions is exactly equal.

Table C-1 The 2920 Instruction Set

. A e ———— " — ———————— - —_——— — - — o — ——— —— " ———— .

| (1) | (2) | (3) P4y | (5) |
! i ] ] I |
| ALU | B | A | shift | Analog !
} instruction | address | address | <code | instruction |
Mne- ]
monics | Operation
ALU Instructions
ADD | (A Xx 2°n).+ B —--> B
suB ! 8 - (Ax 2°n) --~> B
LDA | (A X 2°n) —-———=—= > B
XOR | (A X 2°n) 8 B ---> B
AND | (A x 2°n) * B -—-~> B
LIM | sign(A) —-==——-—-- > B
Analog Instructions
IN(k) | sSample input channel k
OUT (k)| D/A to output channel k
CVTS | Convert sign bit
CVT (k) Perform A/D on bit k
CNDS | Select sign bit for conditional ALU instructions
CND(k)| Select bit k for conditional ALU instructions
EOP | Reset program counter
NOP | No operation
Shift Codes
’nn | shift A right nn bits (scale factor = 27-nn)
: | nn= 0,1,2,3, .... 12,13
Lnn | shift A left nn bits (scale factor = 27nn)
|

nh = 1,2

—— ——— — e — —— —— ——— —— -~ - —— ——— — —— ———————— A~ ————————_— —— . ——



I/0 Timing Requirements

The architecture of the 2920 places several
restraints on analog I/0 instruction sequences. A series
of IN(k) instruction causes the input multiplexer to
seleét channel k for input. The execution time of this
series of IN(k) instructions must be at least six times
the RC time constant of the sample and hold circuitry.
This sampling time allows the hold capacitor to fully
charge to the value of the input signal. The instruction
sequence shown in Table C-2 executes an A/D conversion on
input channel zero. The three IN(0) instructions (3.75E-5
seconds at 1.25E-6 seconds per instruction) provide the

settling time required by the sample and hold capacitor.

The A/D converters require time to settle before
each CVT(n) instruction. A series of analog NOP's whose
execution time is no less than 1.2E-6 seconds should
precede each CVT(n) instruction. The entire A/D
conversion sequence (Fcry = 3.2 MHz) requires 31.25 E-6
seconds or 25 instruction <c¢ycles (at 1.25E-6

sec/instruction).
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Table C-2 Nine Bit A/D Conversion Sequence

. = — —— — — — — ——— — —— —— — ——— - —— — - ——— — -

| | Digital | Analog |
| 1 | suB DAR,DAR,R00, | INO |
2 | * | INO |
I 3 | * | NOP !
4 | * | NOP !
| 5 | * | NOP [
| 6 | ® | CVTS !
| 7 | ADD DAR,KM2,R00, | CNDeé i
| 8 | * ] NOP ]
9 | * } cvT? }
| 10 | * | NOP |
11 | * | CVT6 ]
| 12 | * | NOP |
[ 12 | * | CVTs |
| 13 | * | NOP |
I 14 | * | CVT4 i
} 15 | * ] NOP }
] 16 | * o CvVT3 |
P17 | LDA T,T,RO0, | CND4 |
| 18 | * ! cvT2 |
] 19 | LpA T,T,R00, i CND4 |
{ 20 | * | CvTl !
| 21 | LDA T,T,R00, | CND4 i
| 22 1 * | cvVTO |
| 23 | LDA INP,DAR,R00, | * i
* ~-> Indicates available instruction

--> F = 3.2 MHz
cry _

The sequence of instructions for D/A conversions
has similar timing restrictions (see Table C-3). Once the
DAR is loaded with output data, the D/A circuitry requires
6E-6 seconds settling time before an output instructioﬂ
may be executed. Crosstalk between output channels is
reduced by executing an OUT(kK) instruction, where k is an
unused channel number. Immediately following this output,

the signal should be routed by a series of OUT(v)

- -



Table C-3 1Instruction Sequence for D/A Conversions

s - — ————— — —— T S —— —————— - —— —— —————

| ] Digital | Analog .|
| 1 | LDA DAR,OUTP,ROO, | NOP f
{ 2 | ADD DAR,KP1,R01, | NOP | **
I 3 | * | NOP |
I 4 | * | NOP |
I 5 | * | ouT4 I
| 6 | * | ouUToO |
| 7 | * | OUTO |

—— o ———— —— s — — — — — — — — T — — — ———  —— — ——— — o — —

* —-> Indicates available instruction
** ~.-> DC offset correction
-=> Fopry = 3.2 MHz
-=> Ouggut channel four not used

instructions to the appropriate output channel v. The
exacution time of the OUT v instruction series must be no

less than 1lE-6 seconds.

Multiplication in the 2920

Time delays, additions and multiplications are the
three basic functions which form the basis for
implementing digital filters. Time delay and addition

functions are supported directly by the 2920 assembler.

Multiplication is expressed as a series of LDA,
ADD or SUB ipstructions. In a typical filtering
application, the algorithms which multiply variables by
constants comprise 75% of the filter program code. The
efficiency of these multiplications determines the space

efficiency of the filter code as a whole.
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There are several ways to code a multiplication
between a variable and constant. For example, consider

the multiplication:

»

REGO = REG1 1.8727

where: REGO

variable A in a filtering program,

REG1

1

variable B in a filtering program.

The first task in the process of coding a
multiplication algorithm is to express the constant as =z
25 bit binary number. The 2920 has a 25 bit (24 bit plus

ign) fixed point accumulator; therefore, the binary
representation of the constant need not be greater than 24

bits.

Table C-4 illustrates that there are many ways to
code a multiplication, some ways more efficient than
others. Sequence A requires twenty instructions to
perform the twenty five bit multiplication. Sequence uses
several coding tricks to shorten the sequence to nine
instructions. If twenty five bit accuracy is not
required, the multiplication algorithm can be shortened
considerably by rounding the constant to an appropriate
value, See the 2920 Assembly Language Manual for further

letails on 2920 pregramming tachniques.



Table C-4 Examples of Algorithms Which Multiply REGO
by 1.8727

A) Instruction ' Binary Result

- D D " — - — Y — —— — - — — —— ——— — — — —— — — ——— — - — - —— . ——— — —————— -

0.100 000 000 000 000 000 000 000
0.110 000 000 000 000 000 000 00O
0.110 100 000 000 00C 000 000 000
0.110 110 000 000 000 000 000 QOO
0.110 111 000 000 000 000 000 00O
0.110 111 010 000 000 000 000 00O
0.110 111 011 000 000 000 000 000
ADD REGLl, REGO, RIll 0.110 111 011 010 000 000 000 000
ADD REGl, REGO, R12 0.110 111 011 0l1 000 000 000 00O

I
LDA REG1l, REGO, ROl |
l

l

I

l

I

{

|

|

LDA REGO, REGl, R12 | 0.000 000 000 000 110 111 Ol1l1l 011

I

|

!

|

I

!

|

I

l

I

|

ADD REGl, REGO, R02
ADD REG1l, REGO, RO4
ADD REG1l, REGO, ROS
ADD REG1l, REGO, RO6
ADD REG1l, REGO, ROS8
ADD REG1l, REGO, RO9

ADD REG1l, REGO, ROO 1.000 000 000 000 110 111 01l 011
ADD REG1l, REGO, ROl 1.100 000 000 000 110 111 011 o011
ADD REG1l, REGO, RO2 1.110 000 000 000 110 111 011l 011
ADD- REG1l, REGO, RO4 1.110 100 000 000 110 111 011 011
ADD REG1l, REGO, ROS 1.110 110 000 000 110 111 011l Ol1
ADD REG1l, REGO, RO6 1.110 111 000 000 110 111 011 011
ADD REG1l, REGO, RO7 1.110 111 100 000 110 111 011 011
ADD REG1l, REGO, ROS8 1.110 111 110 000 110 11! 011 O1l1
ADD. REGl, REGO, R10 1.110 111 110 100 110 111 011l Ol1l
ADD REGl, REGO, R1l 1.110 111 110 110 110 111 0l1l O1l11

- — — ——— — " — o —— ——— — —— — — " —— — ———— —— —— —— T — - —— "} " ———————

- —— — — — —— ——— —— — - — > — " —— . —— — —— ———— ——— ——— o~ — ) ————— — >

0.000 000 001 000 000 000 000 000
. 0.000 000 001 001 000 00C 000 00O
SUB . - REGl, REGO, RO2 0.000 000 000 110 110 000 000 00O
ADD REG1, -REGO, ROS 0.000 010 000 110 110 000 000 -000

l
LDA REGl, REGO, RO9 |
|
|
I
SUB REG1, REGO, R0O8 | 0.000 001 110 110 110 000 000 000
|
|
I
|
I

ADD. REGl, REGO, R1l2

ADD REG1l, REGO, R1l0 0.000 001 110 110 110 111 011 Ol1l,
ADD ®EG1l, REGO, LO1 10.000 001 110 110 110 111 011 011
SUB REGl, REGO, RO3 1.111 001 110 110 110 111 011 011
SUB REGl, REGO, ROS5 1.110 111 110 110 110 111 011l Ol1l

" — — — ——— . ——— —— —— A —— - —— — — ——— - — . — = - —— — —— —————— ——— —— - ——— -

Note: 1.872710 = 1.110 111 110 110 110 111 Ol1 011, + err

* May cause accumulator overflow



sample Rate Division

Table C-5 shows a sequence of instructions which
may be used to modify fhe sample rate of the filter. The
variable 0SC is a counter which fs deéremented by the
constant KPn (n ranges from 0 to 9) each time the code is

executed. The filter is kept inactive by disabling the

Table C-5 Sample Rate Division Instruction Sequence
for Sample Rate Divisor of Three

—— — o ——— —— . — —— — — - - — T, T —— . T - — — — ——— - —————— — o — o —

e - ——— — — — —— — — — — ————— —— — — —— . = —— — A ——— —— o — " — ot o

LDA DAR,0SC,RQ0,NOP DAR = Current Value of 0SC

| ] {
| * ,CNDS | The time delay and input |
! * ,CNDS | instructions execute only |
| * ,CNDS ] if DAR (0SC) is negative !
| LDA OSC,KP2,R0S5,NOP | Reset OSC |
! ] !

SUB 0SC,KP1,R0S,NOP Decrement 0SC

————— — ——— . ——— —_——— . — —— ————— — ———— —— -~ —— - A — — ———— A - o

time delay and I/0 functions while the counter variable is
greater than zero, When 0SC decrements to a negative
value then the filter input and output values are updated
and the time delay fﬁnction is executed. O0SC is reloaded
with a positive constant KPm and the sequence repeats.
This sequence effectively divides the original sample rate
of the filter by the ratio of the positive constant to the
decremental value. The corner frequency of the filter is
divided by the same amount. The new corner frequencyof a

filter using the sample rate division may be calculated



us fé the relationship

c
1
where Fc
Fc

KPm

KPn

-
.

i}

[t

new sample rate
basic sample rate
positive initial counter value

decremental value
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APPENDIX D

PSFSS

Pre-Sampling Filter Software Support

The PSFSS software package reduces the process of
writing a program which implements four pre-sampling
filters with the 2920 to a single instruction command.

The PSFSS command:
DO FILTER(Fl,F2,F3,F4,{SLIST])

iinks the four filter modules Fl,F2,F3,F4 and assembies
the code. It also prcduces an optional program listing
{(1f specified by the SLIST option) and loads the finished
quad filter code into the EPROM of the 2920. The chip is

then ready to be plugged into the hardware for operation.

The PSFSS package maps the 2920 EPROM program
memory into four blocks. Each memory block is forty eight
program steps long. Filter modules are assigned a mamory
block during the linking process. The filter modules are
written to handle all the necessary filter functions
within these forty eight program steps, with the excepticn

of output.
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Phase delay due to digital calcuiations is
-inimized by having each filter module output -its results
immediately after the calculations are complete. As
nodule A finishes its calculations, module B (the next in
its program space) starts its calculations. While the
d?gital section is executing calculations for module B,
the analog section is executing the output sequence for
~odule A. Thus, the output of module Fl is handled by F2,

rthe output of F2 is done by F3 and so on.

Digital filtering programs must meet sSeveral
reguirements before they can be included in the PSFSS
library. During the module linking process, PSFSS
searches each of the modules specified in the DO FILTER
command for several special characters. These special
characters aid the linking précess by specifying the
iocation of various module and position dependent
instructions. Listed below are these special characters

and their corresponding PSFSS operation:

Pl e > PSFSS replaces the underline character with
theAblock number assigned to the filter
module used in the code to create unique

variable names.

'$' ——=-=-> The % character is replaced with the block

number of the previous filter module. Used
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to identify the variable name of the previous -

modules .output.

1OUT+' --—-> OUT+ |is réplaced by OUTk, where k is the
output channel assigned to the previous

filter module.

'IN+' ————-- > IN+ is replaced by INv, where v is the input
channel assigned to the current filter

module.

! e > If the module this appears in is in block 4,
it is replaced with an E0P instruction to
indicate end of program, otherwise it 1is

removed from the code.

PSFSS Commands

The valid PSFSS commands are:
COPY FILTER.LST TO :nn:
COPY FILTER.LST copies the assembled list
file to the line printer (:nn:=:LP:), or
console (:nn:=:C0:). FILTER.LST contains the
filter printout and the assembled code

listing if specified by the.$LIST option.

COPY HELP.??? TO :nn:
COPY HELP.??? copies of all the help files to
the line printer (:nn:=:LP:), or to the

console (:nn:=:co:).



TN EIL Rt e DY

po FILTER(fl,£2,£3,£4([,$SLIST])

The DO FILTER command assembles four third
order Butterworth filters which have corner
frequencies specified by f1,f2,f3 and f4. If
the SLIST option is specified, the assembled
code listing is included in the list file.
F1,f2,£3 and £4 are selected from the set of
filter modules listed by the HELP FILters

command.

DO SIM(FILTER)

HELP COM

HELP COP

HELP EXA

DO SIM(FILTER) sets up the 2929 simuletor
program for simulation of assembled filter

code. Consult the 2920 Simulator User's

Guide for further information.

HELP COMmand lists a short description of the

common PSFSS commands.

HELP COPy lists commands used to copy files

to the console or line printer.

HELP EXAmple lists a short PSFSS programming

example.
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HELP FRE
HELP FREquencies displays a listing of the
available filter module corner frequencies

and their respective sampling rates.

HELP HEL

HELP HELp lists the available help commands.

HELP PRO
HELP PROcedure outlines the proper sequence

for using the DO FILTER command.

‘PSFSS Software

The PSFSS software is written to operate in an
Intel ISIS-II operating system environment. The DO FILTER
command which initiates the creation of a PSF filter

group, prompts the ISIS-II system program DO (renamed from

" SUBMIT), to process the commands in the command file

FILTER.CSD (listing D-1). The FILTER.CSD file @irects the
ISIS-II editor to concatenate five files into a temporary
file for processing. The five files include the
HEADER.TXT file (Listing D-2), and any four filter source

files (Listings D-3 through D-16). The temporary file is

., @dited to link the filter modules, then is assembled by

the AS2920 assembler, again under the control of the
PILTER.CSD command file. When the assembly is complete,

the program BEEP (Listing D-17) is called to notify the
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user that assembly is complete. When the user responds,
-he command file directs the loading of the object code

created by the assembler in the 2920.

The HELP.information is processed by the program
HELP (listing D-18). HELP dumps the contents of the
HELP.XXX (where XXX is specified by the HELP XXX command)
ffile to the CRT. The contents of the HELP.X*X.files are

. shown in Listings D-19 through D2S.
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SRR N2 e

E 6253405 G090 900 211 011 129 910 101
SUMZ ., _ZFIROL
;Hz:;_zf/g?JzuU:q
8258 B3 urs
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3B GARIDAR R0, N+
i8d=~, 091284353 -00. 191 GGl 00 ¢l15 101 tuo 119 1io
3y (G1rIN+
rei (93
(s Vo
1En 1
A "33 -
51 RO CYTE
JAR QUNDS PANALDE
A1 AND AZ LIEFFICIENTS
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L0A SUML, PL,712
5UE -SUM1,5UM1,RO3
A0D SUML,_P1s001
SR 30MY,_P1aROZ
38 SUML,ZP1sRG7-0UT~
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LINE SOURCE STATEMENT
1s TITLE(“ALARM PROGRFH’ )
2 NIE  BEFP
3 EXTRN €0, CSTS. 1SIS
4;
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7EXIT  EW )
8
9 START:
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n 119 B 1

79 EXTEPT: 1 oM CatF
8 . (844 HeBUF |93 p | 1

81 P 122 i} ACTUAL
82 o O 13 o RSTAr
a3 AL o 124

84 wx L] 125 83U MW ESTAT
83 WL MFEH 124 ESTAT: DS 2

84 o ] 7

87 Ja BONE 128 OQLRX:

es e e 129 CaFT: DS <

8? {30 by | CSTaT
90 131 CSTAT: DS 2

91 T opsEs 2

¥2 BF: 133 90 READC

93 [} Q3H 0, 1 1eRSYNTAX SRROR2R’ (UM JAH
1) b} ITYPE HELP FOR COMNMAND LISTING? ) Q3H,JAN: A, OFEH

Listing D-18 HELP Program Source Code
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APPENDIX E

SUPPORT PROGRAMS

Appendix E contains listings and sample runs of
three support programs used in this investigation. TRCLC
calculates the transfer function of the analog circuit of
Figure 1-2 as a function of a normalizedvvalue of R1. The
program illustrates the transfer function drift for

various values of R1.

MAGCK calculates the frequency response of the
third order Bqtterworth trahsfer function H(s) and the
frequency response of the Bilinear Transform resultant
H(2z). The output illustrates the warping properties of
the Bilinear Transform and the theoretical frequency

response characteristics of the digital filter.

MAGND calculates the magnitude response of the
numerator and denominator of H(z) separately. The
overshoot characteristics of the recursive and nen-
recursive direct form algorithms are illustrated by the

results.
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220
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© 240
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LISTING E~-1: TRCLC.BAS SOURCE CODE

TRCLC IS A PROGRAM WHICH ALLOWS THE USER TO
ENTER A NORMALIZED VALUE OF R1l, THE PROGRAM

THEN CALCULATES THE TRANSFER FUNCTION OF THE
RESULTING FUNCTION. THE BASIC TRANSFER FUNCTION
IS DERIVED FROM THE CIRCUIT DFRF USES AS A PRE~
SAMPLING FILTER.

R2=R3=C1=C2=C3=1

PRINT * Enter normalized value of R1";
INPUT R1

PRINT ® Enter delta frequency";

INPUT D

A=R1/(2*PI) "33%\B=2*R1/(2*PI) "23%\C=2*R1/(2*PI)
PRI&T "FREQ-(HZ)","S-TRAN(DB)" ,"S-PH(DEG) "
FOR N%=0% TO 25%

Fl=Ng*D

Wl=2.*PI*F]

T1=1.-B*W1"2%

T2=C*W1-A*W173% )
M1=1./SQR{T1*Ti+T2*T2)

P1=-ATN(T2/T1)

IF T1<0 THEN Pl=Pl-PI*SGN({(T2)
M1=20.*LOG1l0(M1l)

Pl=pP1*180./PI

PRINT F1,M1,P1

NEXT Ng

PRINT\PRINT\PRINT\PRINT

GOTO 100

END
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Enter normalized value of R1? 1.1

Enter delta ftequency? .1

FREQ- (HZ) S-TRAN(DB) S-PH (DEG)
0 0 0
.1 -.190723E-1 -12.6162
.2 -.761015E-1 -25.30S51
.3 -.172346 -38.1642
.4 -.315523 ~51.3264
.5 -.526579 -64.9424
.€ -.84524 -79.1223
.7 -1.32885 -93.838
.8 -2.03793 -108.825
.9 -3.00909 -123.575
1 -4.23246 ~137.49
1.1 -5.65374 -150.095
i.2 -7.19881 -161.173
1.3 -8.79901 -170.737
1.4 -10.4033 ~-178.934
1.5 -11.979 174.038
i.6 -13.5077 167.988
1.7 -14.9801 162.744
1.8 -16.3929 158.166
1.9 ~17.7462 154.14
2 -19.0417 150.573
2 -20.2824 147.391
2 -21.4712 144.53%6
2 -22.6115 141.959
2 -23.7064 139.621
2. -24.759 137.49

SAMPLE RUN E-~1: TRCLC.BAS for +10% DRIFT



Enter normalized value of R1? 1.0

Enter delta frequency?

FREQ-(HZ)
0

O 00~ OV U W N

s e o
WO I HoWWN -~

L] *

BN B B NI N b bt et bt bt bt bt bt b b e e e

[ RN~ VSR N I o

Ol

S-TRAN(DB)

0

-.434294E-5
-.27794E-3

i

.19804
-.483054
-1.01109
-1.851
-3.0103
-4.42724
-6.00536
-7.65431
-9.30925
-10.9309
-12.4986
-14.0032
-15.4422
-16.8166
-18.1291
-19.3835
-20.5835
-21.7329
-22.8353
-23.8942

f

.316485E-2
.177524E-~1
.673338E-1

S-PH (DEG)
0
-11.4785
-23.0782
-34.9451
~47.2648
-60.2551
-74.1161
-88.916
-104.432
-120.066
-135
-148.535
-160.331
-170.389
~-178.901
173.884
167.731
162.436
157.839
153.812
150.255
147.09
144,253
141.696
139.377
137.265

SAMPLE RUN E-2: TRCLC.BAS for ZERO DRIFT
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Enter normalized value of R1? .9

Enter delta frequency? .1

FREQ- (HZ) S~-TRAN (DB) S-PH (DE)
0 0 0
.1 .156593E-1  -10.3362
.2 .627646E-1  -20.8154
.3 .140392 -31.6079
.4 .242385 -42.9332
.5 .349601 -55.0691
.6 .418226 -68.3236
.7 .367338 -82.9291
.8 .791653E-1  -98.8235
.9 -.564731 -115.415
1 -1.61368 ~-131.634
1.1 -3.00892 -146.419
1.2 -4.62435 -159.198
1.3 -6.33601 -169.928
1.4 -8.05727 -178.858
1.5 -9.73885 173.686
1.6 -11.357 167.401
1.7 -12.9028 162.045
1.8 -14.3749 157.426
1.9 -15.7758 153.401
2 -17.1096 149.859
2.1 -18.3811 146.715
2.2 -19.595 143.902
2.3 -20.7556 141.37
2.4 -21.8673 139.076
2.5 -22.9337 136.987

SAMPLE RUN E-3: TRCLC.BAS for -10% DRIFT



100
101
102
103
104
109
110
111
112
113
114
115
116
140
150
160
161l
162
163
170
171
172
173
180
181
182
190
191
195
196
197
200
201
210
211
212
213
214
215
216
217
218
220
230
240
241
250
251

LISTING E-2: MAGCK.BAS SOURCE CODE

MAG(NITUDE) C(HEC)K CALCULATES THE EXPECTED
VALUE OF THE S DOMAIN FUNCTION AND THE ACTUAL
Z DOMAIN RESULTS USING THE ROOT POLE PLOTS
DESCRIBED IN ANTONIOU.

PRINT

INPUT "Enter desired corner frequency (Hz) ";FO
W0=2_,%PI*FQ ‘

N1=F0/10

F=3.2E6/768

GQSUB 300

PRINT "FREQ-(HZ)","S-TRAN(DB)","Z~-TRAN(DB)";

_PRINT " S-PH (DEG) ", " Z-PH (DEG) "

G=2%*_4

FOR N%=0% TO 25%

F1=N3$*N1

W1l=2.*PI*F1l

A =COS (W1/F)

B =SIN(W1/F)
X=FNR{(AO0,Al1,A2,A3)

Y=FNI (AO,Al,A2,A3)
W=FNR (K0, K1,K2,K3)
Z=FNI(KO,Kl,K2,K3)
M=SQR{(X"2%3+Y"2%) /(W 2%+2"2%))
P1=ATN (Y/X)

IF X<0. THEN Pl1=P1+PI*SGN(Y)
P2=ATN (Z/W)

IF W<0. THEN P2=P2+PI*SGN(Z)
P=P1-P2

IF P>PI THEN P=P-2*pPI

IF P<-PI THEN P=P+2*PI
T1=W0"3%-2.*WO*W1~2%
T2=2.%*W0 " 2%*W1l-W1"3%
M1=W0"3%/SQR(T1*T1+T2*T2)
P1=-ATN(T2/T1)

IF T1<0 TYEN P1l=P1-PI*SGN(T2)
Ml=,8%*M]1

M =G*M

M1=20*LOG10 (M1)

M =20*LOG10(M)

P1=P1*180./PI

P =p *180./PI

PRINT F1,M1,M,P1,P

NEXT N%

PRINT

STOP _

DEF* FNR(CO0,C1,C2,C3)
FMR=CO*A“33+C1l*A~2%+C2*A-3.*CO*A*B"23-C1*B"23%+C3
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252
265
266
267
300
310
320
330
340
350
360
370
380
390
400
410
420
421
422
423
424
425
426
427
428
429

430 .

431
440
500
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FNEND
DEF* FNI(C0,C1,C2,C3)
FNI=-CO*B"23%+3.*%CO*A 2%*B+2.*C1*A*B+C2+B
FNEND

L=WO0/(2*F*TAN (W0/ (2*F)))

R=L*F/W0

KO=8*R**3+8*R** 244 *R+1
K1==24.%R**3-8_ *R**2+4 *R+3.

K2=24 ,*R**3-8  *R**2-4  *R+3.
K3=-8.*R**348 #R**2-4 *R+1.

K3=K3/K0

K2=K2/K0

K1=K1/K0

AO=.8/K0*2**4

Al=_.8%3/K0*2%*4

A2=A1

A3=a0

KO=1.0

PRINT ,

PRINT "Z-TRANSFORM COEFFICIENTS:"

PRINT
PRINT "A{(0)
PRINT "A(1)
PRINT "A(2)
PRINT "A(3)
PRINT
PRINT "Rsc= ";R
PRINT

RETURN

END

":AQ

"+Al,"K(1
":A2,"K(2
";A3,"K(3

LI I I 1}

w o u
=
)]



Enter desired corner frequency (Hz) 2 300

Z-TRANSFORM COQEFFICIENTS:

A(0)= .988407E-1
A(l)= .296522
A(2)= .296522
A(3)= .988407E-1
Rsc= 2.17266
FREQ~(HZ) S-TRAN(DB)
0 ~1.9382
30 ~-1.9382
60 -1.93848
90 -1.94137
120 ~-1.95595
150 -2.00553
180 -2.13624
210 -2.42125
240 -2.9492¢9
270 -3.7892
300 ~-4,9485
330 -~6.36544
360 -7.94356
390 -9.59251
420 ~11.2475
450 -12.8691
480 -14.4368
510 -15.9414
540 -17.3804
570 -18.7548
600 -20.0673
530 -21.3217
660 -22.5217
690 -23.6711
720 -24.7735
750 -25.8324

SAMPLE RUN E-4:

K(l)= -2.10202

K(2)=
K(3)=

Z-TRAN (D3)

-1.9382

-1.9382

-1.93845
-1.94108
~1.95447
-2.00052
-2.12375
-2.39753
-2.9159

-3.75945
-4.9485

-6.42695
-8.09529
-9.85655
-11.6401
-13.4031
-15.1232
-16.7904
-18.4022
-19.9599
-21.4666
-22.9263
-24.3434
-25.722

-27.0663
-28.3801

1.56514
-.401342

S-PH (DEG)

0
-11.4785
-23.0782

-34.9451

-47.2648
-60.2551
-74.1161
-88.916
-104.432
-120.066
-135
-148.535
-160.331
~170.389
-178.901
173.884
167.731
162.436
157.839
153.812
150.255
147.09
144,253
141.696
139.377
137.265

Z-PH (DEG)

0
-11.2833
-22.6934
-34.3812
-46.538
-59.3927
-73.1691
-87.9778
-103.648
-119.607
-135
~149.047
-161.339
-171.84

179.261

171.707

165.248

159.873

154.814

150.536

146.737

143.336

140.267

137.48

134.934

132.595

MAGCK.BAS for a 300 Hz FILTER
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Enter desired corner frequency (Hz)

Z-TRANSFORM COEFFICIENTS:

A(0)= .249874E-2
A{l)= .749622E-2
A(2)= .749622E-2
A(3)= .249874E-2
Rsc= 8.27926
FREQ- (HZ) S—~TRAN(DB)
0 -1.9382
8 ~1.9382
16 -1.93848
24 -~1.94137
32 -1.95595
40 ~2.00553
48 -2.13624
56 -2.42125%
64 -2.94929
72 ~-3.7892
80 -4.9485
88 -6.36544
96 -7.94356
104 -9.59251
112 -11.2475
120 -12.8691
128 -14.4368
136 -15.9414
144 -17.3804
152 -18.7548
160 -20.0673
168 -21.3217
176 -22.5217
184 -23.6711
192 -24.7735
200 -25.8324

SAMPLE RUN E

? 80

K(l)= -2.75887

K(2)=

2.54594 |

K(3)= -.785511

Z-TRAN (DB

-1.9382
-1.9382
-1.938438
-1.94134
-1.95584
-2.00517
-2.13534
-2.4195¢6
-2.94693
-3.78712
-4.9485
-6.3697
~7.954
-9.61062
-11.2743
-12.9056

-14.4835

-15.999

-17.4494
-18.8359
-20.1611
-21.4287
-22.6426
-23.8065
-24.9241
~-25.9986

S~-PH (DEG)

0
-11.4785
-23.0782
-34.9451
-47.2648
~-60.2551
-74.1161
-88.916
-104.432
-120.066
-135
~148.535
-160.331
-170.389
~178.901

173.884

167.731

162.436

157.839

153.812

150.255

147.09

144,253

141.696

139.377

137.265

Z-PH (DEG)

0
-11.4646
-23.051
-34.9052
-47.2133
-60.1942
-74.0493
-88.85
-104.377
-120.034
-135
-148.57
-160.401
-170.49
-179.029

173.733

167.558

162.244

157.629

153.584

150.011

146.829

143.977

141.404

139.07

136.943

-5: MAGCK.BAS for a 80 Hz FILTER

137



Enter desired corner frequency (Hz) ? 70

Z-TRANSFORM COEFFICIENTS:

A(0)= .169798E-2

A(l)= .509395E-2

A(2)= .50939SE-2

A(3)= .169798E-2

Rsc= 9.46471

FREQ- (HZ) S-~TRAN (DB)
0 ~1.9382
7 -1.9382
14 ~1.93848
21 -1.94137
28 ~1.95595
35 -2.00553
42 -2.13624
49 -2.42125
56 ~2.94929
63 -3.7892
70 -4.9485
77 -6.36544
84 -7.94356
91 -9.59251
98 ~11.2475%
105 -12.8691
112 -14.4368
119 -15.9414
126 -17.3804
133 -18.7548
140 -20.0673
147 -21.3217
154 -22.5217
161 -23.6711
168 -24.7735
175 -25.8324

K(l1)= -2.78898

K(2)=

2.59964

K(3)= -.809601

Z-TRAN(DB)

-1.9382

-1.9382

-1.93848
-1.94135
-1.95587
-2.00526
-2.13555
-2.41996
-2.94748
-3.78761
~-4.9485

'-6.3687

-7.95155
-9.60637
-11.268

-12.897

-14.4726
-15.9855
-17.4332
-18.8168
-20.139

-21.4036
-22.6142
-23.7746
-24.8886
-25.9595

5-PH (DEG)

0
-11.4785
-23.0782
-34.9451
-47.2648
-60.2551
-74.1161
-88.916
-104.432
-120.066
-135
-148.535
-160.331
-170.389
-178.901

173.884

167.731

162.436

157.839

153.812

150.255

147.09

144.253

141.696

139.377

137.265

Z-PH (DEG)

0
-11.4679
~23.0573
~-34.9145
-47.2254
~60.2084
~74.065
-88.8655
~104.39
~120.042
-135
-148.562
-160.384
~170.467
-178.999
173.769
167.598
162.289
157.678
153.638
150.068
146.89
144.042
141.473
139.142
137.018

SAMPLE RUN E-6: MAGCK.BAS for a 70 Hz FILTER
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100
101
102
103
104
109
110
111
112
113
114
115
140
150
160
161
162
163
170
171
172
173
180
181
182
185
190
191
213
214
217
218
220
230
240
241
250
251
252
265
266
267
300
310
320
330
340
350
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LISTING E-3: MAGND.BAS SOURCE CODE

MAG(NITUDE) N(UMERATOR) & D(ENOMINATOR) CALCU-
LATES THE PHASE AND MAGNITUDE RESPONSE OF THE
RECURSIVE RESULTS USING THE ROOT POLE PLOTS
DESCRIBED IN ANTONIOU.

PRINT

INPUT "Enter desired corner frequency (Hz) ";FO
W0=2.*PI*FO0

N1=F0/10

F=3.2E6/768

GOSUB 300

PRINT "FREQ(Hz)","NUM (dB)","DEN (d&B)","MAG (d4B)"
G=2%*_-.4

FOR N%=0% TO 25%

F1=Ng*N1

W1l=2.*PI*F1

A =COS (W1/F)

B =SIN(W1/F)
X=FNR(AO,Al,A2,A3)

Y=FNI (AO,Al,A2,A3)
W=FNR (KO, K1,K2,K3)

Z=FNI (K0,K1,K2,K3)
M1=SQR(X"2%+Y"2%)
P1=ATN (¥ /X)

IF X<0. THEN Pl=Pl+PI*SGN (Y)
M2=1/SQR(Z72%+W"2%)
P2=ATN(Z/W) . :

IF W<0. THEN P2=P2+PI*SGN(Z)
M1=20*LOG10 (G*M1)
M2=20*LOG10 (M2)
P1=P1*180./PI

P2=p2*180./PI

PRINT F1,M1,M2,M1+M2

NEXT N$%

PRINT

STOP

DEF* FNR(CO0,C1,C2,C3)
FNR=CO*A"3%+C1l*A"234+4C2*A-3,*CO*A*B"2%-C1*B"2%+C3
FNEND

DEF* FNI(CO0,Cl1,C2,C3)
FNI=-CO*B"3%+3.*CO0*A"2%*B+2,*C1*A*B+C2*B
FNEND ’

L=WO/(2*F*TAN (WO/(2*F)))

R=L*F/WO0

KO=8*R¥**34+8*R**2+4*R+]1

Kl=-24 . %*R**3-.8 *R**24+4 *R+3.

K2=24 ,*R**3-8 ,*R**2_4 *R+3,
K3=~8.*R**34+8 *R**2-4 *R+],



360
370
380
390
400
410
420

- 421

422
423
424
425
426
427
428
429
430
431
440
500
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K3=K3/K0
K2=K2/K0
K1=K1/KO0
AO=.8/K0*2%*4

Al=.8%3/K0*2%*4

A2=A1

A3=A0

K0=1.0

PRINT .

PRINT "Z~TRANSFORM COEFFICIENTS:"
PRINT
PRINT "A(O

)= ";AQ
PRINT “A(1)

)

)

":Al1,"K(1l)= ";Kl
";A2,"K(2)= ";K2
".A3,"K(3)= ";K3

PRINT "A(2
PRINT "A(3
PRINT
PRINT "Rsc= ";R
PRINT

RETURN

END

LI I [ 1}



Enter desired corner frequency (Hz) ? 300

Z-TRANSFORM COEFFICIENTS:

A(0)= .988407E-1

A(l)= .296522
A(2)= .296522

A(3)= .988407E-1

Rsc= 2.17266

FREQ(Hz)
0
30
60
90
120
150
180
210
240
270
300
330
360
390
420
450
480
510
540
570
600
630
660
690
720
750

NUM (dB)
-26.1219
-26.1285
~26.1486
-26.1819
-26.2287
-26.2889
~-26.3626
~-26.4499
~-26.5509
-26.6656
-26.7943
-26.9369
-27.0938
-27.2651
-27.4509
~-27.6514
-27.867

-28.0978
-28.3441
-28.6063
-28.8846
-29.1793
-29.4909
-29.8198
-30.1664
-30.5312

K(l)= -2.10202
K(2)= 1.56514
K(3)= -.401342

DEN (dB)
24.1837
24.1903
24.2101
24,2408
24.2742
24.2884
24.2388
24.0524
23.635
22.9062
21.8458
20.51
18.9985
17.4085
15.8108
14.2483
12.7439
11.3074
9.94192
8.64637
7.41794
6.25297
5.14756
4.09783
3.10014
2.15108

SAMPLE RUN E-7: MAGND.BAS for a 300

MAG (dB)
-1.9382

-1.9382

-1.93845
-1.94108
-1.95447
-2.00052
-2.12375
-2.39753
-2.9159

-3.75945
-4.9485

-6.42695
-8.09529
-9.85655
-11.6401
-13.4031
-15.1232
-16.7904
-18.4022
-19.9599
-21.4666
-22.9263
-24.3434
-25.722

-27.0663
-28.3801

Hz FILTER
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Enter desired corner frequency (Hz) ? 80

7

Z~TRANSFORM COEFFICIENTS:

A(0)= .249874E-2
A(l)= .749622E-2 K(l)= -2.75887
A(2)= .749622E-2 K(2)= 2.54594
A(3)= .249874E-2 ' K(3)= -.785511

Rsc= 8.27926

FREQ(Hz)

0

8
16
24
32
40
48
56
64
72
80
88
96
104
112
120
128
136
144
152
160
168
176
184
192
200

SAMPLE

NUM (dB)
-58.0662
-58.0667
-58.0681
-58.0705
-58.0738
-58.078
-58.0833
-58.0894
-58.0965
-58.1046
-58.1136
-58.1236
-58.1345
-58.1464
-58.1592
-58.173
-58.1877
-58.2034
-58.2201
-58.2377
-58.2563
-58.2758
-58.2963
-58.3178
-58.3402
-58.3636

RUN E-8: MAGND.BAS for a 80

DEN (dB)
56.128
56.1285
56.1296
56.1291
56.1179
56.0729
55.9479
55.6699
55.1496
54.3175
53.1651
51.7539
50.1805
48.5358
46.8849
45.2674
43.7042
42.2044
40.7706
39.4018
38.0952
36.8471
35.6537
34.5112
33.4161
32.365

MAG (dB)
-1.9382
-1.9382
-1.93848
-1.94134
-1.95584
-2.00517
-2.13534
-2.41956
-2.94693
-3.78712
-4.9485
-6.3697
-7.954

-9.61062
-11.2743
-12.9056
-14.4835

" -15.999

-17.4494
-18.8359
-20.1611
-21.4287
-22.6426
~-23.8065
-24.9241
-25.9986

Hz FILTER
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Enter desired corner frequency (Hz) ? 70

Z-TRANSFORM COEFFICIENTS:

A(0)= .169798E-2

A(l)= .S509395E-2 K(l)= -2.78898
A(2)= .509395E-2 K(2)= 2.59964
A(3)= .169798E-2 K(3)= -.809601

Rsc= 9.46471

FREQ(Hz)

0

7
i4
21
28
35
42
49
56
63
70
77
84
91
98
105
112
119
126
133
140
147
154
161
168
175

SAMPLE

NUM (dB)
-61.4219
-61.4223

-61.4234

-61.4252
-61.4277
-61.431
-61.435

© -61.4397

-61.4452
-61.4513
-61.4582
-61.4659
-61.4742
-61.4833
-61.4931
-61.5037
-61.5149
-61.527

-61.5397
-61.5532
-61.5674
-61.5823
-61.598

-61.6144
-61.6315
-61.6494

RUN E-9: MAGND.BAS for a 70

DEN (dB)
59.4837
59.4841
59.4849
59.4838
59.4719
59.4257
59.2994
59.0198
58.4977
57.6637
56.5097
55.0972
53.5227
51.8769
50.2251
48.6067
47.0424
45.5415
44.1065
42.7364
41.4283
40.1788
38.9838

37.8397

36.7429
35.69

MAG (dB)
-1.9382

-1.9382

-1.9384s8
-1.94135
-1.95587
-2.0052¢%
-2.13555
~-2.41996
-2.94748
-3.78761
-4.9485

-6.3687

-7.95155
-9.60637
-11.268

-12.897

-14.4726
-15.9855
-17.4332
-18.8168
-20.139

-21.4036
-22.6142
-23.7746
-24,.8886
-25.9595

Hz FILTER
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GLOSSARY

 — — - ———— — —— —— T —— ——— ———— - —————— —— — ————— — —— - ———

A; | gain of section i

A/D : Analog to Digital

ADC : Analog to Digital Convertors

ALU { Arithmetic Logic Unit

ASP § Analog Signal Processor

Cy § gain scale factor

D/A : Digital to Analog

DAC : Digital to Analog Converters

DAR i Digital Analog Register

DFRF { Dryden Flight Research Facility

Erm } finite multiplication accuracy error
Erms z finite signal accuracy error |
EPROM : Electrically Programmable Read Only Memory
Fc : filter corner frequency (Hz)

Fcry i processor cry;tal frequency (Hz)

FIR | Finite Impulse Response

chr i program cycle rate (Hz)

Fq | filter sample frequency (Hz)

Fenax ; maximum 2920 sample rate (Hz)

Femin : minimum acceptable 2920 sample frequency (Hz)
H(s) : analog transfer function

H(z) s discrete ttansfgr function

- —— — —— — ——— " W A —— — P > = . D ————— - ——— A —— ——_— — — —— —— . ——— - —



- — . — ———— .  ——_—— —— ——— ——— — — —— — - — — —— - — —— — ——— ——— - . ———— ———— —————

PCM

PSF

PSFSS

- - — A — — ——— — > - T — — - T —— ——— —————————— —  —— —— - —— - > ———— . W ——

Input-Output

Infinite Impulse Response filter structure
pre~warping factor

Number of multiplications

Number of program steps in filter code

Pulse Coded Modulation

Pre~Sampling Filter

Pre-Sampling Filter Support Software

binary Resolution of input section i

binary Resolution of signal

Random Access Memory

sample rate to corner frequency ratio (Hz/Rad)
Laplacean operator

binary Scale Factor for section i

Signal Conditioning Buffers

analog frequency variable (radians/sec)
digital frequency variable (radians/sec)
filter corner frequency (radians/sec)
discrete section input at time nT
discrete section output at time aT
discrete time operator

Intel 2920 Analog Signal Processor





