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ABSTRACT

This report is devowed to the investigation of algorithms which reduce
the complexity of a real-time digital processor for performing tactical
transceiver functions of modulation, demodulation, frequency synthesis,
heterodynirg, and filtering. A minimum complexity design for a Muliimode
Digital Processing Transceiver was established through analytical investi-
gations and computer simulations, and a breadboard was developed for
experimental evaluation,
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EVALUATION

This study was concerned with further development of the
multimode digital transceiver concept which was specified in a
previous study. This concept allcws replacement of .najor portiuns of
the analog circuits in a transceiver with logic circuitry in the form
of a special purpose digital processor. This concept vould allow
acceptance of analog data such as voice or digital data to be con-
verted through apprupriate sampling and quantizing to a iamerical
representation of these inputs for subsequent modulation in nearly
any known form (i.e. analog AM, AM-SSB, M, etc. or digital d:iva
PSK, FSK or combinations, etc.). Subsequently the outputs would
be processed through digital translation, digital to analog conversion,
further analog frequency translation as necessary, final filtering
and amplification prior to transmitting. At the receiver the same
digital processor reconfigured would perform the receiving fumctions
after initial amplification, heterodyning and IF filtering. Con-
ceptually all transmitter fumctions in the HF and VHF frequency bands
could be accomplished numerically with the exception of final
filtering and amplification. However this is not considered to be
a cost effective approach at this time since the digital to analog
converter would be expensive and further the digital processor could
not be fully utilized for performing the receiver functions. In fact
the contractor demonstrated ingeruity in developing a minimum complexity
digital processor design which makes use of the same common elements for
transmitting functions such as modulation,frequency synthesis, and
frequency translation as for receiving functions such as demodulation
and filtering. Another important aspect developed was, use in time
sharing arithmetic finctions in the filter design, which makes up a
major part of the digital processor, and as a result reduces the
complexity and in turn the cost of the digital processor substantially,

Based on the design work developed in this study and the breadboard
demonstration of transmitting and receiving many modulation types with
a single digital processor, it appears that the next logical step is
to develop an experimental model for evaluation with many existing
Air Force HF/VHF transceivers in field use today as well as demonstrating
additional digital data transmission cepabilities peculiar to this concept.
This new signal processing concept offers the potential for an equipment
transition period making use of this equipment as well as existing field
equipments simultaneously. Since this single unified processor
approach offers the capability of interfacing with many existiug
field radios, because it can be programmed to handle characteristics
of these existing transceivers, a transition period for use of both
the existing equipment and the new development is possible, This
circumvents the problem of total replacement with new equipment
but still offers additional operational characteristics not presently
incorporated in the present transceivers in use today.

Vsl Conclle
QE;ARD E. COSSETTE
Effort Engineer
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. SECTIONI

. INTRODUCTION C ‘ !

3
' 1

This report is the latest in a series of inveetigations related to the
use of a real-time digital processor to perform tactical transceiver functions
of modula.tlon, demodulation, frequency synthes1s, heterodynmg and f11ter1ng
The objective of the present program was to, investigate a.lgonthmq which,
reduce the complexity of the processor. A minimum-compléxitv design for
a Multimode Digital Processing Transteiver was established and a bread-
board was developed for experimental evaluation,

In the D1g1ta1 Equivalent Transceivers Study (Reference 1) the idea of
using a numerical processor to perform transceiver functions was ihtro-
duced and alternative apprioaches to performing these functions were investi-
gated. In the present effort, these investigations were continued, design
decisions were made, and specific computational algorithms were developed
and tested. Use was made of results from some of our previous investiga-
tions'™’ = , while dup?.icatmn of material therein, was avoided. The
transceiver specifications in Section V.2 of Reference 1 were used as guides
and goals through the present work. ' ' :

i i

1.  DIGITAL TRANSCEIVERS . : '

A Digital Processmg Transcewer interfhces W1th the analog world
through analog-to-digital (A/D) and d1g1ta1 to-analog (D/A) converters at
voiceband and at an intermediate frequency (IF'). Someday, perhaps, the
latter interface may bé at RF.' Between the interfaces, all filtering, spectral
shaping modula.tmn, demodulation, heterodyning coding and decoding 'for
voice and for digital data is performed by time sharing a special purpose,
high speed, digital processor,

The-signals to be processed are quantized in time and amplitude and
the processor operates as a real-time digital computer on a sequénce of .
numbers, By switching between several "hardwired" programs the processor
becomes: either a receiver or a transmitter; ‘or either voice or digital
data; via amplitude, phase, or frequency modulaiion; either single- or
double-sideband; either co‘herent non-coherent, or difierentially coherent;
with or without partial-response spectral shaping, encryption, scrambling,
or any other type of signal processing we may wish to program.

!
s

2. SUMMARY

The overall system design that evolved from ‘this work is presented

! -1- = :
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in Sections 11. 1 through II. 3. The basic system involves filtering, resamp-
ling, angle modulation, and frequency translation, for transmitter operation;
and bandpass samplihg, frequency or phase demodulation, resampling, and
filtering, for receiver operation., The interpolation resampling process

(for transmitter operation) is discuséed in detail in Section II.4. The '

+discussion b1.11ds on, and extends the correspondmg discussion in Secuon

III. 1 of Reference 1,

]
H
’ t

!

- Zero differential delay (absolutely linear phase) is essential to avoid
pulse d1stort;? ?nd resulting intersymbol 1nterference for digital data
transimission , WHhile this ideal is impossible to attain with analog
filter’s, it is easily attained with finite response digital filters. All known
'methods for des1gmng such filters (including some that have not yet been
published) are d1scussed in Sectlon o, -

! ’ A A

The problem of accurately extractmg the complex modulated low-pass
sigdal by sampling the received'I. F. signal at a rate determined by the
bandpass sampling theorem is tredted‘in Section.IV, Complex sampling by
two A/D convertors, operating a qua.rter of ;a carrier-cycle apuart in time,
is only an apprbximation to true. compléx samphng A method for improving
the, approximation, without using more than two A /D convertors or a, higher
sampling rate, is presented and compared with the multiple sample method
of Reference 19.

R ]

Mo'dulati-onu and demodulation i$ discussed ir Section V. Linear
(amplitude) modulation and demodulation, whether dguble-sideband or
single-sideband, is s€en to be simply a problem in f11ter1ng and frequency
trapslation. Frequency modulation is obtained by merely inserting .the
modulator of figure 20a before the frequency translator jin figure 19a, Two
alternative schemes for frequency (or phase) demodulation are shown in .

f1gure9 21 and 11, '

]
)

‘Recursive and néonrecursive filters are dompared in Section VI and:
specific filter d‘esigqs are given.' The unit response of a half-sample
delayed digital differentiator is analytically derived in Section V1, 3,

| '

' The entire transceiver system was simulated in the SSB, DSB, and *
FM mode, Spectral examinations were made via the FFT at various points
in the system. N01se was introduced and §1gna1 to-noise ratios were
measured, The simulations presented in Section VII resulted in some
de'sign char#ges that were incorporated into the breadboalrd and into the

system deslcription of Section II.

!
| '

The éntire system, appropriately revised, was\ then breadboarded as
a 100:1 scaled down (in frequency) version, 'l;he”scahng was done so that
an off -the-shelf general purpose processor could be utilized, The bread-

!
-2-




board included all necessary A/D and D/A converters and performed all

necessary digital frequency translations. It was tested in the DSB, SSE,

PM, and FM modes with both analog and digital data, Error rate measure-
"ments were made in FSK operation,

Conclusions and Recommendations are in Section IX.
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SECTION II

SYSTEM DESCRIPTION

This seciion presents the system configuration of the multimode trans -
ceiver processor in its simplest form., The double sideband, single side-
band, and angle modulation system are discussed separately for the sake of
clarity, In reading the double sideband AM discussion, which is presented
first because it is the simplest, the reader may feel that the system is
unduely complicated for the simple task being performed., He muet bear in
mind that the configuration was chosen so that the same system can be
utilized for all forms of modulation,

1. DOUBLE SIDEBAND AM

The double sideband amplitude modulated (DSB-AM) transceiver con-
figuration is given in figure 1, The filters and resamplers are convolutional
filters as shown in figure 2, In practice, a single shift register and
correlator would be time shared for all transceiver filtering and resampling
functions through appropriate timing and control circuitry, For ease of
exposition, however, we will treat them as if they were separate filters,

The first unit in figure la is an analog to digital-sampled-data (A/D)
converter, The input is a baseband analog signal and the output is a sequence
of binary numbers representing the sampled values of the input taken at the
rate of r samples per second. Figure 3a shows a representative baseband
signal spectrum where, because of RF spectral crowding, we desire to
transmit only B hertz of the signal, Typically, B will be in the order of 3
kilohertz., Figure 3b shows the spectrum at the output of the A/D converter,
Since the spectrum repeats at the sampling rate, * that rate must be chosen
greater than twice the total signal bandwidth (x>2B') in order to prevent
aliasing. However; aliasing is permissable as long as it does not encroach
on the desired portion of the spectrum (figure 6b), Thus the sampling rate
need only satisfy r>B+B'.

The spectra depicted in figure 3 assumes a sampling rate of r, =
r,=r= 16 kilohertz, corresponding to figure la with the resampling filter
(the third unit in the figure) removed. The filter (the second unit) is non-

*Since periodi. time signals give rise to discrete spectral components, by
the symmetry of time-frequency relations, discrete time signals give rise
to periodic spectra,
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c. Schematic of Correlator

Figure 2: The Convolutional Filter
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Figure 3: DSB-AM Transmitter Spectra

(without resampling filter; Symmetric about zero frequency)
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recursive (convolutional) because of the straight forward implementation
and because it can have zero differential «d<lay (perfectly linear phase)
resulting in undistorted pulses when the system is used for digital data
communications, instead of for voice.

The convolutional filter hardware (figure 2b) operates at N times the
sampling rate, where N 1s the number of stages in the filter, The N filter
tap weights are stored in an MOS read -only-memory (ROM). After every
N shifts of the recirculating register, a new sample is shifted in, the oldest
sample is shifted out, a result is read out of the correlator, and the
accumulator in the correlator is reset.

In Lhis simple version (no resampling filter) the output of the filter is
the input to the interpolator (figure la) and has a spectrum as shown in
figure 3c, The interpolator serves tc rais< the sampling rate to twice the
I. F. carrier frequency (r3 = 2f ), Linear interpolation is utilized bzcause
it combines implementation simplicity with adequate suppression of unwanted
spectral repeats, Filling in with zero samples as in figure 4a would not
change the spectrum from that of figure 3c. The store and repeat inter-
polation of figure 4b would attenuate the first spectral repeat by the first
zero crossing of a (sin x)/x curve., While linear interpolation (figure 4c)
attenuates iv more effectively; it is still imperative that the input sampling
rate, r_, be high enough for the interpolator t»> adequately attenuate the
first spzéctral repeat,

After interpolation (f1gure 3d), the samples are multiplied by
cos(anon/r,,) = cos(rn) = (- 1) resulting in the spectrum of figure 3e. This
negation of every other sample is the digilal equivalent of frequency trans-
lation to the intermediate carrier frequency, f = Zr f;1tal frequency
synthesis and translation to RF are discussed 8lsewh(,re !

The corresponding 2SB-AM receiver is as shown in figure 1b, bu.
again with the resampling filter removed. The bandpass sampler operates
on a relatively wide-band IF signal as represented by figure 5a. Note
that if the signal whose spectrum is illustrated in 5a is sampled at the
carrier frequency (r = f ) or half the carrier frequency (r = {,/2), or any
integer Iraction of the cSrrier frequency (r = { /k), the resultmg spectrum
has a component at zero frequency as 111us~rated in figure 5b, The sampling
rate must satisfy the inequality r>B+B'" to prevent distortion of the desired
portion of the spectrum by aliasing. Phasing of the sampler can be aided
(especially in the suppressed carrier case) by an error control loop that
drives the quadrature samples to zero. The quadrature (or imaginary)
samples are taken one quarter of a carrier cycle after the corresponding in
phase (or real) samples, The convolutional filter produces a signal with the
spectrum of figure 5¢ which goes into a digital to analog converter producing
an analog signal with spectrum given by figure 5d, Note that the filter in

-8 -
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the receiver is identical to the filter inthe transmitter, with even the samn~
tap weights,

Figure 6 applies to figure la with the resampling filter in place, The
initial sampling rate r, = 8 kilohertz, allows for some aliasing (figure 6b),
but not enough to intertlere with the desired signal (r;>B+B'). The re-
sampling filter is a convolutional filter operating at r, = Kr; kilchertz on
2 filtered signal whose spectrum is shown in figure 6¢c, The resampling
filter is designed to operate at a rate r_, to attentuate the r, spectral
repeats (figure 6d). However, since the input can be thought of as being
zero filled, as in figure 4a, the actual resample multiplication rate is
reduced by a factor of K,

By using a reduced sampling rate, ry=r /K for the initial filter, the
number of tap weights, as well as the processing rate of the filter is
reduced by a factor of K; thus reducing the multiplication rate required for
the filter by a factor of K%, The resampling filter does not have cut-off
requirements as sharp as the previous filter; it is necessary only because
linear interpolation would be inadequate to properly attenuate the r, spectral
repeats. The r, spectral repeats are attenuated by the linear interpolator
(figure 4c) which can be thought of as & simplified second resampling filter
operating at a high output sampling rate, r, = 2f (figure 6e), Hardware
considerations might make it more economical to increas: =, (and hence
the complexity of the resampling filter) so that the interpolator can be re-
duced to a simple sample and hold arrangement (figure 4b), Translation to
f, (figure 6f) is again performed by negating every other sample.

An alternative frequency translation scheme would be to converi to
analog at r, (assuming f_is an integer multiple of rp) and use an analog
bandpass filter to obtain the spectrum of figure 6f directly from the spec-
trum of figure 6d, This alternative procedure is not used because our
purpose is to replace analog processing with digital processing wherever
possible,

Referring to figure lb; figures 7b, 7c, 7d, and 7e represent the
specfra at the output of the sampler, the resampling filter, the filter, and
the digital to analog converter, respectively, The resampling filter, as
well as the regular filter, is identical in both transmitter and receiver. In
receiver operation, if r, = Kr), the signal is loaded into the resampling
filter K samples at a time so that the actual multiplication rate is again
determincd by the lower sampling rate.

2. SINGLE SIDEBAND AM

The single sideband amplitude modulated (SSB -AM) transceiver con-
figuration is given in figure 8. The spectra at the input and output of the
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Figure 6: DSB-AM Transmitter Spectra
(Symmetric about zero frequency)
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initial analog to digital converter are illustrated in f1gures 9a and 9b,,
assuming a sampling rate of about 8 kilohertz. As shown in flgures 9¢ and
9d, the unwanted sideband can be filtered out by a real lowpass filter
provided the spectrum is first appropriately shifted in frequency. A shift
to the left (or right) by B/2 hertz, for upper (or lower) sideband modulatiod,
is accomplished by multiplying the n*" sample by eFitBn/ry . cos (ﬂ‘Bn/r )
¥j sin(rBn/r))., The resulting complex signal (figure 9c) is then filtered
(figure 9d), resampled and.interpolated to produce the ‘spectrum of figure
9e at a sampling rate of rj = E4f0, ‘where t‘o = f.+B/2, and f_ is the nominal
IF carrier frequeacy. The spectra in figures 9c,, 9d, and 9¢ are not.sym-
metric about zero frequency and hence the corresponding time signals are

complex, The upper branch in £1gure a corresponds to the real part of the

signal and the lower branch, the imaginary part.

The frequenpy'trainslatOr Operatgs at ry = 4f  samples per second on

a complex input signal : i ‘

Zy = XY v (1)

to produce the output
H

_ ri?-'.'.'fon/r3]' _-‘ . - j-n-n/Z _ I._n
W, = Re[Zn.: : = Re [Z.ne ] = Re[] Zn] . (2)
\

whose spectrum is illustrated in figurc $i. Since W _ is real, its amplithde
spectrum is symmetric about zero frequency.

Since : } 1

fX(T)-eJirBTh(t—T)d_'rz fxu-T)a'j”BTh(T)dTe”?t, L (3)

\

an alternative to figure 8a would be to omit the read -only -memory sine and
cosine generator, ‘and instead, use different tap weights on the two filters.
If h, represents the n'" filter tap weight in figure 8a, the alternate system
would not have the ROM or the multipliers, but instead, iwill have filters in
the real and imaginary channels whose: nth tap is h- cos(an/rl) and

thp* sin(an/rl), respectively, The correspondmg set of spectra would be
sirnilar to figure 9, but without the shift to the left by B/2 hertz. The IF
carrier in this case wquld be ‘equa} to fo =1y /4. . )

]
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' Figure 9: SSB-AM Transmitter Spectra
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. An advantage of this alternative scheme is that the tap weights for the
real channel filter can alsc be used in the double sideband configuration.
Since the single-sideband filter passband will be from 300 to 3,000 hertz

3 (instead of 0 to 3,000 as iliustrated), the resulting double-sideband filter
will not pass d.c. This is desirable for filtering out the carrier (when

' operating in a non suppressed carrier mode), and is in fact, precisely how
4 the actual double sideband filter is designed. Disadvantages of the alter-

native scheme are the two sets of filter tap weights are needed and, if the
resampling filter remains real, its complexity is increased due to the
doubling of the desired passband.

O SR A T Ay

T

The single side sideband receiver configuration of figure 8b employs
complex sampling of the real IF signal whose spectrum (symmetrical
about zero frequency) is shown in figure 10a. The sampling rate, r,, must
b be an integer fraction of £ , fo = Kr,, and must be high enough to prevent
aliasing from interfering with the desired signal. The digital complex
signal at the output of the bandpass sampler has a spectrum such as shown
in figure 10b, with spectral repeats at the sampling rate, but without
; symmetry., The imaginary samples may be obtained by aamphng 1/(4£)
¢ seconds after the corresponding real sample, provided f>>>B. I the
IF carrier is not sufficiently high, more sophisticated techniques must be
employed to obtain the proper complex samples, The resampling filter
brings the sampling rate down to r, = 8 kilohertz while cutting out the
portion of the unwanted spectrum that might cause harmful aliasing at
this lower rate (figure 10c). The sharp-cutoff filter can then operate at

REFEF R

P,

this lower sampling rate producing the output spectrum of figure 10d. The
,: read-only-memory, multi ghers and adder in figure 8b perform the functions
A of (1) multiplying by et J™BN/TY o ghift the spectrum B /2 hertz to the right
2 (or left) and (2) taking the real part to make the resulting spectrum sym-

metrical about zero frequency (figure 10e):

+jrBn/r

- s il - - .
Wn _[Re Zne ] chos(7an/rl)+Ynsm(1an_/rl). (4)

After digital-to-analog conversion, the spectrum appears as in figure 10f,

3.  ANGLE MODULATION (PHASE AND FREQUENCY)

The first four units of the phase or frequency modulated transmitter in
figure 1la are identical to the corresponding units in the double-sideband AM
& transmitter, Consequently, the spectra at the five points from the input to
i the A/D convertor to the output of the interpolator are the same as in
figures 6a through 6e, but with rj3 = 4f . After phase modulation,

-17-
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SSB-AM Receiver Spectra

-18-




SRty

B NS AT P9

——
2

\

zZ = e’xn = cosX +jsinX , (5)
n n

the spectrum in figure 6e broadens and becomes nonsymmetrical, Frequency
translation of this complex signal is accomplished by

w, = Refi"z] (6)

as in the case of single-sideband.

The receiver in figure 11b uses a read-only-memory at the rate r, to
perform arc-tangent demodulation of the digital low-pass complex output of
the bandpass sampler., The demodulated signal is resampled in order to
reduce the complexity o1 the base band filter.

Preemphasis and deemphasis are easily added to the FM configuration
as illustrated in Section V.4,

4. INTERPOLATION AND RESAMPLING

All of Section III and part of Section VI will be devoted to the design
of convolutional filters. In this subsection we shall consider the design and
performance of the interpolation filter,

The problem, as illustrated in figure 4, is to take a sign2l with
sampling rate r and produce a signal with sampling rate Kr (K = 5 in figure
4). Let T = 1/(Kr) respresent the time between samples after interpolation,
This output sampling rate, Kr, will be the basic clock rate for the inter-
polator,

The unit pulse is defined as

_J1l,n=20
&n - { 0, n#0 (7)
and the unit step is
0, n<0 ,
Un = ( 1, n>0, (8)
-19-
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Any function sampled at T -second intervals can be described as a super-
position of unit pulses

x, =y, % 4 (9)

1

The unit response of a time-invarient, linear, discrete-time system, H, is
defined as its response to a unit pulse

h =H[£} (10)

Vo = H[x, | =zl P (11)
For a store and repeat interpolation filter (figure 4b) we have
n
= X 12
Yn T isnoR4l (1)
so that its unit response is given by
hn = Un'Un-K (13)

as illustrated in figure 12a, Taking the Z transform, its transfer function
is

-K
zZ

H(z) =-%—:——1- (14)

2 .

This interpolator may be implemented as a K-1 stage convolutional filter
with all unity weights as shown in figure 12b or by any of the equivalent
recursive implementations shown in figures 12c, d, and e,
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To obtain the linear interpolation of figure 4c, but with a delay of KT '

seconds we require an interpolation filter with the unit response shown in
figure 13a, This can be implemented as a 2K+1 stage convolutional filter
as shown in figure 2a; with the tap weights given by figure 13a.

Since figure 13a can be obtained by convolving figure 12a with itself
and introducing an additional delay of.T seconds, thellinear mterpolator is
implemented in figure 13b by cascading two store:and repeat structures
from figure 12c. Other realizations, are given in figures 13c and d. The
last is obtained by noting that

2 .
112K 2 2K K

H(z) =
(2) -1] L2K+l 5 2K 2K-1

' (15)

The structures in figures 13b, ¢, and d shouid include an attenuation fé.’ctor,
1/K to be strictly consistent with figure 13a,

Now that we can realize interpolation filters, let us consider their '
frequency response, Since their unit response is symmetric about some
value of time, their phase will vary linearly with frequency, resulting in
zero differential delay in spite of the nonrecursive realizations, The
frequency response of the store and repeat 1nterpolator is obtained by taking
the Fourier transform of

- |
h(t) = Z X(t-nT). - ' | (16)
n=0 ‘ .
Thus |
K-1 T K-1 .
Eapel
?[h(t)] = Z e )R Z (cosnwT -jsipnwT)
n=0 n-O
= cos(K-1) T/Zs—l—qum(h T 2UBReT/2 4y

wT /2 sinwT,/2

A ' '

; sianT/Ze—i(K-l)wT/Z
sinwT /2




K

*
~
=
. T .m
L ] K .M.o.
)
! . . wx
- : 2 -
- - <3¢
Q
- x o X 2 N
- -
- T T X A NG
- ) )
- - R - -
o 3 ] - -
- SN .e
« > ) 4 ]
~ T
- t”
- s Iy
- ] ™~
- - Y
. ~
M . 3 i -
+ -
g T e S e S R SIS e e e e e R




AR5y

AP

S on ST T
R s N e

At e s G bt N T
e b KA

g

PRt
IO XTI

SR

X,

T
sk it

D ks

sl

s

...,,~.
E 4

P IS AV G

LA

e iy

e
B

IR

P O
2

N

<
i
.o
3
E:
v
o
=X
8
e

where use has been made of series (465) and (466) on page 86 of reference 3.
In terms of the frequency variable, f = w/27,

_ sinKnft -j(K-1)#fT
HE) = SiarfT ¢

(18)

singf /1 e-j-K—'—l-nf/r
sinyf /Kr

where r was the sampling rate before intexlpolation. It is evident from the
first line of the derivation that H(f) repeats with a period of Kr = 1/T:

H(f) = H(f+iKr). (19)

It has zeroes at all multiples of r other than the iKth (i.e., Hyir) = 0 for
i=1, 2, ..., K-1and H(Kr) = H(0) = K). Furthermore,

sinmf/r

1
— H(£) =t~
KH() mf/r

(20)

ags K—w»oo, For the case K = 2 we have

in2pfT -infT
H(f) = sinar jm
() singfT ©

-jmfT

2costfTe (21)

-jenfT

l+e

whose amplitude and phase spectra is plotted in figure 14a.

The frequency response of the linear interpolator is given by

25
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b. Linear Interpolation

Figure 14: Amplitude and Phase Spectra for Two-to-One Interpolation
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sinKmiT, Ze -j2KnfT

f) = [H £ "It
H:l( )= ( ] © (sinnf'l‘

=L
K

] ot

(22)

-4
“K

sinyf/r

¢ _j2nf/r
sinmf/Kr '

( ) e

This has period Kr, zeros at multiples of r other than the iKth, and

singf )

1
R" l(f)-—» ( o

(23)

ag K—w»a0, For the case K = 2,

H(0) = 2cos nfTe 4T
(24)
= (1+cosZ1rfT)e’j47rfT,

as shown in figure 14b, Before interpolation the signal spectrum repeated
every r hertz, Both interpolators in figure 14 serve to attenuate every
other spectral repeat, with the linear interpolator doing a better job,

The analysis in Section IIL, 1. b of Reference 1 is valid only ior large

sampling ratios, K. since a 8IRTE/T Looronse is used, instead of sinnf/r
pling » K, 81 oy p ! sinpi/Kr.

Assuming K large and letting 2B represent the total signal bandwidth into
the interpolator (B =1, 5KHz for SSB modulation and B = 3KHz for DSB and
angle modulation) the ratio of the total energy contained in the unwanted
spectral repeats to the desired energy was bounded in reference 1 for
store -and-repeat interpolation:

ERH < z(?-)zmi;(—r;%%—z n%?‘-(%z (25
or
ERH < 5-20 1og.r]3 db, (26)
-27-
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Similary, for linear interpolation, we iind:

60
B4\l .74 B 4
ERH < 2(F) Z——ﬁ-r—(-r-) (27)
45
m=1{m-F
or
ERH < 3 - 40 log—;- db. (28)

Thus, if the sampling rate before interpolation is r = 16B (e.b., B = 3KHz
and r = 48KHz), then linear interpolation can produce more than 45 db
attenuation of the uawanted energy. Since we chose the original sampling
rate to be r, = 8KHz we shall use the resampling filter to bring the rate up
by a factor of 6, to r, = 48KHz.

Note that the sharp cut-off filter operates at the lowest possible rate,
r. = 8KHz, The number of taps, N., which must be large because of
séi'ingent filter requirements, is minimized by using a low sampling rate,
The multiplication rate for that filter is Nlr1 multiplications per second.

The resampling filter can have a relatively wide transition region
between passband and stopband. It can thus operate at a higher sampling
rate, r, = 48KHz, without an excessive number of taps, N, € N,. Since
its input is "zero filled" in transmitter operation and since only every 6t
output sample need be computed in receiver operation, the multiplication
rate for this filter is only N,r( = N2r2/6).

Finally since the interpolation filter will operate at an extremely high
rate (r, 2 1MHz), an implementation was found that requires no multiplications
at all, This was possible because an extremely wide transition region is
allowed. If the interpolation filter had required N3 tap weights, its multipli-

cation rate would have been N3r,, Fortunately, an implementation was
found for which N3 = 0.

-28-




‘SECTION 111 ' \ *

FINITE RESPONSE FILTER DESIGN ;

: i
For a digital filter to have a perfectly linear phase versus frequenty
characteristic, its' unit response must be symmetrical ahout some point: ' i

.
' \

C , h=M ! .

lo L . , ) 1
h =({3C n-M]|’ In-M| =1, 2,, e, M ; Y1)

0 , In-M|>M.

The combined requirements of symmetry (hM n= M+n) and physmal

realizability (h, = 0 for n<0) imply a unit' response of finite duration:
i

: hn = 0 for n<0 and n>2M, :

Such a finite response can be readily 1mp1emented in a non-recurswe (or
convolutional) structure. The filter tap weights are s1mp1y the values of the
unit response. b ‘

The frequen'cy'response cor.responding to equation (1) is
. ' I !

1
-j2mnf/r  -j2
H(f) = Z h oI m™i/x Y Cgcos(2rKf/r) 1 |

' K=0

USSR SN

JZ?TMf/rH (£). i \ . .

The problem is to choose the M values of CK 80 that H, (f) adequately
approximates a desired frequency responsé while the order of the filter,

2M+l1, is kept small, There has been much recent activity and progress in .
the design of such finite response filters, This section will serve to

summarize this progress and to iulr~duce our design approa.ch )

H \ ' v s
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The corresponding impulse response is )

Finite response filters are commonly referred to as non-recursive
(or transversal) filters, As weihave seen with the interpolation filters
discussed in section II.4, finite response filters can be implemented
recursively as well as non-recursively, A discussion of the relative merits
of these two implementation approaches is deferred to Sectmn VI. 1. Until
then, we shall agsume a non-r2cursive implementation for the filters

discussed in this sect1on. . .
] . v

1. WINDOW CARPENTRY

The c1a.rss1ca1 design approach (4, 5, 6) has been to find the unit
sample response corresponding to the desired frequency response and

truncate it by an appropriate wmdow function. ! ; )
l
l

Consider the problem of approximating an ideal low-pass filter with

'zerp phase, unity gain from -B to;Bhz, and zero gain élsewhere: .

!
|

: . 1, -B<f<B ' | !
' ! H'o(f) =

: (3)
- | ) ! l-O,’ elsewhere, '

i P '

h(t) = 2B S in2'7rBt
| Bt . ;
| |

The sampled data version 'of this filter has a unit response -
! ¥ 1 1

r/2 ' ! i
B 1 jemnf/r :
' h =-- H (fe df
n ' o( ) | '
-r/2 S (4)
v = BEnZmB/r 0,41, 42,... : |
; r '2mB/r s

[ \ }

and an ideal filter spectrum that repeats at the'sampling rate, r (r>2B).
This ideal filter, however, requires a unit response of infinite duration,
Simple truncation to 2M+1 terms by merely settmg h = 0 for |n|>M (the
80 cal;.sd rectangular window) results in a 9 percent frequencyz response
overshoot at the band edges (the so called Gibbs phenvmenon

!
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Multiplying h by a finite duration window function w, (w, =
0fon |n|>M) results in a finite duration unit response whose spectrum is the
convolution of H,(f) with W(f) the Fourier transform of the window function,
The window function is chosen so that W(f) has a narrow main lobe with
small sidelobes. The rectangular window

1, n=0, +1, +2, ..., +M

= 5
¥n <O, elsewhere (®)

is inadequate because of the sidelobes in its Fourier transform, Triangular
and truncated gaussian windows offer some improvement, though decreased
sidelobes come at the expense of a widened main lobe (for fixed M). Win-
dows of the form

w_= C+{1-C)eos(rn/M), n=0, 1, 42, ..., M (6)

4
have historically( ) been found useful, in that they serve to cancel the first

(sinx) /x sidelobe of the rectangular window without appreciably widening the
main lobe. For C = 0,54 we have a Hamming window, for C = 0.5 we have

a Hanning window, and for C = v.56 we have Stockham's(®) modified Ham-
ming window, A variety of other more complex, windows (including the Kaiser
and Dolph-Chebyschev windows) have becn found even more effective, (5,9

The major advantage of the time-domain window approach is the extreme
simplicity of the filter design procedure.

2, FREQUENCY SAMPLE SPECIFICATION

This approach, introduced by Gold and Jordan“o) and developed by
Rabiner, Gold and McGonegal, (11, 12) specifies the filter response at
discrete frequencies.

Consider the ideal low-pass filter, H,(f), which is an even function of
frequency. The frequency range, 0 to E-, is divided into M segments and

ir .
Hi= H"z'ﬁ)' i=0, 1, 2, ..., M (7)

-31-
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is specified to be unity for %11.\—4-<B and zero for ¥M>B, with H_; = H,. These
values can be viewed as the Fourier Series coefficients of a periodic
version of h(t). Instead of being truncated, h(t) is aliased by its periodicity.

The sampled version of this h(t) furnishes a possible set of filter tap weights,

h,. The weights h,, can be obtained from H(ul'w) by the Discrete Fourier

oAy,
Transform (utilizing an FFT algorithm). Unfortunately, the corresponding
spectrum, while agreeing with the ideal at the specified points, is far from
ideal elsewhere., To overcome this pvoblem, a few frequency samples in
the neighborhood of the transition frequency (+B hertz) are allowed to vary
in amplitude, The overall frequency response is thus improved (as in the
window approach) by reducing the ripple near the band edges at the expense
of broadening the transition band.

This procedure usually outperforms the window approach, but at the
expense of a linear search for the optimum values of the frequency samples

being varied,

3. ZERO PLACEMENT

The previous approach specifies a uniform placement of real .
frequency zeros in the stopband. A variant due to Requicha and Voelcker(l")
specifies the non-uniform placement of all real and complex zeros, resulting
in filter stopbands that are specified in terms of attenuation rates measured
in decibles per octave,

If Ny real frequency zeros are uniformly spaced over the entire r
hertz frequency range and M of these are replaced by N_ complex passband

zeros (leaving Ng = Nv - M stopband zeros) an approximate asymptotic
attenuation rate of

A= 6M-N) = -6[Nv-(Ns+Np)] db/octave (8)

is achieved. Thus, high attenuation rates are achievable by closely pack-
ing the stopband zeros.

4, EQUAL RIPPLE SPECIFICATION

The most sophisticated approach to nonrecursive filter design is to
specify the order of the filter and the maximum allowable ripple in both the
passband and stopband. A non-linear optimization technique is then used to
specify the filter meeting these contraints with a minimum transition band{14
Herrmann has available the tap weights of 400 filters designed in this
manner. Ap efficient algorithm (due to Hofstetter(ls)) for the design of
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optimum non-recursive digital filters having prescribed equal stopband and
equal passband ripples, is outlined below,
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T CEtIONn 18 21Ven in terms of the maximum allowable
deviation from unity in the passband, f , the maximum allowable deviation
from zero in the stop band, og, the maximum number of extrema in the
passband, n_, and the maximum number of extrema in the stopband, n_. The
filter of minimum order, 2M+1, will have M = n_+ng +l, The passband edge,
f . and the stopband edge, f , are defined as the frequencies at which the
response first leaves and iinally enters the corresponding tolerance region,
fH(H) -1)< § and {1 < J;. The narrowest transition band, l £, -f l,
occurs whef the filter is equiripple in both the passband and the stopband.
Since

M
H(f) = z Cycos2rKf/r (9)
K=0

can be written as

M
H () =L dyex™, (10)
K=0

where x = cos2qf/r, a trigonometric polynomial approximation to the desired
frequency characteristic is being sought.

The design algorithm begins with an initial set of M+l frequencies
(0 =1 <f1<f <...<f,, = r/2) and a Lagrange interpolation polynomial that
goes ?hroug% the values 1+ §,. and + S at these frequencies (the black dots
in figure 15), The second iterwtion ufilizes the frequencies at which the
extrema of the first polynomial occur (the open dots in figure 15), The
procedure, utilizing a varient of the barycentric form of the Lagrange
interpolaration formula, is continued until all the extremum frequencies are
equal to their counterparts from the previous iteration. The filter tap
weights, h,, are obtained from this final H(f) as a discrete fourier trans-

ir

form of H(m_).

Slight variations of this procedure can be used to design bandpass filters,
low pass differentiators, etc. For example, a bandpass differentiator
having an ideal frequency response
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H(f) ={ j2nf, b<lf|<B (11)
0o , Jf|>B

would be specified to be purely imaginary and to remain within + ; and
+ JZ in the two stopbands and within 27£(1+ ; ) in the passband (i.e., the
percentage error in the passband is specified), The fact that the procedure

converges rapidly and yields an optimum design makes it extremely
attractive,

5. QUANTIZATION EFFECTS

Errors are introduced in convolutional filters through limited word-
lengths for the state variables (the signal values stored in the shift registers)
and for the filter tap weights (the constants stored in read-only-memories).
Errors of the first type, including the rounding of the result of the con-~
volution, can be described as additive noise with variance E2/12, where E
is the quantization level difference., Errors of the second kind, however,
can alter the frequency response of the filter.

A filter designed according to one of the preceeding methods to satisfy
certain ripple specifications, will no longer meet those specifications when
the tap weights are rounded, However there may exist a set of weights,
within the word length limitation, but different than the rounded version of the
ideal weightés, that does satisfy the filter requirements, Avenhaus and
Schussler(1® 17 paye proposed a modified Gauss-Seidel procedure for
searching the discrete parameter space in the neighborhood of the ideal,
for an optimum set of quantized tap weights,

6. INTERACTIVE DESIGN AND THE RAISED-COSINE ROLL-OFF

As pointed out in the last section, most algorithms for optimum
filter design are relatively meaningless if the filter tap weights are
rounded to accomodate a word-length limitation. Our approach for an
expedient (rather than optimum) design has been a human search on a
computer terminal, A computer program was written, based on the simple
window approach and designed fer man-machine interaction., The program
rounds the tap weights and performs a fast Fourier transform on these
rounded weights to furnish the actual frequency response. The number of
bits precision (word-length), L, the window parameter, C, the 6 db
cutoff point, B, and M (where 2M+! is the nominal number of filter taps)
are parameters at the disposal of the designer. Because the magnitude of
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; the tap weights decrease as n increases, the weights eventually fall below
\ E/2 where E is the quantization level difference. These weights are

S rounded to zero, so that the actual order of the filter, N, is less than

B ZM+l1.

f Specifications were set on the allowable passband and stopband ripples
3 and on the maximum allowable transition width, A search for the filter of
S minimum order for a given precision revealed {aat the minimum number of
R taps occurred at the values of the parameters C and M for which the

: natural truncation phenomenon was most pronounced, i.e,, when (2M+1)-N
3 was a maximum,

4 8
E This led to consideration of the raised-cosine filter characteristic, (18)
- The ideal filter characteristic

!

g H (f) =1, 0<f<B (12)
\‘ ' showa in figure 16a corresponds to an impulse response:

4 sin(27Bt)

o h(t) = 2B————— 13
? ) 2rBt (13)
1

1

E which decays asyniptotically as 1/t and has a corresponding unit response:
3

’f ho- sin(2rnB /r)

? n n . (14)
o
.'_}Z

1 The raised-cosine filter characteristic with roll-off o

E

1, 0<f<(1- ol)B

4 H, (f) = (15)
A 1/2|1-sinTE=BY | (1_g0)B<i<(14+ 4 )B

i3 20olB -

shown in figure 16b corresponds to an impulse response

Ey
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Figare 16: The Raised-Cosine Filter Characteristic
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h(t) = 2Bsin(Zn-Bt:) cos(2r e Bt)

16
, 27Bt 1-4(2 o Bt)“ (1o)
i :
which decays as I/lt3 for large t. The corresponding unit response,
! .
_sin(37nB/r) cos(2meCnB /r
h,, = 23 ) (17)

™ 1-4(20¢nB/r)*

with the second factor cos(1rx)/(1'-4x2') set equal to 7/4 when x = 1/2, will
enhance the natural truncation phenomenon because of the 1/n3 decay.

By utilizing a small value for,of, a filter of low order N is obtained with-
out too great a sacrifice in transition width (f -f_ 2r2e), Uniortunately,
this natural truncation gives rise to ripples in ?nuch the same way as
does rectangular t,runcation. Hawever, when this technique is used in
'conjunction with a window,

1 :

h o 8in(2mnB/r) cos(2refnB/r) [c+(1-C)cos(7rn/M)]. (18)

n mn 1-4(2etnB /r)e

' i
, excellent results are achieved,
The details of the interactive filter design program are given in
Section VI. 2. ‘
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SECTION IV

BANDPASS SAMPLING

1. IN-PHASE AND QUADRATURE SAMPLING

In this section we wiil derive some of the basic mathematical relations
pertaining to the in-phase and quadratrue sampling technique used for trans-
lating a bandpass signal to lowpass, In general we will be concerned with a
real signal s(t) whose Fourier transform S(w) is band limited and centered
approximately at ifc' More specifically let

F [s(t)] = S(w), where S()=0 for f -W>[ej> +W (1)
as shown in figure 17a,
The analytic signal Z(t) of s(t) is defined as
Z(t) = s(t)+j8(t) (2)

where 8(t) is the Hilbert Transform of s(t). The Fourier Transforms of
Z(t) and 8(t) are respectively given by

_J 2S() for w>0

F{zm) { 0 for w<0 (3)
A -iS(w) for w>0

F[a(t)] =< iS(w) for w<0 (4)

In words, the spectrum of the analytic signal Z(t) is the one sided spectrum
of s(t) and the spectrum of the Hilbert Transform 8(t) is the spectrum of
s(t) with the negative frequencies shifted r/2 and the positive frequencies
shifted -r/2.
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Let us now define R(t) the complex envelope of s(t) at frequency f. by
the equation

R(t) = Z(t)exp [-jwct] = I(t)+jQ(t) (5)
where I(t) and Q(t) can be seen from definition (5) to be given by

I(t) = s(t)coswct+§‘(t)sinwct

(6)
Q(t) = 8(t)cosw t-5(t)sinwet
Also from equations (6) we can solve for s(t) and S(t) to obtain
s(t) = I(t)cosw t-Q(t)sinw t
(7)

8(t) = I(t)sinwct+Q(t)cosw t

The Fourier Transform of R(t) denoted by R(w) is the transform of the
analytic signal Z(t) translated down in frequency by f.. Similarly the
spectrum R¥*(w) of the complex conjugate R*(t) of R(t) is the spectrum the
conjugate Z%(t) of the analytic signal translated up in frequency by £, i.e.
the negative frequency part of S(w) translated up by fc. Both R(w) and
R#*(w) are shown in figures 17b and 17¢c respectively. Note that R¥*(w) is
not the complex conjugate of R(w). If we denote the complex conjugate of
R(w) by R(w) then R*(w) is given by

R¥*(w) = R(~w) = An(-w)~jB.(-w)
where (8)
R{w) = A, (w)+jBr(w)

and A_(w) and B, (w) are the real and imaginary components of the spectrum
R(w).

Now let I(w) and Q(w) respectively represent the Fourier Transform
of I(t) and Q(t). From the definitions of R(w) and R*(w) we thus leave
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Ar(w)-i-jBr(w) = [(w)+jQ(w)
and 9
Ap(-0)-jBL(-w) = I{w)-jQ(w)

from which we obtain

1]

I(w) I/Z[Ar(w)«l-Ar(-w)] +jl/2 [Br(w) -Br(-w)]
and (10)
Qw) = 1/2 [Br(w)+Br(-w)] -jl/2 [Ar(w)-Ar(-w)]

h

Consider now the case where we sample the real bandpass signal s(t)
at times

tmi = mT
and
Lmq =mT-T
where (11)
T = nTc_<_l /W and Tc = l/fc
and
T = ch+Tc/4'

and where m, n and k are integers.

In words, we sarmaple s(t) at times t,,; to obtain the in-phase samples and at
times t,,, to obtain the quadrature samples. The period T as noted from
equations (11) contains an integral number of cycles at frequency fc. Thus
the mth in-phase sample is given by

s(t_ ;) = ImT) (12)

which is obtained from equation (7) after replacing t with t,,;.

Similarly the quadrature samples are obtained at times t,,, which
differ from the in-phese sampling times by one quarter cycle of frequency
fo» Thus the mth quad. Ature sample is similarly obtained by substituting
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tmq in equation (7) i.'e, ' ' : |

' S(tmg) Q(mT-7) : " (13)

We will now show that the m-pha.se and quadrature sampling technique:
can recover to a good approximation the spectrum R(w) of the complex
envelope. Inasmuch as R(w) contains all of the information in s(t). Recovery
of R(w) would therefore be adequa.te. Since the signal id sampied at a rate
fg we will in fact not recover R(w) but rather R s(w) which is R (w) repeated
per1od1ca11y with period.fg, If f_ g> W there will be no spectral overlaps and
therefore Rg(w) as shown in f1gure 17d will also contain all of the information
in the orlgmal R(w). : v

' H '

Consider now the two functions I(t) and Q(t-7) the sampled values of
these two continuous functions being our in-phase and quadrature samples

given by equations (12) and (13). The Fourier Transform of these functions .

are obviously g1ven by i

: F[I(t)] S (R
and o o (14)
| Fla-n]= Qu)e T |

and therefore the recovered spectrum R'(w) for the continuous case can be
written as ’ N !

-iWT '

R'(w) = L(w)+jQ(w)e

which after some algebraic manipulations and using equations (8), (9) and
(10) becomes . \

1

R'(w);[R(wl)cosw-r/2+jR*(w.)sinw-r/2]e-ij‘/z L sy

The recovered spectrum R'g{w) of the sampled waveform will be the same
as in equation (15) repeated periodically with period equal to the sampling
rate f,. 'The recovered spectrum after in-phase and quadrature sampling
will thus consist of the desired spectruim R {(w) filtered by a coswr/Z term
and an undesired term R*(w), (the negative frequencies term of the ongmal
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spectrum S(w)), filteréd by jsinwt/2 2s shown in figure 17e.’' The
"exp(+jwt/2) term of course represents a time delay of 1/2 and is of no
significant consequence, : Clearly from equation (15) one would want to
make T as small as possible in order to minimize'the effects of the inter-
fering term R*(w). From equation (11) it can be seen that the smallest t
can be made in T /4 which would result in filter characteristics of
coswT./8 and s1ncoTc/8 respectwely for the desired and undesired terms.
The extent to which the recovered signal thus described will differ from the
desired signal is thus seen glearly to depend on the ratio W/fc Thus if

C W /Ee<<l, i.e, if the nairrowband approximation holds, then the interfering
term would be negligible otherwise it will not. , If the narrowband approxi-
mation does not hold or if the requirements are such that the interfering
term cannot be tolerated thén one must find ways,of eliminating or réducing
this interference, . We will describe two approaches which will enable us
to' reduce the interfering component R*(w)sinwT/2. In the first approach
the sampled values of I(t) and Q(t-T) are f11tered digitally while in the
second approach instead of sampling twice per period T we sample more

often to obtain sampled, valuee of I(t), I(t+2T), I{t+47)... and Q(t+-r),
Q(t+3'r). .o

]
] [

' 2.  FILTERING I(t) and Q(t-7) R

! Consider a pair of conjugate filters F and f* given byl

[F )] e:xpl[jcb(w)]
[P exp [-i¢(w)]

F

and ‘

i (16)
. P

n

and let Us filter the I(t) and Q(t-T) recovered cemponents of the signal
respectively with the dbove two filters, Our recovered signal spectrum
' R'(w) will thus be given by o | ‘
i ! . I
R'() = 1) [F(w)] exp (o)
_ (17)
~. | 450w [P exp-ipw)-or] .

!
'Again after some algebraic’ man1pu1a.t1ons and using equatmns (8), (9) and

(10) equation (17) becomes ' i \ , |
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R'(w) = {R) [Flo| cos [o(w)or/2] (18)

+R*(w) |F(w)| sin [¢(w)+w'r/2]} exp(-joT/2).

As in equation (15) the exp(-jwT/2) term represents only a time delay and is
of no significant consequence,

If the recovered signed R'(w) is not to contain any interference terms
then the magnitude ‘F(w)l of the filters F and F* must equal to unity and the
phase ¢(w) must equal -wr/2, i. e. the phase must be linear. The impulse
response of the F and F* filters will thus be a (sin x)/x delayed (or advanced)
by 7/2 with zero croussings at intervals T. Figure 18 shows a convolutional
digital filter implementation of these filters where each filter has 2n+l tap
weights and the tap weights a, are given by

k
ay = (-1) (sinwgT/4)/(krtwgT/4). (19)
k=0,+1,...4n

If the narrowband approximation is relatively good i.e. if W/f <<l
then a very smaill number of filter taps will be required to give a very good
approximation of ¢(w) to -wt/2. For ten to twenty percent bandwidths five
to seven tap filters would be all that would be required for any reasonable
amount of undesired signal rejection,

3. THE MULTIPLE SAMPLE APPROACH

Let the bandpass signral s(t) be sampled more than twice (as for in-
phase and quadrature sampling) during each sampling period T = 1/W and
let the intervals between multiple samples be multiples of 1 = Tc/4, i.e,
let us sample s(t) and times

mT, mT-v, mT+T, mT-21, mT+2T,... (20)
where as before
T=Tc/4 and T =nTc_<_1/W (21)

and m and n are integers,
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From equation (7) it is clear that for the sample times above we would
obtain sampled values of I(t) and Q(t) given by

I(t), Q(t-7), -Q(t+T), -I(t-27), -I(t+2T),... (22)

where mT is replaced by t,

We have shown (equation (15)) that if the first two samples from (22)
are used the recovered signal spectrum R'(w) consists of the desired spec-
trum R(w) multiplied by coswt/2 and the undesired spectrum R*(w) multi-
plied by sinwt /2, It has been shown that in general if n+l samples are
used as given by (22) then the recovered signal spectrurmr. R'(w) will consist
of the desired spectrum R(w) multiplied by (coswt/2)" and the undesired
spectrum R*(w) multiplied by (sinwT/2)®, provided the samples are com-
bined appropriately, namely weighted by the binomial coefficients.

To show that this is as we will derive the expressions for R'(w) for
n=2, 3, and 4, From equations (8) and (9) we see that
I(w) = R{w)+R*(w)
and
jQ(w) = R(w)-R*(w).

If we weigh the first three terms of expression (22) by 1, j/2 and -j/2 and
add we obtain

R'(0) R(w)+R*(w)+[R(w)-R*(w)]exp(-jw-r)/Z

+ [R (w) -R% (w)] exp(jwr) /2

R(w)(1+coswT) +R*(w)(1 ~coswT) (23)

2R () (coswT /2) 2 +2R % (w) (sinwT /2) 2.

For the case n=3 we weigh the samples with the weights 3, j3, -j, -1
and add. Thus we obtain
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R'(w)exp(jor/2) = 3 [R(w)+R*(w)] exp(jor/2)
+3[R(w) R (w)] exp(-jot/2)+ [R(w) —R*(w)] exp(j3wT/2)
+ [R(w)+R>' (w)] exp(=j3wT /2) (24)

8R (1) (CoswT /2)° +38R*(w) (8inwT/2)3

Similarly for n=4 the weights would be 6, +j4, -j4, -1, and -1. Thus we
have

R'(w) = 6 [R(w)+R*(w)] +4 [R(w) -R*(w)] exp(-jwT)

14 [R(w) -R*(w)] exp(jwT)+ {R(w) +R* (w)] exp(-j2wT)
(25)

+ [R(w)+R*(w)] exp(j2nT)

16R (w, (coson'/Z)'i+16R*(w)(smw'r/2)4,

We thus see that by appropriately combining the various samples the
filter functions (coswr/2)? and (sinwt/2)® can be synthesized to filter R{w)
and R¥(w) respectively. By s 'lectirg other th.a the binomial coefficients to
weigh the various samples other filter functions can be synthesized, For
example for N=2 if the weights are 1, jk/2 and -jk/2 we can obtain

R'(w) = R(®) [l+kcosw-r] +R*(0) [1 -kcosw'r]. (26)
For n=3 and weights 3, j3, -jk, and -k we obtain

R'{w) = R(w) [8k(cosw7/2)3+6(l -k)coswT /2]
(27)
+R¥(w) [8k(sinw1-/2)3+6(1 -k)sinw-r/Z]

Thus we see that instead of obtaining an nth order zero at the origin
as would be the case for (sinwt/2)? one can obtain n evenly spaced zeros by
proper choice of the coefficient k as in the case above or by proper choice
of additional coefficients for higher order n,
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4. COMPARISON BETWEEN FILTERING AND MULTIPLE SAMPLING

As was shown by the description of the two techniques one can achieve
very effective rejection of the unwanted interfering signal R¥(w) by either
filtering the sampled I and Q waveforms, or by a suitable combination of a
multiplicity of n+l samples, In any specific application the choice which if
any of these techniques is preferable will depend on the complexity of
implementation. In general one will perform the analog to digital conversion
either by a single device capable of operating at a rate of 4f  or a multiplicity
of devices each capable of operating at a rate f.=W. The cost of analog to
digital converters increases quite rapidly with increasing sampling rate.
Therefore if the bandpass signal is a relatively wideband signal where the
rates 4f, and f; not significantly different then a single analog to digital
converter would be preferred and as many samples as possible would be
obtained to achieve maximum interference rejection. If on the other hand
the ratio of 4f_ to f; is large then it would be advantageous to leave two
analog to digital converters operating at a rate f; with the sampled in-phase
and quadrature signals then being filtered to achieve the required filtering.
For the purposes of the transceiver presently under consideration the
receiver IF will be in the neighborhood of 100 to 200 kMz and the IF signal
bandwidths will be from 4 to 25 kHz. In view of these considerations the
in-phase and quadrature sainpling followed by a relatively minor pair of
filters is clearly indicated as the optimum approach,
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SECTION V

MODULATION AND DEMODULATION

1. MODULATION AND FREQUENCY TRANSLATION

As mentioned in Secticn II and in Reference 1 the process of frequency
translation can be defined mathematically by

S(t) = Re [w(t)ejzﬂfct] (1)

where S(t) is the real I. F. signal, Re denotes "the real part of", w(t) is the
modulated low pass signal (generally complex), and f, is the I. F, carrier
frequency. If we write w = u+jv and utilize a sampling rate, rj; = 4f., then

Sy = Re[wnej’m/z] = Re[jnwn] (2)

so that the transmitted sequence, So’ Sl’ SZ’ ..+, becomes

Uy -vl, “up, v3, Uy, —vs, -u6, v7, u8, -v9,... .

By sampling u,, uy, Ugj» Uygrs » .. in the real receiver channel and vy,
Vak+lr Vg1’ Y16kl in the imaginary receiver channel, we obtain
samples of u4ik+jv4ik+1’ which is an approximation to Wy @8 discussed
in Section IV. By properly combining a number of such samples, better
approximations can be attained,

For double sideband amplitude modulation,
w(t) = A+m(t) DSB-AM

where m(t) is the real modulating waveform and A=0 in the suppressed
carrier case, Thus

S(t) = [A+m(t)] cos2nf t  DSB-AM

For single sideband amplitude modulation (upper sideband),
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w(t) = A+m(t)+jfn(t)  SSB-AM (USB) ‘
whnere, for the case of true SSB (rather than vest1g1a1 s1deband), m(t) is the

Hilbert transform of ra(t). The analytié signal f+(t) = f(t)+J£(t), corres -

ponding to any real signal, {(t), is more easily visualized in the frequency
domain as

Fulf) - { oo ' &

For angle modulation
wit) = 4e%®  PMand FM
so that |
S(t) = Acos [anct+e(t)] PM and FM
For phase modulation: ) ' |
o(t) = Bmy(t) PM
where 8 is called the modulation index, and for frequency modulation

o(t) =8 j m(t)dt FM,

Single sideband phase and frequency modulation can be obtained by settiné .
wit) = 4el®*()  ssp_PMand FM . !
where 0+(t) = 0(t)+8(t), so that !

A .
sit) = Ae" 9 cog [wct+6(t)] SSB-PM and FM, !
|
It can be shown that the spectrum of w(t) is zero for negative frequencies in
this case, and hence the spectrum of S(t) is zero for frequencies below the
carrier., The modulating signal can be recovered from the receiver's
estimate of w(t y

A+m(t) = u(t) = Re [w(t)] ' : (4)
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for amplitude modulation (DSB and SSB) and by
‘ l ! . ' )
. S -1 v(t).
e t) = ta RAREY 5
. o S(F) = tan " oHy (%)
;%“q ' . N l .
f; ‘ for angle modulation, Equation (5) applies to single sideband. as well as to
fr conventional double sideband, phase and frequency modulation.
If the modulating signal, m(t), is m .ary (digital data) AM becomes
N amplitude shift keying (ASK), FM becomes frequency shift keying (FSK),
:: and PM becomes phase shift keying (PSK). For optimum performance, the
& ' (sinx)/x spectra of tHese digital signals would be digitally filtered to produce
'3 a spectrum better matched to the channel (e.g., a raised cosine character-
l isitic). ; ’
3 2, SINGLE SIDEBAND AND THE HILBERT TRANSFORM
5 T ' .
' ) . 7
& , A ideal double-sideband low-pass:filter
:f | ‘ ; : .
4 : ; - : 1, -B<f<B
Y N H,(f) = ! 6
9 .. 2! ) 0, elsewhere ©)
. i N
.
; has a real impulse response: !
e |
. i h é = 2B gih27Bt 7
E 2() 2Bt (7)
4] An ideal single-sideband low-pass filter - !
/2, 0<1<B
3 f) (7 8
e ’ ; H¢) {0, elsewhere (8)
Q"‘ I 1 . .
s t ) . , .
. can be thought of as a B/2 hertz real low-pass filter translated to the right
b by B/2 hertz, Its impulse response is therefore
: ! !
i | sintBt, jrBt |
i i h t = 2 B—'—"__ J7r .
9 hy(t) = 2BET e (9)
i/
8y !
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Expaniing the complex exponential as cos+jsin, and carrying out the multi-
plication, we obtain

sin27Bt + I-COBZWBI:\ -

h =
1(t) ZB(ZnBt 27Bt

hy () 4R, (8). (10)

A8 B—s=o0, hz(t)———-é’(t) and h (t)-——-l/(n-t) Thus, in the case of an infinite
bandwidth signal, the real channel passes the signal without filtering and the
imaginary channel performs a Hilbert transform (since convolution with
1/(wt) is, by definition, the Hilbert transform). However, since we are
dealing with bandlimited signals, the Hilbert transform is not required,
What is required is two digital filters designed as a B/2 hertz low-pass
filter multiplied by cos(rBn/r;) and by sin(rBn/r) respectively, as indicated
by equation (9). A single sideband signal must have a spectrum confined

to £ .<f<f +B for the upper sideband case, Use of the Hilbert transform
1nstead of eguation (9) would filter out only the frequencies below the carrier;
thus doing only half the job.

If the desired baseband signal is confirmed to the band b< f <B (e. g.,
300 to 3,000 hertz), the corresponding compiex single sideband filter is

n sin(rBn/r ) sin(rBn/ry)
n- 2?;_1- WCOS(Wan/r1)+J2B1WSIH(WBZn/rl) (11)
1 . 1

where B = (B-b)/2 = 1,350 hertz, B; = (B+b)/2 = 1,650 hertz. Both the
real and the imaginary parts of this filter must be further multiplied by an
appropriate window function as indicated in Sections III.1 and IIIL 6. The
real part of this impulse response can be used for double sideband; it will
serve to filter out the ~arrier in receiver operation. For lower sideband
operation it is only necessary to use the negative of the imaginary channel,

This scheme is iilustrated in figure 19. In the transmitter the mod -
ulating signal is convolved with h(t) = h (t)+3h (t) to produce w(t). If
r(t) = rR(t)+Jr (t) represents the low-pass comple-: output of the bandpass
sampler, the modulatmg signal is recovered as

e [#th(t)] = xp(tpehy(6)-r (eyehye), (12)
where * denotes convolution,
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The alternative method of using a single filter response for single
sideband and multiplying the signal by cosine and sire, as illustrated in
figure 8 of Section I, 2, is equivalent if and only if the delay through the
actual filter corresponds to an interger number of c--cles of the multiplying
sinousoids. Otherwise the phase would not be strictly linear, suffering a
discontinuity of 21rB?_M/rl at zero frequency. If the method of Section I, 2
is used M would be a multiple of 5 and B2 would be 1,6KHz if ry = 8KHz.
(Or B, = 1.65 and r; = 8.25).

3. ZERO-QUADRATURE SAMPLING FOR DOUBLY SIDEBAND

The double-sideband receiver configurations in figure 1b and 19b show
a phase adjustment feedback loop which attempts to drive the imaginary (or
quadrature) sam:ples to zero. Fur coherent reception (carrier phase know
at the receiver) there is no need for such a loop. For non-coherent reception
alternative schemes would be (1) to process both the real and the imaginary
channels through the double sideband filter (no B/2 frequency shift) and use a
read only memory to take the square root of the sum of the squares and (2)
to employ stationary point sampling (20, 21).

Suppose the received signal (real channel) is
z(t) = Asin(27ft+0)+n(t) (13)

where A is to be estimated and n(t) is a stationary, zero-mean, Gaussian
process with variance o“, If the frequency and phase (f and 8) were known
exactly, coherent sampling would produce samples of

a = A+n(t) (14)
with probability density
2
a) = p(a-A) = ] e-(a—A)
p(a) = ¢(a-A) “JEro 202 (15)

If f is known, but not 8, a quadrature zeroing phase adjustment loop can
come very close to attaining the same result,

If z(t) were sampled with random phase the probability density
becomes
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p(z) =
-A

The measurement is random even in the’complete absence of noise ( g~ = 0).
The square root of the sum of the squares procedure is equivalent to
envelope detection and produces the modified Rayliegh (or Rice) density(zz‘).
Stationar% point sampling leads to the modified -Normal (or Harley-Abend)
densit:y(z »21), For large signal to noise ratios (S/N = AZ/2 0*) both of
these approaches the choerent result of equation (15).

4, ANGLE MODULATION AND PREEMPHASIS

For angle modulation the switch in figure 19a would be in the DSB
position and the modulator of figure 20 would be inserted between the real
channel interpolator and the frequency translator. The modulation index, §,
is set equal to unity for narrowband FM. This produces a complex signal
with a non-symmetrical spectrum occrpying 2 14 KHz band from -7 KHz to
+7KHz, The modulator operates at ‘he ry sampling rate,

In the computer simulations angle modulation was performed at the
r, sampling rate and the interpolation to r; was performed after the cosine-
sine read-only-memory. This had two drawbacks. At the lower sampling
rate the z-plane integrator was a poor approximation to true integration
dand the interpolation filters were required to operate on 2B = 14 KHz
signals. This was corrected for the breadboard as shown in figure lla of
Section II, 3.

F. M. preemphasis and deemphasis circuits are shown in figures 20b
and c, To prevent distortion of the demodulated signal, preemphasis must
be performed before angle modulation, deemphasis must be performed after
angle demodulation, and both must be performed at the same sampling rate,

A value of 7/8 for the preemphasis parameter would closely approximate
current analog receiver practice.

F. M. preemphasis will be performed at the r, sampling rate, between
the resampling filter and the interpolator. If perforraed at the low sampling
rate, rj, its frequency response would not be sufficiently linear at the
high frequencies, If performed at the high sampling rate, r,, we would
have difficulty in undoing its effect at the receiver, With it at rp, the
deemphasis circuit (also at r,) will exactly cauncel its effect on the demod -
ulated signal, assuming that aemodulation is performed before deemphasis,
This last requirement is no problem because angle demodulation must be

-56-




— - & - - - ‘!8 -
- L Ll -
ﬁ ﬁ ) « o @
. ; e i -
9 - n - . - - - . -
. _ QS ) ) ~ g . g -
N w - ..nw- - b7 - s
3 SE-T I
- - M K N i } 0, -
) O > - - o -
. sl s L R &
. > + L <. -
- - - n c m
s B E= S
o ; - < n.h(u
- Q- - - ¢m [)
X £ . - - S ]
- o - -
L, ol <] -
d - i )
- . 0 ) - =
- g
o
. = ! - . - <
[N 3 . .
- . 5 S
< < - @
- an.. b
3
- -9 0
: . ® A
N
. - 2
4
o
N A e o T A———— i S - o v - omx wppdl
e b e s e s e ] S i i R e R i i



e T o L e it
R T SESS MR R

s AR I
HE G Log POV RS

Gt

i3 -__’:..«7.

ot d Ayt e
PN R LD

A
GRS 2,

-

P g

g

e
Cadl

!
: :
} ¢
performed at rp. ' An r; = 8KHz samphng rate could net handle a 14KHz
signal. Furthermwore, the d1fferent1at1on required for F. M, demodulation
is more easily performed at a higher rate (in fact, it can be performed
by f1gure 20b with o =1 if the sampling rate were high enough). '
5. PHASE AND FREQUENCY DEMODULA;[‘ION ’
! ) ' . N !
If the received low-pass complex signal is

+
H 1 1 1 '

l

w(t) = u(t)+jv(t) = A(t)el ) ' | (17) |
] ' |

then to demodulate phase modulation we must recover |

o e e i

Slv) o .

o o(t) = Im[lny(t)] = tan o Ew. .

|
To demodulate frequency modulation we ‘'must recover

© d8(t) - 1m v?f(t)] _uOVE-vEEE) g,
dt w(t) ué(t)+v2(t)

|

One approach to angle' demodulatién is te frequency demodulate as shown in
figure 21 and digitally integrate the ~<.ui: when operating with phase
modulation. A second alternative is !¢ -;erform arc tangent phase demod -
ulation as shown in figure 11b of Sec*iun IL 3, and to differentiate the

result when operating with frequency modulation, With this second alternative

‘deemphasis, can be performed at the r, sampling rate at the input to the

differentiator. j
!

' The first alternative was used in the computer 31mulat10n and the
second alternative was used in the breadboard. Figyre 21 does not show the
resampling. In the simulations, resampling filters preceeded the dliffer-
entiators and all computations in figure 21 were performed at the low r,
sampling rate. This forced us to use a higher basis sampling rate (r; =
15KHz) in the simulations which increased the complexity of all filters and
degraded the performance of FM. Since differentiation and integration are
more ‘easily approx1mated at a high sampling rate, and since preemphasis

- in the transmitter was performed at r,, a better procedure wouid have been

to operate at r, and resample after deemphasis,

l

o | . -58-
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In the FM mode, figure 11b utilizes a non-recursive low-pass differ-
entiator, approximating

- jzﬂf: 'f|<B
o = (% 65

to filter out any energy that might interfere with the r, spectral repeats.
An alternative (utilized in the breadboard) is to use a simple z-plane
differentiator followed by our standard resampling filter.
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SECTION VI

TRANSCEIVER DESIGN AND IMPLEMENTATION

This section contains various details revelent to the overall system
design (Section II), the computer simulations (Section VII), and the trans-
ceiver breadboard (Section VIII), that were not covered elsewhere.

1. RECURSIVE FILTERING

The applicability of recursive filters was investigated in the form of
an eighth order (eight poles and eight zeros) Cauer Parameter type C
filter, The poles and zeros of this filter were chosen to produce approxi -
mately 60 db (57, 82db) attenuation in the stopband and 10 percent ripple in
the passband with a 20 percent transaction band, The pole-zero locations
were obtained from standard filter design handbooks(23) and their actual
values in the s-plane are given in figure 22, In transforming from the s-plane
to the z-plane the bilinear transformation was used where

1+

Z = e—

]
l-s

and where the values of s were normalized by multiplying by tannf_ where
fc=0. 1i.e., a cut-off frequency of 1/10th the sampling rate was used, A
digital implementation of the filter shown in figure 22 was simulated on the
computer. It was found that the filter constants (Ai’ B., C.) could be
reduced to 8-bit accuracy without significantly altering the filter character-
istics. In the passband the ripple was less than 0.5db and in the stopband
the attenuation was in excess of 42db, Al shift register contents were
maintained to 20-bit accuracy and all shift register contents were rounded-
off to 12-bits before entering the multipliers, The frequency ‘characteristics
of the recursive filter were obtained by performing a Fast Fourier Trans-
form (FFT) of the impulse response, Figure 23 is a plot of the frequency
response of this filter and figure 24 is a brief computer printout of the
magnitude and phase response (the first and second data columns), The
third and fourth columns show the magnitude in db and the normalized
frequency (normalized to unity at the cutoff frequency).

From the example presented it is clearly seen that extremely stringent
filter characteristics can be realized with digital recursive filters employ-
ing a relatively small number of shift registers (storage) and arithmetic
operations (especially multiplications) per unit sampling time. The main
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MAGNITUDE PHASE

31.0978
305559
31.2301
309331
314030
313263
311741
31.3141
31.5860
32.6866
31.7208
319420
31.9560
3243525
324445
325667
32.1814
322536
31.9402
32.1787
315674
31.6212
31.7581
31.2529
314117
312508
28.5363
109751

2.8668

0.7253

0.1121

0.0298

0.2289

0.0697

0.0586

00793

0.1102

00694

0.1062

De.1225

0.000
~T7.998
=17.515
=27.790
~36.861
~46.008
'540850
-64.839
-T744952
«85.,283
-96.638
-106.024
-118.300
~129.491
~141.664
=154.171
-168.468
177597
163.219
1464765
129.395
110.289
89.268
634873
33.713
=64890
-68.259
~133.115
~172.871
146.830
176+226
5.036
-134497
17711
«28.111
-59.611
91.122
107.007
70.319
53.984

END RCRFLT 15+5 SEC.

Figure 24:

MAG.(p8)

0.000
~0.153
0.037
-0.046
0.085
0.064
0.021
0.060
0.135
0.433
0.172
0.233
0.236
0344
0.368
0.401
0.298
0.317
0.232
0.297
0.130
0145
8.182
0.043
0.087
0043
~0.747
~9.046
~20.707
=32.644
-48.860
=60.381
'420661
-52.985
54490
~51.872
~49.008
-53.034
=49.334
-48.092
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REL. FREQ.

0.000
0.039
0+078
0+117
0+156
0.195
0.234
0.273
0.313
0.352
0.391
0.430
0.+469
0.508
D547
0.586
0.625
0+664
0.703
0742
0.781
0.820
0.859
0.298
0.938
04977
1.016
1.055
1.094
14133
14172
1.211
1.250
1.289
1.328
1.367
14406
1.445
1.484
1.523

Recursive Filtexr Comptter Printout
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disadvantages of recursive filters, however, are (a) sorpewhat: higher bit
accuracy is required in the arithmetic operations s compared to non-
recursive filters, (b) significantly higher bit accuracy is required in the
storage shift registers, (c) the phase characteristic is extremely non-linear,
near the cutoff region unlike the zero differential phase delay character-, '
istics of non-recursive filters, and (d) the sequence of arithmetic operations
to be performed is such that implementation of recursive digital filters
does not readily lend itself to the pipeline processing technique. Because

of these disadvantages it was concluded that recursive digital filters would

not be appropriate for the multimode transceiver design, l

. (11, 12, 24) 3 ) ) ) !
Rabiner, et, al have presented an interesting recursive

implementation for finite response filters that have been designed by the
frequency sample specification approach. These filters requ'ire more
storage than, and approximately as many multiplications as, the convolu-
tional (non-recursive) implementation, They haveiall the disadvantages of ’
standard recursive filters except (c). : '

To clarify the accuracy problem, consider a simple recursive filter
such as in figure 20c of Section V.4, If the input and the stored constant,
¢, are each 10 bits, the result of muliiplying the two requires 20 bits of
storage. If no truncation or rounding is used, & 39 bit number, is required
for the next time around the loop. And this would continue indefinitely. If
we assume we use a 10 bit by 10 bit multiplier, we must round to ten bits
each time around the loop. A convolutional filter (such as shown in figure
2 of Section II. 1), however, need never round as long as the accumulator

can hold a 20 bit number. |

j
Recursive implementation was used for the interpolation filters
because they could be realized without multiplications. S

2. NON-RECURSIVE FILTERING

i

The interactive computer program discussed in Section [II. 6 was
used to compute the quantized values of the tap weights for all convolutional
filters used in the simulations and the breadboard, CONFIDE is a time-
shared Fortran program for the design and frequency analysis of finite
response filters with zero differential delay (absolutely linear phase). A
simplified flow chart is given in figure 25 and the 'program itself is given in
figure 26, The operator first enters C, L, and A, where 'C is the window
parameter, L is the number of bits precision for the tap weights, ahd
A= & is the raised cosine roll-off parameter (A=0 for no roll-off). The tap
weights are normalized to a maximum value of c,=2"""-1 and rounded to

the nearest integer, Thus, L=10 represents tap weigl'. ranging from -511
to 4511 (or ig_i_z. in steps of E = ?i_z)° While the Hamming window' (C = , 54)
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TAP WEIEHTS|

STOP

U

2"" /;oin‘f
FET

PRINT FFr
'fnm = fs‘fma;(
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Simplified Flowchart of Convolutional Filter Design Program (CONFIDE)
(Oval blocks represent Teletype inputs)




1080 C~- (2*%*NB)PT. FFT OF A (2M+1)STAGE L BIT CONVOLUTIONAL FILTER

208 C-

300 C- WINDOWS~

400 C- HAMMING: C=.54

500 C- HANNING: C=.5

600 C- G&R HAM: C=.56

708 C- A = RAISED COSINE ROLL~-OFF
758 C- FC=28 FOR DIFFERENTIATION
8006 C-

900 DIMENSION G(512)

1800 INTEGER H(512),S,SUM

1100 COMPLEX X(2,2048),W

1200 PI=3.14159265

130@ 75 PRINT 15

1400 15 FORMAT ('"C,L,A"™)

15060 READ /,CsLsA

1668 1IF (C=0) GO TO 44

1700 S=2%%(L=1)~1

1 800 PRINT 12 (S)

1900 12 FORMAT (" MAXIMUM TAP =",17)
2000 60 PRINT 16

2106 16 FORMAT ("FS,FC,M")

2280 READ /,FSs»FCoM

2360 IF (FS=8) GO TO 75

2400 GCGO@=2%FC/FS

2450 IF (FC=0) G@=FS/(2%P1l)

2500 R=S/G0O

2520 SUM = §

2530 P=GO*GO

2568 IF(FC=0) P=0

2600 DO 30 l=1,M

2650 Pl = PIx]

2700 Q=C+(1.~C)XCOSC(PII/M)

2710 IF(FC=0) GO TO 28

2728 E = A%GO*]

2730 IF (EeNE«D+5) U = COSC(PI*E)/(le ~4%XE%x%2)
2735 IF (E=B.5) U=P1/4.

2740 Q = Q*V

2800 G(IX)=Q*SIN(GO*PII)/(PI}))
2820 GO TO 29

2840 28 GO=~G@

2860 G(lY=Q*Gy/1

288¢ 29 CONTINUE

2900 IF (3(]1).GE«BIH(I)=R*G(1)+.5
3000 IF (GCI)eLTeD) HCI )aR%G(I)~e5
3180 G(l)=H(1)/R '

3120 SUM = SUM + 2xH(I)

3140 PoP+2.%GCI)*G(1)

: ? Figure 26: Convolutional Filter Design (CONFIDE) Fortran Program
3
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3200
3300
3310
3320
3330
3340
3360
3400
3500
3600
3700
3800
3960
4000
4030
4060
4100
4150
4200
4300
4409
4500
4600
4700
4800
4900
5000
5100
5200
5300
5440
5500
5600
5700
5800
5900
6000
6100
6200
6300
64900
6500
6600
6700
6800
6900
7000
7100

3@ CONTINUE

PRINT 70 (H(I)sl=isM)
SSO=P/ (GO *GO )

SRS=SQRT(SSQ)

IF(FC=03) SUM=0Q

PRINT 36 (SUM,»SS0,SRS)

36 FORMAT ("SUM=",17," §S0=" ,F8.3,"
85 PRINT 84

84 FORMAT ('NO*)

READ /,NO

IF (N@=8) GO TO 60

N=2%xNO

Ml=2%M+1

PRINT 40 (NoMl,L)

AA=]

IF(FC=0) AA=-]
X(151)=CMPLX(GO»0¢)

IF (FC=0) X(1,1)=CMPLX(@¢20¢)
DO 17 I=1,M
X(1s1+1)=CMPLXC(G(1)504)

17 X(}sN=-1+1)=AAXCMPLX(G(I)50¢)
NM=N-M~-2
DO 2 I=MsNM

2 X(1,142)=(0es04)

N2=N/2

P2=2+%PI/N
DO 5 J=1,NO
N2JaN/(2%%xJ)
NK=N2 J
NI=(2%%J)/2
DO 4 I=1,NI

IN2J = (I-1)%N2J
T=IN2J*%P2%(=~1.)
WaCMPLX(COSC(TI»SINCT))
DO 4 K=1,NK

ISUB = K+IN2J

ISUB1 = K+IN2J%x2

ISUB2 = ISUBL1+N2J

ISUB3 = ISUB + N2
X(2,1ISUB)=X(1,ISUBL)I+W*xX(1, ISUB2)
X(2,ISUB3)=X(1,ISUBL1)=W*X(1,ISUB2)
4CONT INUE
DO 5 K=1,N

5XC1sK)=X(2,K)

80 PRINT 35

35 FORMAT (FMIN.FMAX™)

READ />FMIN,FMAX

IF (FMAX=0) GO TO 85

Figure 26 (Continued)
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7200
7300
7350
7400
7500
7600
7700
7800
7850
7900
7920
7940
7945
7950
7960
7979
7980
8000
8100
8200

8300
8350
8400
8500
8660

KMIN =N*FMIN/FS+1
KMAX =N*FMAX/FS+2
SS=0

DO 6 K = KMIN,KMAX
Y=CABS (X(1s,K))
Z=REAL{(X(1,K))

D = 20.%ALOG1O(CY)
FafFS*(K=1)/N

IF (FC=0) GO TO 92
PRINT 20 (KsZsDsF)

GO TO 6
92 U=AIMAG(X(1.,K)
B=0

)

IF(F+GT+0) B=(U=F)/F

S8=5S+(U~F)*(U=-F)
AMS=SS/(K~KMIN+1)

PRINT 22 (K»F,»U,»B»AMS)

6 CONTINUE
GO TC 80

40 FORMAT (14, POINT TRANSFORM OF ",13,'" STAGE ",13," BIT\\

\\ FILTER"/)
20 FORMAT (I3sFi2

24,F133,5F103)

22 FORMAT (13s3F1232F1546)

70 FORMAT C1017)
44 STOP
END

Figure 26 (Concluded)
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is superior for high precision applications, for L<10 the Hanning window
(C = .5) was found to aid in the natural truncation phenomenon discussed in
Section III, 6. While a filter with 8 bit precision was able to meet the specs
of at least 40db attenuation in the stopband with a transition band of only
300 hertz, 10 bit precision was checsen for the tap weights to provide a
safety margin for the additional transceiver processing that must be per-
formed.

The next inputs are FS, FC, and M, where FS=r is the sampling rate
and FC is the 6db cut-off frequency for the version of the filter symmtrical
about zero frequency, (i.e., FC 22 1. 5KHz for 3KHz single sideband), If
FC=0, the tap weights for a differentiating filter are calculated., The M
filter tap weights (Cy» C2s0v, Cyp in Section III) are computed and printed
ten per line, The number of nonzero taps will generally be less than 2M+1,
The next input, Ng=n,, determines that a 270 point Fast Fourier Transform
of the filter's unit response will be taken. The inputs FMIN and FMAX
specify the range of frequencies to be printed out, From figure 25 we see
that the oparator can examine any portion of the frequency response in any
dztail desired (up to a 2048 point transform) before modifying the filter,

The computer simulations (Section VII) employed a basic sampling
rate of r{=15KHz because at the time they were performed we believed it
would be more efficient to do frequency modulation at the low rate., The
resampled rate for the simulations, r2=120KHz, was also unnecesarily high,
The earlier varsion of CONFIDE: used to design the simulation filters did
not have provision for the raised cosine roll-off, These deficiencies com-
bined to make the filters have at least twice the number of taps that they
would have required at a more reasonable sampling rate, Sample printouts
are given in figures 27 through 30, The spens on the SSB filter required a
drop from -3db to -40db in 300 hertz, The frequency response in figure 31
shows that these specifications are met. The differentiating filter in
figure 30 ie highly inefficient in that it {2ils to take advantage of a recent
"breakthrough' discussed in Section VI. 3,

Since ripple tends to accumulate from the cascade of all transmitter
and receiver filters, the specs on the SSB filter were revised for the bread-
board to call for a drop from 1ldb to 50db in 450 hertz. The corresponding
frequency response and CONFIDE printouts, for a 8KHz sampling rate, is
given in figures 32 and 33. A two-to-one resampling filter used for the
breadboard demonstration is shown in figure 34,

To produce a double sideband filter characteristic with a passband from

300 to 3, 000 hertz as mentioned in Section V., 2, the CONFIDE program of
figure 26 was modified by adding two instructions:
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3
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A
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C,L
75,510 .
MAXIMUM TAP = ' 511
FS,FC,M
?1551442,50
481 397 2717 146
14 47 55 45
-2 12 19 -19
-3 r 5 6
-1 0 0 !
S SQ= 3.027 SRS= 1740
NO
?8

FMIN, FMAX
20,3
1 1.000¢&
2 1.0005
3 09998 .
4 0.9988
5 0.9978
6 09974
7 0.9981
8 0.9994
9 10008
10 10013
11 1.0008 °
12 1.0001
13 1.0001
14 1.0010
15 1.0015
16 1.0005
17 0+9985
18 0.9982
19 1.0021
20 1.0067
21 09996
22 0.9611
23 08730
24 0.7300
25 0+5468
26 03544
27 0.1882
28 0.0724
29 0.0115
30 -0.0076

256 POINT TRANSFORM OF

Gain

(db)
0.007
0.004
‘00009
-0.011
~0.019
-0.022
-0.017
-0+005
0.007
0.012
0.007
0.001
0.001
0008
0.013
.0.004
‘0-013
~0.015
0:C18
0.358
-0.004
~0+345
‘10180
-2+¢733
=-5.243
-9.009
-14.508

-22.807

~38.754

'42o35q

Figure 27:
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Frequency
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0.000
0.059
D117
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0.893 !
0352
0e410
04469
0.527
0.5&6
04645
04703
0762
0820
0.879
0.938
0.996
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1.113
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14465
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1.582
1.641
1699
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44,496

31 =0.006) 1758
32 ' =0.0005 =654690 'e816
33 00012 ~58+406 1.875
34 -0.0002 ~74.088 1.934
35 ~0.0014 -57.089 C1e992
36 ~0.0008 ~624396 24051
37 0.0008 ~61.476 2109
38 . 00018 : -544870 2.168
39 ' 00016 ~554919 2e007
40 0.0009 ~60.457 24205
41 00007 - 624738 2344
42 040011 I =~59,421 2.402
43 . 040014 -56.784 24461
44 00014 ~564949 24520
45 ' 0.0010 . -59.694 2578
a6 0.0006 -64.232 24637
47 0,0003 -694797 24695
48 :  0.0001 »79.347 Re754
49 -0.0000 -924508 2.812
20 0.0002  -75.481 _  2.871
51 06009 ) ~61.088 87930
52 00019 -544608 2.988
53 0.0024 ~524445 3.047

FMIN, FMAX ;

70:0 !

NO !

210

1435,1435

1024 ROINT TRANSFORM

FI*IN, FMAX :

. 93 0.7300
94 0.6870

FMIN, FMAX

216551465

113 0.0118

114 0.0036

FMIN, FMAX

20,0 o l

No

20

FSsFC,M

29,0,0

C,L !

’QDO '

}2-733
'3026r

!

‘380754
‘480812

1

1348
‘12362

1.641
1.655

v

OF 101 STAGE 10 BIT FILTER

Fig'ire 27 (Continued)
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128 POINT TRANSFORM OF /QV/STAGE

FMIN, FMAX
’0:635:134
1 09944
2 0.9951
3 0.9993.
4 1.0029
5 0.9993
6 09967
7 1.0012
8" 1.0030
9 10002
10 1.0009
11 1.0020
12 0.9998
13 10009
14 1.0022
15 0.9985
16 0.9978
17 1.0015
18 1.0009
19 049999
20 1.0029

-97 -75
-24 -2
-5 S
1 2

0 0
-97 -75
-24 -2
-5 6
1 2

0 0
79

-0.048
~0.043
~0.006
0.025
-0.006
-0.029
0.010
0.026
0,002
0.008
0.017
-0.001
0.007
0.019
'00013
~0.019
0.013
0.008
-0.001
0.025

30 60
19 9 =12
6 -2 -6
0 -1 -1
0 0
30 60
19 9 -12
6 -2 -6
0 -2 -1
0 0

10 BIT FILTER

0.000
0e117
0.234
0.352
0.469
0. 586
0703
0.820
0.938
1.055
o172
1.289
1+406
1.523
1641
1.758
1875
1.992
2.109
2227

-43
-12
-1

=43
=13
-1

0

Figure 8: Double Sideband Filter, r = 15KHz
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3 24 0.9995 -G.+005 2.695
2 25 1.0018 0.015 2.812
3 5 26 1.0026 0.023 2.930
g ‘ 27 0.9011 -0.905 3.047
‘Q V 24 006131 ‘40250 3164
3 ; 29 0.2563 -11.826 3.281
L i 30 0.0380 -28.408 3.398
3 ; 31 -0.0076 -42.358 3.516
3 ; 32 0.0014 -564851 34633
2 ’ 33 -0.0008 61567 34750
“ | 34 -0.0012 “58.063 3867
b ‘ 35 0.0032 ~49.914 3.984
[ 36 0.0027 514346 4.102
FMIN, FMAX
70,0
NO
20

Figure 28 {Continued)
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A ¢ $SQ= 44193 SRS=

24 ! NO

] i 2?9
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FMIN, FMAX
30 0+7689
31 0.6916

FMINs FMAX

7946515

41 0+0197
42 0.0038
3 ~0.0046
44 -0.0075
9 45 ~0.0070
A 46 “0.0047
e 417 -0.0019
e 48 0.0005
e - 49 0.0020
5 50 0.0026
i : 51 00024
k- | 52 040014
- : 53 0.0009
E 54 0.0002
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P : 60 0.0N0
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8 to 1 Resampling Filter, r = 120 KHz
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MAXIMUM TAP = Sii
FS,FCsM
?215,0,51
~511 255 ~169 126 -100 82 -70
-4 37 ~33 30 -27 25 -23
-15 14 ~-13 12 -11 10 -9
-6 5 -4 4 -3 3 -2
~1 ! -1 1 0 0 0
0
© 88Q=  1.570 SRS=  1.253
i No
i 7 %7
, 128 POINT TRANSFORM OF L@ STAGE 10 BIT FILTER
: Méan
| FMIN,FMAX Hf). Squared
b 70,745 £ }nﬁ/g if Erroy
i 1 0000 000 ¢.000 0.0006000
: 2 0.117 0e110 -0,059 0.000410
3 0.234 0.241 0.029 0,000403
4 0.352 04361 0.026 0+000499
5 0+2469 0+475 0:013 0000453
6 0«586 0600 D.024 0.000712
7 be703 0.720 0.025 0.001023
8 0.820 0.832 0,014 0.001041
9 0938 0.933 ~0+005 0.000931
10 1,055 1045 -0,009 0.000921
11 1172 16179 0.00¢6 0,000870
12 1.289 1.28: «0006 0.000843
13 1.406 1.370 -0.026 0.001694
14 1523 1.515 ~0.005 0.001607
] 15 1.641 1:649 0.005 0.001537
e : 16 1.758 1739 -0.010 0.001629
v 17 1.875 1.869 ~0.003 0.001545
£ i 18 1.992 2,013 0.011 0.001676
g 19 2:109 R.115 0.003 0.001599
E 20 24227 2.222 ~0.002 0.001525
E ' 21 24344 24343 -0,000 0.001449
o ; 22 24461 e 160 ~0.001 0.001381
B 23 24578 84584 0.002 0+001334
' 24 2+695 R.701 0.002 0.001287
E: 25 2.812 2.808 ~0.002 0.001242
26 2+930 2.927 ~0.001 0001195
& 27 3.047 3.050 N.001 0.001152
i - 2K 3.ipL 3.170 G.002 0.001119
3 29 3.281 3.283 0.001 0.0N1080
4 30 3.398 .401 0.00! 0.001045
X

Figure 30: Differentiating Filter, r = 15KHz
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Figure 30 (Continued)
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CsLsA

3
F, 25510501
& MAXIMUM TAP = 511
B FSoFCoM
3 285145529 ‘
L 399 151 =53 -101 =30 44 46 %) =31 -20
. . 9 19 6 -9 -9 5] 6 3 -1 -3
& -1 1 N e o 0 o o
y SUMe 1365 SSQ% 2547 SRS=  ]+596
5 NO ‘
77
128 POINT TRANSFORM OF 59 STAGE 10 BIT FILTER
FF’IIN.FMAX Ga-.in Frequency
20.4 (db) (KHz)
1 10017 0015 B.000
2 1.0813 G.811 @063
3 1.0006 ' Q+0085 D125
4 1.0003 @002 " De188
5 1.8005 D005 G250
| 6 1.0007 2.006 0313
7 1.0003 2.003 D375
8 009999 =B.001 D438
9 1.2002 © Be@02 0.500
10 1.0012 D011 P+563
y 11 '1.6018 Q015 B¢625
<, 12 1+0008 0.007 0688
Wi 13 @.9991 ~3.008 D750
I 14 09283 =0+015 D813
%» ;185 2.9991 ~0007 D875
" 16 i.0003 P.002 0.938
f 17 1 «0000 ~0.000 1.009
B 18 0.9989 ~0.010 1.062
2 19 2.9991 ~0.008 1.125
8 20 #9989 “0.009 1.187
21 0.9868 - =Bel1lS 1250
X 22 0+9419 ~0.529 1.312
“ 23 0+8443 ~1.470 1375
24 B.6901 =3.222 1437
t : Figure 33: Single Sideband Filter, ¥ = 8KHz
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25 04992 *6:035 1500

26 BG.3087 ~13.210 1562
27 Be.1552 *16+181 1625
28 P.08577 =24+773 1687
' 29 @.0119 ~38.472 1750
30 ~3.0011 ~58+951 1.812
31 ~0.0012 =58.315 1875
32 2.8003 =76.338 1937
33 D.0007 ~62.688 2000
34 0.0009 -~60¢793 2.0062
35 B.0010 =59.874 2125
36 20003 «71¢657 2.187
37 ~3.0013 57549 2.250
38 =0 +.0024 ~524419 2.312
39 *3.0817 =55.248 2375
ag 2.2882 =T2+0661 2437
41 @.0018 =55.036 2.580
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43 @ .6006 -64+761 2625
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65 =0 +0022 =53¢145 4000
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4 FMIN,FMAX
70,0
ﬁ Figure 33 (Continued)
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512 POINT TRANSFORM OF 59 STAGE 16 BIT FILTER

FMIN,FMAX
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86 B+9230 *F 626 1328
87 29004 ~@.%11 1344
88 B.8742 ~14168 1359
89 08443 =1e470 1375

FMIN,FMAX

710765108

113 B.0117 =38.472 1750

114 6 «5665 «“43.807 1766
118 D.0627 =51+460 1.78%
116 @.0002 =72.0089 16797
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FMIN,FMAX
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Figure 33 (Concluded)
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MAXIMUM TAP = 511 1
FSsFCol
71654510
303 0 -55 0 7 @ 0 )}
SUMn 162! Ss@= 1727 'SRS= 1314
NG
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128 POINT TRANSFORM OF 21 STAGE 1@ BIT FILTER

: FMIN, FMAX

% 21,7 .

¢ 9 10014 B.012 1.000
3 10 1.0017 B.015 1.125
i 1 1.0018 0016 | 1.250
i 12 1.0015 0.013 1375
7 13 1.0006 0.005 " 1+500
o 14 2.9988 -0.010 1.625
% 15 25960 -0 +035 1750
i 16 2+9517 -0.072 1.875
¢ 17 8.9857 “P.125 2.000
4 18 B+9776 “9.197 2.125
§ 19 0+9671 “6+290 2.259
s 20 #9539 @410 2.3175
n 21 89377 ~B+559 2.509
v 22 8.9182 ~0.741 24625
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: 24 0 +8689 -1 +220 2.875
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Figure 34: 2 to |l Resarnpling Filter, r - 16KHz
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Figure 34 (Continued)
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2750 Q = Q%cos(3. 3%PII/FS)
7550 Y = 2,%Y,

"

The corresponding printout (at a 16KHz sampling rate) is shown in figure 35,

3. DIGITAL DIFFERENTIATION

In Reference 1, the digital Hilbert transform was derived from the
sampling theorem,

ad .
£) = . sin(nrt-krw)
X( ) kz: o hk—_—_——(nrt-kn)

(1)

zoo (-l)kx singrt
kZ -0 kom(rt-k}

by taking the Hilbert transform of (1) and sampling the result at the rate
o . A
r; X, = X(n/r). The result was

A
X -

2
n m

00
y, ok (2)
- k , k odd.

k = -0

Similarly, we can differeatiate (1),

. d k cosyrt sinrrt
Xt = Y (<) xr — - .
k - - rt- r{rt-k)2

and, by sampling this result at the rate r, we obtain the digital derivative

o
[ (4 -k ¥
X = x(n/r) = r Z (-l)n ;1{51: . (4)

k - -c0
kin

The preceeding results could also have been obtained by deriving the
appropriate filter frequency response, H(f), and finding the corresponding
unit response
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-r/2

h_ = H(ne) e /rgq, (5)
r/2
It
H(f) = j sgn f (6)
we obtain
2 l, n odd
h =( ™ N (7
n

0, n even

for the Hilbert transforming filter., If

H(f) = j2nf (8)
we obtain
n
r(-rlx) , n#0
h = (9)
n
0, n=20

T
—

for the differentiating filter, Equation (9) was used with a Hanning window
for differcntiation in the CONFIDE program. Note that equation (4) can

7,/ also be written
&a
s

€0
> . k Xn.
k x =r Y (o) SRk (10)
. n k
K k = -2
. k#0
d

Rabiner and Steiglitz (25) have pointed out that the above is not the

n thing to uo, They note that the magnitude and phase response corresponding
) to equation (8) is hard to realize digitally because of the phase discontinuity
shown in figure 36c. By introducing a half-sample delay,

iy o o =jmf/
H(f) = jani 700 | 103 (11)
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the phase response of figure 36d is obtained, whereby the phase discontinu-
ities occur only at frequencies at which |H(f)| = 0, ‘

From equation (3) using t = (n- 1/2)/r instead of t = n/r, we obtain

2]
. .n-1/2 r n-k X
Xy = X ) = 1) —— (12)
1
k = -0 n-k-2)
2
= b or
00 co %
, - ’ r k “n-k 4r k n-k
F | == L (D —g3=— L (-} > (13)
* k= -» (k-z) k = -0 (2k-1)
2
o Alternatively we could obtain
2
of 4r (-1)°
3 h == -
b n* 7 (Zn-lf (14)
i
5 ¢ from equations (5) and (11). Equations (9) and (14) are compared in figure
- 37, for r = 1. Equation {14) is seen to decay quadradically and to more
;_ closely approximate a simple (»; - %; _;)+r "differentiator”. The unit__
; response has to be truncated to finite duration. Rabiner and Steigluz‘Zb)
: present excellent results for the frequency sample specification method.
¢ However, any of the methods of Section III may be used,
;" Another way of viewing these results is as follows. A filter with
¢ impulse response
sinyrt (15)
wrt
would pass a signal bandlimited to -r/2<f<r /2, undistorted. The impu'se
cesronse of the corresponding differentiator is given by the derivative of
(15):
1 sinyria
h(t) = ; [cos;rrt - . (16)
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Equation (15) can be thought of as a bandlimited inpulse S(t), and (16) as a
bandlimited doublet, & (t). The unit response of a digital differentiator is
?gtgiz}eld Zbgr E%mpling (16) at the rate r. The usual widehand differentiator
T R , such as the one used in our siimulations, samples (16) at
the zeros of the sine term., Obviously, a shorter response is obtained by
sampling at tle zeros of the cosine. In fact, the latter approach indicates
that the siinple-minded two-term differentiator, such as the one used in
our brearboard, is a reasonable first approximation,

~
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SECTION VII

COMPUTER SIMULATION

Simulations were made for three mcadvlation schemes, Single side-
band (SSB), double sideband (DSB), and frequency modulation (FM). The
simuiations were initially programed on the 3urroughs 5500 time share
system. The working programs were then transfered to the Philco 212
coinputer system located at Willow Grove, Signal to noise runs were made
on the Philco 212,

The calculations of the tap weights for the convolutional filters were
performed on the Burroughs 5500 time share system. The program CONFIDE
calculated the tap weights to the desired bit accuracy and then performed a
Fourier Transform on the weights. The results of the Fourier Transform
were printed ou. in order that the frequency selective properties of the
filter could be checked.

The various modulation system simulations were carried out on a
low pass equivalent basis for the DSB, SSB, and FM systems. All filtering
was done with convolutional digital tilters with compiex signals where
appropriate, The basic sarapling rate for input and output of all simulations
was 15Kz, This sampling rate was thought to be a compromise between
the sampling rate nceded for DSB and SSB and the rate needed for FM.
Based on the results of these initial simulations an effective sampling rate
for input and output of 8Kz was chosen for the breadboard.

The SSB and DSB systems were tested by passing a pulse derived
from a 4KHz 50 o/o raised cosine spectrum through the system., The
spectrum of the test pulse is shown in figure 16b of Section IIl. 6 (B = 4KHz).
This pulse had eleven (11) non-zero terms in it «fter rounding to 7 bit
precision, The reason for using the above mentioned pulse was to simulate
the inherent filteringa real input to the syslems would experience, Through-
out the simulations the real channel data stream is designated as XR_ and
the imaginary channel data stream as X1 . Whenever possible the output
of both real and imaginary channels wer?z saved as an aid to checking the
output of the filters as the signal progressed through the system. The
simulations can best be understood !, relating the programs for the various
simulations to their block diagrams (figures 38, >y and 40), All of *%e
programs are documented with comment cards and should be rcasonably
easy to understand by aryone with a good working knowledge of Fertran and
some background in digital communicaticn system d2sign,

The noise added to the input to the receiver was derived from a
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gaussian random number generator and the specific noise power at that

The noise was added at a level to compensate for cthe
bandwidth of the receiver, Signal-to-noise curves were run for the DSB and
SSB cases and plotted in figures 41 and 42, The method used to calculate the
signal-tonoise ratio out of the receiver was that the spectrum of the output
wave form with no roise (-100dB) added to the inpat to the receiver was
calculated. The difference between this spectrum and the output spectrum
with noise added to the receiver was calculated using the no noise spectrum
as a reference, Also the distortion of the spectrum of the signal from the
input of the systems to the output were calculated to obtain a feel for the
amount of distortion the systems are adding due to the number of bits of

precision that were carried, These figures are:

point was calculated,

DSB 23.8 DB
SSB 21,2 DB

These signal to distortion ratios 2:e not particularly good indicates that
the signals should be carried through the system at greater than 8 bit

And the filter should be implemented with more than 19 bit
precision, Good precision for the signal would be 10-12 bits and 12-14 bits
for the filters. Actually, 10-12 bits could be used for the filters provided
the number of taps is kept low by lowering the sampling rate.

precision.

The FM system was ~hecked using a longer pulse train, about 20
pulses. This pulse train was passed through the system. The pulse train
was FM modulated filtered ard translated to 3, 34MHz resampled and
demodulated and printed out, As can be seen in figure 43 the pulse was
faithfully reproduced at both & height of 1.0 and 0.5, These two illustrations
show that the digital FM system simulated is feasible. As before the signal
was carried to 8 bit precision and the filtering was implemented to 10 bit
precision. Provision was made in the simulation for preemphasis. The
parameter o in figure 40 may vary from 0 (no preemphasis) to 1 (phase
modulation). This parameter was not investigated,

1. SUBRQUTINE DESCRIPTION

GAUSS (S, SQH, SGH)

This subroutine returns a gaussian random variable X (1nvolts) with
zero mean and standard deviation SQH(IO)‘SGN/ZO. SQH 1s the RMS value
of the signal where noise is added and SGN is the signal to noise ratio,

RND (X, XMAX, L)

This subroutine rounds X to L bit precision, XMAX is the maximum

magnitude of the variable X.
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CS (X, L)

Computes cosine X to L bit precision.

SN (X, L

Computes sine X to L bit precesion,

FFT (X, NSTAGE, SIGN)

Subroutine to take Fourier Transform. For details see comments in
listing of the subroutine.

ERR(XR, XI, IL, M, FM, FT)

This subroutine computes the normalized magnitude of the spectrum
of a complex signal. XR is the real part of the signal, XI is the imaginary
part of the signal, 2'L is the size of the transform used, M is the number
of complex samples of input data, FM is the output magnitude of the spec-
trum and FT is a complex working matrix.

FIND (XR, XI, 1L, M, REP, FT)

This subroutine calculates and prints out the normalized spectrum of
a complex wave {orm with XR the real part and XI the imaginary part. All
parameters are the same as in ERR except that REP is the rate at which
the time wave form is sampled, This subroutine calls FFT.
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4 QSE SIVULATION
C SINGLE SICFEANT CSTVULATICN DLL.FLETCFER

DIVENSTCN WECE(100),WREPIA1A0),ANLCG(TI0N),X(2100),XR(300),
#XTL30CY, XRZ(4C0)AT2¢4n0)Y, XRI(RE0),x13(8B5n),XRI(120),XxI4¢150),
#XRE(1630),%¥TE(1650), XRA(3ENY,XTE(2E0),XR7(900),XI7¢900),
AXRE(ICO), XxTE(IOU)YsYRG(I00),xTG(200),XCUT(I0),FTM(DL2)
NIMENSTYCN F1(B812),FM(1024),F2(512)

CCFFLEX FT(Zz,1024),C

DATA A1,A3,04,08,A9,20/1,74,3,5¢,2,5€,20,03,34,86,34,86/
DA‘! LF;'./lC.E/

DATA MRIG,MS,MRIVMA/5,45,40,20/

DATA »AF.P\SF,?\FFH\A/M.QLH.41/

C NS=NO, CF TERNMS T¢ IAPUT STGNA| = 24MSIG+3
C NSBswl, OF TERVME IN SSQ FILTER = 2%MS+1

C NRFznC. OF TERVS IN REP FILTER = Z%MR+1

C NA=NC, CF TERNS TN ANALOC FILTFR = Z2¥VAsq

DATA F72S,F72R,FZA/,1863,.,126p0,,0282/
CATA S6N /15,y
PI=2.141562¢¢%

CCALCLLATE TAF WFICHTS
DC a0 t=4,v7S
FIs1
WINZ.Ea+,d64CCS(PIwFT/50,)
IvEzmSate]
WSSE(INMS)=hINsSIN(FZSHPI*FT)/(PI4FIAF2S)
CALL RAL(WSSE(IMS),1,0,LF)
JFVEzpSetal

50 WSSEO_MSYsWSSE(INMG)
WSSE (MS+1)=1,¢
CALL RAL(WSSL(MS+1),2 ,9,LF)
FVREMR
DC €0 T=1,VMR
Flz1
ATzFI4FI/FVR
WIN= Ba+,469rcS(aTy
I¥RhzpRaTay
WREF(IMRI=WINGSINC(FZR*PISFT)/(PI4FI*F2R)
CaLl RANL(WREF(IMR),1,0,LF)
JVRZMRe1=]
60 WREF ( MRYsWRFF (IVR)

WREF'MR+1)=1,¢C
CALL RAC(WREF(MRel),1,0,LF)
Frvazpa
DC 70 T=24,mA
Flel
AT2F YaFI/5NA
WINZ . S44+,4690CS(AT)
Ipzpiate]
ANLCG(TVA)=wIN*STV(FZASPYI4FIY/(FIsFI*FZA)
JPazNAslae] -
ANLCG(.MA)Y=ANLCG(IMA)

70 COMNT M LE
ANLCG(MA+1)Y=1,0

C LCAD 56 REFCENT RC PLLSE -
Azg,00R1/715,0
DC £0 T=4,¥S8T¢C
FIz]
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INSIG=VMSIC+1+T
X(TIMSIR)IZSTN(ASFTINCESC OvpasFI) /7 (A#F 1% (1,=(B8*F1/1D,)%%2))
CALL RNCEX(INSIG)YH»1,0,7)
JMSIG=NSIC+1e]
80 X(JNMSIE)=Xx(INEIG)
X(MSIC-ﬁl):’I L
CALL RAL(X(¥SICG+1),1.0,7)
PRINT H1,(Xf1),I=1,N&)
81 FCRVMAT(1M1,17FINPUT WAVE FNRM /(10F10,5))
CSHIFT SFECTRLM 2Y 1.65 KC
W=1,65,15,n
DC 14¢ Ia3,N€
FIz1«VSIGe1
ngE-C*FI*¥*FI
XREIY=X(TI)*CS(XW,LF)
CALL RAC(XR(I),1,0,L)
XT(Idzsx(I)*SN(XW,LF)
: 110 CALL RMC(XI(T),1.0,L)
C CCNVOLVE WTTIR FIRST FILTER
BC 112 1=1,AS
C SKIFT ALL YERMS Ey NGB
ININBE+NSeT
ISaNG+1-T
XRCIN)RXR(TS)Y
112 XICIN)3XI(IS)
NS41=NSRey
DC 112 I=1,AS1
XR(IY=n,n
113 XI¢I)=n.0
C NF=NO, -CF TERNS GLT CF FIRST FILTER
NFSNSE+NSed
DC 145 I=1,M\F
DC 114 _=31,NSE
Tusldgel
XRZ(T)2XRZ(1)+wSSB(JI*XR(TY)
114 XIZ{I)aXT2(1)+wSS3(J)*XI(1.))
CALL RNED(XRZ(I)s41,L0
115  CALL RND(XTZ(I),AL,L)
CALL ERRU(XRZ,XIZ2,9,NF,FM)FT)
PRINT 40
10 FORMAT(1HC,3FnsB )
. . . - CALL FIADI(XEZ,X12,9,AF,15000,,F1}
CEFFECTIVEIY FILL WITH ZFERCS ANT CONVCLVE WITH 7 KC LOW=PASS
C REPETITION FILTER, QUTPUT NF FILTER IS AT 4120 KC
DC 15¢ Is1,NF
C SKIFT aLL TERVS By NRF
IRUNRFaNFeT
g? ceime . IFANFAtaT

KR i 2 RN
% 3

]
i By

N [ o T T 5
¥ o g ~M “ﬂ.&fvﬁmg?an y{ék.;, ¥

<
P

[URTIRIRTONNY W VPR e

IOt IS

XTe(TRISXI2(TIF)
-150 XRZ(TR)Y3XR2(IF)
‘ NRF 13NAF <1
o -D0 160 Ist,NRF1
b XRZ(X)ag,0
460 - - XIg{T)ed, 8 - - - -
“ C CALCULATE 420 kC CLTPUT
Jag
DC 170 L1319 ,\F
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DC 17C Kk=21,€
w3+
DO 17¢ Ist,11
LTsLteT+9zZ
LK=E* (el )+K
XT3 (U)X TICLIMREP(LKYWXIZ(LT)
170 XRAI(J)2XRI(LIsWRIP(LKYSXRZ (LT)
C J Is THE NIMRER PF OLVPUT SAMFLES FROM REP FILTER
K2=\-
DC 18(C I=1,KZ
CALL RACIXT(D)-4a3,L)
180  GALL RND(XRI(1),43,L)
PRINT 11
11 FORMAT(1KHC,4FWREP )
CALL FTND(XRB,X13'100K23120000o)FT)
C PLT SIGNAL THWROLGF INTERPOLATION FILTER AND SIMULATED
C ANALOG FILTER
DC 19¢ I=s1,ke
DELI=(xT3(T+13¥cXTS(I))s32.n
DELR=(XR3(T+1)=XRS(L))/32,0
DC 19(: “,31132
Fud.
Kak+1
K18¥OT(K.10C)41
C K Is Xr4 InLCFX
C K1 IS XR4 cYLIC INCEX
XT4(K1)=2XT3(T1)+(FJ~1,)DELT
XRA(K1)1=XR3(T)+(FJ=1,)»DELR
CALL RNCtXR4(K1),A4,L)
CALL RAMD(XT4(K1 ,A4,L)
IFGVOLtK.16) ,EGsND) GC TO 200
190  CCATINLE
GC 10 220
200 CONTDALE
C CALCULATE OLTFLT CF ANALCG FILTER
C M IS X6 IMCEX
MEpe1
=5 DO '24¢ Las31,NA
% N=MCR (744 (Mo g ) 16+11,100)4+1
‘ XTS(M)SXTE(FIeANLNGCLLY*XT4(N)
240 XRE(M)IXRE(MYSANLOGC(LL) #XRA(N)
) ~-=- - -66-10-4Gp
' 220  CONTTALE
Migh ze1
M2aNr /S 41
DC '23¢ Jeoi,Mt
. XT7(I)exT8(24Tel)
¢ ¢ e XRI{ T )8 RRE (24T 0l)
230 CCNTITME
PRINY 42
12 FORMAT(1HC,15FREFEIVER INFUT )
CALL FIND(XR?,xI7,10,M1,120000,,FT)
DO '24( 1=i,M2

ki st o
ARSI L AN

F L ; N
‘““'ﬁ';'t'g*?«""‘ e e Deugry j PR

B ]

L F s

'3

240 XRE(T)aXRE(541a4)
- RRINT 42
13 FORFAT(1KHO,22POUTPUY OF ANALOG FILTER )
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CALL FTIAD(XRé,xI16,9,¥2,480N00.,FT)
C XR6 IS INFLT Tr FFT TU Leak AT cUTPLT SPFECTRUM QF TRAMSMITTER
C XR7 IS INFILT TC RECETVER -
C ADD NCISE AND SFIFT BY NRF~8 . ‘
FMY1z24NM1 : '
DC '246 I=31.#1
249  XSaxS+xR7(II*xR7(D)+xI7¢DexI7(D)
SGR=SCRTXS/FN1)
DC 'e5¢ 1=4,M1
MTaV{4ARFaRa]
MIzve+4-T
CALL CGALSS(Z,8GH,5hAN)
2T27T47+2
XR7(MTY=XR7(N])+2
CALL (ALSS(2,8CH,36N)
2123274742
XI?2(MTYSXTI7(MT)*2
250 COMNTIMLE
IF(27,FG.C.) GC TO 2541
SGe10,0%ALCGIC(XS/7T)
251  COMIDALE ‘ .
PRINT 14
14 FCRFAT(1KC,12kAFTER NQISE )
CALL FTAD(XRY ,xI7,40,M1,120000,,FT)
C SIGNAL COES IATC REPETITIOM FILLTER IN STEFS OF 8 INPUT SAMPLES
C OLYTRUT IS AT 15 k¢ w
NRZNRF «§
DC '26C Tmi,N8
XR7(Tyel.C
260 XI2(1)3840
C CALCULATF BLTFLT ¢F RECEIVER REFETITICA FILTER
MIape 841
DC '280 Ks1,M2
DC '27C L1=1,ARF
LTSL14R%(K-1) !
XLE(K)aXTE (K IAWREP (L1 )8XI7(LT)
270 XRE(K)aXRE(KI+WREP(L1)SXRI2(LT)
CALL RNCUXRE(K)IA8,L)
280 CALL RNC(XxTE(K),A8,L)
PRINT 33
23 FCRMAT(1H0,4bWREP )
CALL. FINDUXRE,XxI8,0,V3,15000..FT)
C SSB 1,3%KkC LP FILTER
DC '¢81 Is1,M?
ISaNSE«+NTe]
Ivap Jetel
XRE(TSIXRAR(TIN)
281 XI&(IS)=XIa(Im)
DC '8z I=1,ASy
XRE(1)80,0
282  XI€(1)s0.C
N4ENI+NER1
DC '282 Isi,NMd4
R e Y R - -
IJ'I“\«'I
XRG{T)aXRG(I)ehSSBIJ)sXRE(T,)
284 XIS(I)SXYIG(I)+uwSSB(J)eXIB(Iy)
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283
16

CALL RANC(XRS(I1),47,L)

CALL RACU(XTIS(T),49,L)
FCRMAT(1IWC,7FSSB FTL )

CALL FINP(XRG,Xx16,9,¥4,15000,.FT)
CALL ERR(XRS,XT9,9,Ma,F1,FT)

G SRIFT EY 1.5 KC AND ADD f0 GFET OLTFUT

290
© 20

23
c

342

0C 'z9¢ I=1,v4 N |
rI I 1 '

JCePTI#WaFT
xqs(r)sxas<1)¢rs<xw LF)
XIG(I)axTS(TY4SN(XW,LF)
CALL RNCUXRS(I1),49,1)
CALL RAC(XTIS{I),49,L)
XCLTCIY=XRO(TY+XII(I)
PRINT 20
FCRNAT(1AMC,17RCUTPUT WAVE FCRY )
PRINT 21, (XCLT(IY,T=q,44)
FCRMAT(1K ,10F10,3)

no . i4z Is1,300
XT(IYzn,0

C RECEIVER CiTPLT

360
370

380

381

385

390

400

440 —ERERFALTIFMAT I s 002 - e e e

pC l6C 1=1,512

FTCE:I)-’-OVPL*(O"U.)
FT(1,1)sCFPLX(0:,U,)

DC 37C Ia1,r4

FT(1,I)=CVPLY(XOLT(I),D

CALL FFT(FT,G,.I.)

DC 280 I=1,E

:2(1;-rAa=cF7¢2.I)>
IF(F2(T).LE.c,00001) F2(I)=0, 00001
FIN(T)®Z0,0eALCG10(F2(TI))

BaFIM(80)

DC 241 Is1,51%

FIM(T)SFTV(I)oE

SMR(.=15040,+512,

PRINT 285

FCRrATUIK1,22RRECEIVER QUTPLT IN LB )
PRIAY 260,SMFC

FCRrAT(1H ,16&RSAMPLE SPACING 3 ,F10.4)}
DC 400 Is1,52

,.J.&-};.‘ —

Fud,

CIsFusg, paS¥RC

KimCa_ el

K2ugKt+4

PRYANY 350,C1,(FTM(K3),K3eKL,KZ)

-FoRA TN sEF 4292 - -

ER2Q .0

REAL 438,(FM(1),1%1,81))
D0 -44¢ Im3,5¢%2
LR2IER24FNM(IVeFM(I)

PRINY 4Z20,FR

420 -FORMATY (Yr0,z4FINTEGRAL SGUARED NGISE = ,F8,¥)

PRINY ¢25,SC
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425 FCRMAT(1H(,44FSIGNAL TO NCTSE RATIC AT INpUT TN RECELVER = ,F9,2,
1 dF LR )
SGAz1C.0%ALCCIN(ERD/ER)
PRINT 420,864

430 FCRVAT(IHC,27+SICWAL To NCISE PCWER CLT = «F10.,3,3H DB )
PUNCK 435, (F9(1),L=1,512)

43¢ FCRMAT(1DFR,E)

999  CCNTIANIE
STeF
ENT

S R NI T I W
’ Ny C5

= = g G
.QI Tt A N B T I TR R TS WP T A B T s e 'g(';cg;ﬁ!’ﬁ:} L\..-a.,  RIRIPCINOC S

SUBROLTINE CALSS(X,ScH,SGM)

C THIS SULERCITINE RETURNS & GAI'SSTIAN RANCCM VARTABLE X

C WITH ZERO MEAN aANP ST, DEV., = SGHR/(10,%8(SGN/2N,))

C SGh = SGLAKE RCCT CF THE S!IM CF TFE SGLARES OF ThE H"S

C SEN = VCI TACGE <Ienal Tn AQISF RATIO IN L[EF
DINENSTCN INTG(12),IND(12),IP(12),IMX(12)
KK+
IF(K.GT.,1) Gr 7O 2n
SCasqr/7(1(,**(SGN/20,))
INTC(1Y29154¢6¢28
PC 10 T=21,11
INTCCT+1Y3TNTE(I)*104+339
INC(T)=2INTR(T41)/7100000000
INC(Y)SINC(IYe100300000

10 INTC(T1)=INTC(I+1)SINN(T)
DC 15 T=4,1¢

15 IP(I)=tI+S)#220(1+9)441

20 CONTIALE
Sti=0,0 '
DC 30 T1=¢,12
INTC(INSINTC(I)®1UL+IP(I)
INE(T)SINTA(T)/400000000
INC(T)SINLC(I)e100000N00

= INTEUINIATC(TISIND(D)
IMX(T)aINTG(T)/71000000

30 SLMBLMFLCAT(IMX(T))
FNa(Q L M+864,0)/95.998

C FN IS 6 GALSSIAN RV wWITH ZERO MEAN ANC VARIANCE = 1,0
XafFthxsr

e e —REILRA
ENT

T

—

5

e e
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SLEROLTINE SALC (X, XMAX,L)
C TKIg SUERCH TIANF RCLNCS X TN L RIT PRECISICN
C XMAX IS TRF ~aXIMLM MAGNTTUDFE nF ThHE VARIABLE X
Sazas(l =1)~1
IF(X.CF.N.) Tx=Xs(S/XMAX)4 ,E
TF(XaLYoN.) Tx=X4(S/YMAX)s ,6
FIx=1x
X=FIxs(xMax/s8)
RETIL RN
ENC

FUNCTIEN CS(Xx,L)
cs=Cesex)

CALL RAC(CS,9,0,1)
RE ML wA

ENE

=

XY . K
R IRt i e e LR e e

FUACTION SN(Xx,L)
SN=STIN(X)

CALL RAT(eN,1,0N,L)
RE TLRA

EM

at
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FRRS (VI

R
Vg

oroags

PR T R bk £ 4l By

SLEROLTINE FFT(X,NSTAGE,SIGN)
FAST FOLRIFR TRANSFNRM SURBRIULTINE
CCMMON VARTARLES
X(?,1024)¢ [CATA" CCMPLFEX, INPLT IN CCLLNMN 1, OUTPUT FOR
INVERSE TRANSFCKM TN CALIMN 1, NNAMALIZEL QUTauT FOR
FCRWARL TRANSFCRM IN COLULMN 2, UNNORMALIZEC FORWARD TRANSFORM
OLTRPLT In PCULMN 1, NSTAGE®R NLMEER CF STAGES ANL POWER
OF TWC WhIrk N ISs N=z2e*xNSTAGE
SIGNE ICENTIFIFS CIRECTICN OF TRANSFORN
SIGN=53.3 FCRWART TRANGFCRM,.
SIGN=+1.1 TNVEFSF TRANSFICRM,

COMFIEX X(2,1024),4

INTECGER R

h=z4s\STAGE

NEaN 22

FLTA=N

PEIznz6 ,2831883/FLTN

OC .3 i 81 ,NSTAGE

NZLEN/LZe4)

NRINA

NIz(7ew_)/?

BC'2 121,n7

INZL2(T=1)%ND,

FLINA 2INZ .-

TENF=FI INZUsFRI2N*SICGN

WaOMPLY(CCS(TEMP)YISIN(TEMFY)

PC ¢ R3i,NR

ISUE=F*INEV

ISLE1=R+IN2 92

ISLEA3TSUE1IeNZY

ISLES=TSUE+NZ

X{Zz,TSLE)=X(1,TIS5L81)+WeX(1,ISLBE)

X(2,TSLE3)=Xx(1,ISURL)eWeX(1,ISUE2)
2 CONTINE .

LC .3 Rz1.N

3 X(1,R)8%(Z,R)
IFCSICN.GT.0,) RETURN
DC 4 R=1,N
X(z,R)=Xx(1,R)/FLTIN
REML AN
ENE

Nl

T

OO0 000 00

LS

L%

»ﬂ“

&

s N - o
2“, wyéaw~w\wmm’m¢wwwwmﬁw B -i Lz%mi?‘

S e
H

S

i e ey

Aoe e e
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-
.

i
7

ke
s A

DR PO wq.;;,?, é‘wl?‘ a! [ a

i A,
T P - IR PP I

PN

T~ A=

10

20

30

40

SLERCLTIAE ERR(XRsXI, I smyFusFT)
CINERSICN FM(E12),xR(512),¥T(512)
CCMFILEX FT(2,812)

RC 10 1=1,31¢

FM(Iy=zpn,0

FT(1.IY=0MPLX(0.,0,)
FTCz,1Y=CNMPLX(N,,0,)

N=z4e])

DC’EU T=1.V
FT(1,1y=CNMFLX(XRII),XI(I))

CALL FFT(FT TL,314)

DC 3D T=1,A

FM(IIsCARS(FT(Z,1))

A=pN (1)

LC 40 T=1,A

FV(I)zFM(ITY/A

RE TL RN

EnE
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=4

¥

" = H
R L S T )
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RTINS W, 1559, g

| T/ s

[

e e T s

4B T,

e

R Y

RN

INPLT WAVE FORM

0,01587 3,01587 ..0,08824 <0,04702 n,55556  1,00000 0,55556 «0,04762
n,01587
3
SAMELE SPACING 3 29,2669 Spactruw 13 DB
4, free o, .fefiQ Y 6402 0.03
146,48 0,05 c.re n,0¢ 0,04 0,02
292,97 0.00 .0 e0.0z °0.02 «0,00
439,45 0,01 [ n, 08 0,05 n,05
585,54 n.03 n.ce o, 0z “0.04 “0.,0%
7372.42 »0,05 .04 an.ng 0,01 0,03
< - ~BI8, 81 —— - 0,04 feCd n,04 0,03 0,03
1025.19 0.04 0.07 21 0,16 0,19
1171.87 0.18 n.18 24,08 00,41 ®0,90
1318,36 1,56 ez.%1 03,68 *5,18 7,01
264,84 %,22 11,66 15,11 018,5% 23,77
1611.233 %29.80 -17,5% -51,3¢ c€Z,11 ~61,49
-—4252,83 .- 5,64 —af4,22 66,64 #£4,51 =42,54
1904,30 e44 04 42,52 -4?2,61 0dd 22 48,23
2u50,78 «57,06 ~L2,cn «55,2¢ 356,61 «65,64
2197.27 *51,12 dd 4p ~4n,82 cl8,75 »37,76
2343,75 27,66 «3f,28 -39,76 041,%7 ~44,83
2490,23 48,15 ofy,22 -52,7¢ 982,16 ~50,44
—2636,22— - - -a42,83 —~md2,36 456,86 047,06 «47,99
2783,20 049,68 52,95 -55,64 960,27 65,64
2929,89 065,64 w5 .64 65,64 064,84 ~62,33
.17 060,04 ~€7,64 -55,9¢ aS4,00 ~52,00
3222.66 549,94 47,87 -4%,9¢ 044,15 ~42,73
3356,94 .dy,74 .y, 30 -49,54 04z, 74 ~45,36
o544  —abdyhe -47,74 542,83 ~38,73
3662,11 038,17 «27,47 -37,45 028,00 ~39,03
3808.59 240,45 42,44 “43.82 245,49 a46,78
3955,08 v48,19 «£0,23 v54,47 065,64 *53,82
4101,56 216,56 .47,46 30,00 038,12 «37,57
4248,05 «37,58 -38,36 .40, 14 043,21 -48,79
30483~ — ——af Sy b4 - —aBp,p8 ce4b 88 -o44,3y 43,32
4541,02 043,15 add, By -44,22 245,16 ~46,34
4682,90 ©47,76 48,8 52,58 357,$5 65,64
4833,98 ©89,85 £3,3, «50,07 050,06 ~50,83
-4980,47 53,48 60,04 65,64 657,20 *53,36
5126.95 052,44 «£3.,%2 58,04 265,64 60,92
3 —afdy 34 - -aB8.04 -~ 064,06 - 062,38
5419.92 53,20 =49,26 ~47,62 047,64 ~49,32
- -8566,431. 93,76 - 63,84 -57,06 -e81,20 49,27
5712,89 YUNY 2. *63,87 957,13 49,27
""" 5889,37 -045,.76 -ddy 04 43,46 ‘043,86 45,02
4005,806 046,03 «45, 07 »51,1¢% 852,16 «51,53
4452734 46,33 g3 ek bt o g SO ek d ]
629883 44,60 5,97 46,82 046,12 *52,62
- 8448,31 .. . . 88,24 45,864 -e58,4¢0 052,19 040,32
6991,80 045,42 43,12 44,3 039,99 «39,15
-4’4&.;6 38,83 238, 08- 39,96 sdd,?2 044,89
6884,77 49,48 alh, 46 59,97 082,40 50,53
1177, *93,68 83,28 58,47 862,04 64,20
e 330422 - 883,48 .. .48,28 246,08 844,32 A3 41
‘7478,70 943,01 43,43 243,70 844,88 »46,72
e BEEIES - - --eq8y - - oo -eB4cMS #8164 - -061(82 ~=55,48
7763,67 84,06 »85,93 49,64 37,83 *49,00

»0,09524

0,01587



7910.16 44,42 w41 .54 =39.67 328,658 38,32

5 En56, 64 33&,65 =36, (2 ~41.26 943,68 ~46,89
o 82n3,12 °EN, 7S ~£4,74 -56,9¢ 3tE,88 ~52,37
or 8346, 41 ©46,20 46,67 ~44,8¢ 243,57 =42,62
A £496,n9 ©42,04 41,66 -41.3¢ 241,21 “41,12
£ f642,5 ©41,20 41,54 -42,26 543,632 ~45,81
B 8786 .06 249,36 ~£5,7¢ “6%5.64 356,35 “56,12
o £935,55 857,67 “€S.64 ~5R, 34 350,75 ~46,74
F $08z,03 ©44,52 -42,47 ~8%,36 944,06 -45,48
gg $228,82 247,47 “46,632 «51,13 51,10 ~49,59
% §375,00 w47, 54 -45,77 ~44,66 344,52 ~45,56
% $521,48 348,45 “E6, 06 ~59,44 98,47 ~44,23
L6 $667,67 42,12 41,28 ~41,43 s4Z2.5p n44,54
.. $814,45 wd7,72 -€2,42 «59,57 265,64 65,64
; $96n,94 s65,64 ALY =54, 0¢ 50,57 ~49,01
10107,42 247,76 46,62 ~46,23 @4c,82 ~44,69
10253,51 ®43,76 42,63 ~42,25 041,88 41,92
10400,39 ©42,44 =42 ,82 =45,2¢ 047,49 50,24
- 10546.87 ©52,94 ~f4,50 *54.0¢ 85¢,34 “50,41
: 10692,36 ®49,14 ~48,87 =49,96 853,44 =64,65
°«§ 10839784 ‘58-13 ‘50'37 “47OOE 045763 “45'70
: ) 10986,23 wd7 26 «£0,GE 60,07 0€1,73 =53,03
i 11132.81 ®50,.56 ~£0,5¢0 ~54,23 965,64 n59¥,0Y
% 11279,3¢ e5n,00 “46&,87 ~45,57 c45,89 ~46,86
& 11425,78 ©49,65 ~E5,114 ~65,64 956,01 ~53,62
3 11572,27 *51.57 =£0.6p “50,9¢ 851,03 ~50.,83
("i 11718075 550.03 .48071 ’47016 9450&8 "‘44‘46
: 11865,23 »43,58 -43,06 =42,9¢ 043,34 ~44,06
3 12011,72 *45,33 «47,21 -50,4¢ 858,49 n65,64
i 12158.,20 »55,3% ~49,64 -47,1% 845,84 45,67
3 12304,69 »46,80 ~49,87 ~57,68 »60,56 ~50,04
” 12454,17 ®d6,10 =44,2¢ r44,1¢ §45,41 ~48,53
5 12597 ,66 -e55,58 =65 ,64 =53,5¢ 250,45 -»50,53
oF 12744,14 ®53,56 “€2,72 ~60,96 v53,79 52,49
G 12890,62 *55,09 n65,64 ~54,48 ®48,05 n45,41
'§ 13037,11 845,07 =47,21 «54,67 57,09 -46,89
i 13183,59 ®43,64 =43,26 ~46,12 856,39 ~54,10
P 1333n.08 049,83 =€1,65 -37.3¢8 028,49 ~22,30
;?4, - 1“76.56 ‘03—?,&\) "3\"‘;8 .11 [ 00 ‘.8"56 - --6'-5-7 -
ot 13623, 05 4,97 e2,70 *?,71 *1,56 1,43
" 13769.53 ‘!1’.07 ‘o), 88 -!no73 ©0,68 *0.,66
' 13916,02 ®0.64 “0.6z 20.5¢ *0,32 =044
» 14062,50 ©0,37 o0, 30 ‘80,24 °0,29 -*0,18
) 14208 ,58 °0,17 “0,1¢ e, 45 v0,13 °0,11
. : 3435547, .. . o9.08 . ~~ef 05 . 00y 0¢ 0rot- - - 0r02-
' 14501, 95 n,o3 0.0z 0,0z 0,91 0,02
14648 ,44 0,03 6408 N.0& 0411 0,13
14794,92 0,15 0,19 N, 0,14 0,08
o WREP
SAMPLE SPACING = 117,1€75
0, 0, 0,02 0,03 00,03 0,02
585,94 «0,03 e0,12 ah,02 0,03 N,04
. 117,87 0,08 1,04 eb5,2¢ 215,00 =37,05
. 1757,81 046,61 ~30,37 *39,82 946,89 52,94
R 343,75 33,909 . .2y g4 ~43,15 T A 08— eg0,92
2929,69 ©46,22 47,72 ~53.6% 345,22 *37,2%
1315 62 *40 68 40,632 -36,08 040,48 -44,89
o 4101,5¢ 946,32 “24,6p =39, 3¢ v44,83 *41,36
o -113-




w4l as

e ey s s

R I e e e R T e S R s | F0 I el - SN R, U | e STt o SRt =) = MV s 2, S e SNy

o

RECEIVER OLTPUT IN LR

SAMFLE SPACING =
n,
146,48
2€5,97
429,45
585,94
732.47
878,61
1025.39
1171.87
1318.36
]464.84
1611.33
1757, 81
1904, 30
z05n.78
£167.27
343,75
2490 .23
626,72
783,20
£926G. 669
2076.17
202,66
. 3369,14
3515.62
662,11
28n8.59
19%5,08
4101,5%6

- --4248 .85

4354.53
4541.02
4687 .50
4R23,98
4980 ,47
- 817695
£272.44
5416,92
E566.41
5712.89
€85Q.,37

625%8,83
€445 ,31
--- -6594,80
€738,28

—_—b884.27 —. .

7031.25
747773
7324.22
249,70

29.265¢€6¢
-£6.,18
-26,39
-5.62
-0.2¢2
-0.06%
(“",08
0.08
-0,11
-0.01
0,20
0.0
n,22
n,32
0.08
0.10
0.21
-0,37
0.04
-0,58
-0.67
«2.96
-14,60
-52,08
-63.73
-70.59
-£1,9%
57,1}
~64,47
-64,37
~68,94
-62.81
~62.44
~-67 .88
“59.37
-€2.04
~62,36
~67.10
~74.71%
-72.68
~£3,.51
-70,40
=61.52
~76,47
-76,38
-£9,38
-63,8¢
~-73.80

-r65,58

-70,01
“$7.71
50,89
«72.43

AY ™ YO
e B R Nt

-f2.1C
«€3.47
-€¢.0°¢
-59-93
=EG,E6G
vw£d4,62
<70.77
‘CEOEF
“EG, 16
71,7z
nk4.,62
'63'64
-6?.6c
“67.47
-76.28
-£6.99
-£1.10
-68,5¢C
~61.06
'72001
wE2.07
~€7.17
“65:34
v 2.0C
“f;'Aé
«76£,60
38,77
-€0.9¢
“77.24

INTECRAL—SOUARED-NAISE = — £+£7% -
¢ RECVIVER =

SIGMAL - 10 NOISE- RATIC AT INFIT
-SYI6MAL 10 -MNOTISE- FOWER OLY =

20.007 L3
-119-

-52.951
'16-42
c?.22
-?no 02
=N,0¢%
n.11
R UK
w0, 1€
0.1¢
n, 06
0.07
n.3c
n.7E
s0.023
n,2¢
=0.1¢(
20,22
20,06
sh,72
=N. 9%
=h.04
’24‘37
-67.5¢
"'63-38
~62.42
-6?034
‘65t2€
'59093
-6h,54
-67,32
'69036
~-5R, 46
~64.6%
~63.7¢
°6R.98
“61032
«67.9¢2
«7RR.,7¢2
-70.01
-60.96
~65 ,4¢

“61|°g

'75082
~7R,4¢%
-67.32
«69.97
-69.,22
‘63r4§
'7“.45
'75'96
-64.,47
72,432

14,56

-47,46
~11,40
’1022
-0,08
“0.00
0.11
'0001
-0,14
Onel
0,04
0.1%2
N.,22
0,23
-0,03
0.32
”0.25
'0.10
-0:25
’0072
1,37
'8027
-31,18
‘62‘12
'66.“1
'60v85
«£6,57
’6&060
~€0.,67
«€7,55
«€2,52
‘73016
'Ego97
-€0.17
'64004
”69101
‘63096
=70405
«78,66
~72.€5
'62094
‘63:52
=65 4,49(
=52.16
‘76'59
-66,58
-7%,46
'68036
'64'87
'68|50
'69|71
'64122
'66094

-33.70
"80:16
~n.58
'0-08

.05
0.10
-0.06
-0.09
0,22
0.

. 0,18
0"33
0.16
n.02
0.29

'0!3?
-0.00
~0,42
-0.68
-2.098

-11009

40,01

-62.61

~71.90

-60.27

~57.28

’66048

'62093

-67.8/

»62,06

~69.13

-63'1/

'58169

“62.71

“63089

‘65)41

=734+12

«76,34

~68.78

'66081

~62,38

’74035

'76020

»74,29

~64,80

~73.97

«67.80

‘67.19

66,02

'71'83

'66094

64,22
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nSR SIMULATINN
0 ,NOUDLE 'SINFRANR SIMUl ATIAN D'LIFLETCHER
NIMENgTON asca(tnna.erPtlnns,AVLﬁqttona.x¢100>.xncsno>,
XT3Ny, XRI(400) 4 XT2(4 oos.vaw<asﬂ) ¥130350),XR4(150)2xI4(1850),
«XR]R(*ABA), vIB(4450), xaﬂtiSn) XT5¢330Y,X37(901),x27(900),
«¥Ra¢3nn),XTe300),XRQ¢300) XTQ(Snn).'OJT(300),FTM(1030)
NIMENSTON -W!51°)s?1(51?)
cOVRLEy FTy2,1024),0
NATY A%,A3] Aa 88,4971 ,744,2 &3, 2 6%, 14 32,19:02,
‘DATA LT, l/10 8/
PATA MCIG,uS 4R,MA/%,45, 40 ?n/
NarA 4Q,NSa, NIF,NA/LY, 91 ,41/
NS=NP, OF TEHM~ ™ IvPlT 9?504. 2 28MSTRel
NS3aMN. AF TERWS Tm mSR FILTER = 24MS+4
NRFENA F TERYS N RE® FTLTER 2 24WR4q
NAznn | GF TEAMe T ANALDAR FILTFR z 2% 4Asy
- DATa F76,F7R F74/, 42A6..12-9,.n310/
PATA SAW/12, /0 ‘
pl=3, 14159968 |
SCA CyY ATE Trp WEIRHTS
P 8n Tz, 4S8
Fl =T \
WINs!5ae, 448 0R(PIwFT/48,)
. TMQgMS+1+T
| wSeRr(Ing )z InssIn(FzenrIeF )/ (pInfFTafze)
CEALL RVD(WRSR(TYR), ¢ 0, LF)
| JWQBMS+1HI
51 ¥gqR(JIMg )z 58 (IMg)
wgegimMagaly..1,0
! Fa) L Rmn(NcSP(~S+1),1., LFy
FMO3MR \ B
nd &n T2, ul
FI=I
! vInz 54144000600 leFT/FuR)
TMReReq*]
knrp(TVR):JIN‘QIN(PZQ*PIQ;,’/(pI‘FI‘pZQ)
CAIL RWPLySER(TWR) 1i0,LF) - S
JMRaMRL e
AN KREP VRIS IRFPITIMR)
YRCP (MRe1) 24,0 ,
CAp L RNDOWREP(MR®Ly,1 " LFY
FMAgMA
TO 70 Tul,vA o T - S
Flel
WIng 5ae,44%F0SIPINFT/FYA)
TMAgVA+q*T |
ANI NG (TMA) 24 TN*STN(F7A*PI®PT) s (PIPFI4F 1)
JMaaMasq®l
- ANyt OMAYLENLrGtIMRY o oo - o e e
70 . ContInNnE .
ANI AG (1, #1y8( 1
~LOAD RNt RO PULQFI RAB4KD
AmginePT/18,n
0o ﬂ“ TniouS’G
: IngtRopeifygsd—- - /- —
; X(TMSIR)BSTN(AsFT)®CNS( EoyeF T fzttrttct.-ce.tfr/1s.)oozy>
CALL RMYNUX e IMSTGY, 1,0, 7)
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s Dol “

G e e T ¥ o e e T o e ey A

ST G

T S TR

S S eSS VN S

T T W B TS VPR TR

Gl P

AN

110
f CONVOLVFR WTTH FIRST FILTFR

JMSIG3INSTIG ]

X IMSTR)EX P IMSTS)

X(MgIG *1’31|

Car . aMDIX MeIne1),1,0,7)
N 410 Teqlye

X2 Ty=Y(I)

nd 142 TEq'y
TM:NQQ.‘.NS-T
IS:NS#ﬂ.I

rf SHIFT a1l TERMQ RY N8B

192

11%
" NraNﬂ Or T;RMQ oyt np rTRST FTLTER

114
119

0

11
rEFFECTIVELY FIL wItd 2EqnS 4wD CANVILVE 4IT4 7 K€ LoWe >Ass
- Rgpgl:?rqw pit?tq3 o dF ap-rerTer 5T (2n-xe- -

”~
e

XR¢INY=XR(+S)
XTriy=n,0 -
NG aNGQReY

DO 443 T=q)vsy
XQ(I):G.U
¥T¢IV=a,9

NF 2 MQB;M:"' - s
NN 145 Tet1.NF

Py 114 48y )ye3

TJ2TeJ=y
XRO(T)=xR2pIYousaB(Jynxt L)
XI211)=0,9
rmrwmwnrﬂ)ArL* T
PRTNT 4n

FORMAT(1HO,INWWAYE FORM NUT nF FTRST FI.TER )
PRINT 11, (yR3(T) Is1,NF)

FORMAT (1R 14Pp12 3)

NG 150 I=1)NF
IN=N°P+NF~T
IFeNFst el

SHIFT alLlL TERMg RY

159

4
G

.6

0
c

R e e -

¥XRo tTNysXRZ(TF)

PO 1AN T®1)NRFA
XRotT)®0,0
XT9(1)s0,0

ALCuLttE 420 3C guteur

J&a

Do 14ﬁ“tt?T—NP‘“ T T T s e m
DO 170 Xmy'8
Jaje1
DO ¢7n I%44¢
tT'LiiT*°2
KaRo(Tal) X

C J I3 THE NUMBER nr OUTPJT SAMP|ES FROM aep 'erzn

180"

KWy

PO ¢an 1%4'«9
CALL ‘RNDEXRSTTY, 43,0

o tNTtnanATIoN AND A NALOG FILTER

ot
DE&RU(YRS(Yo;).XRS(!) /32,4

- D0 -190-g°t)3

______ ol -121-
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e Hrw] e TR Ay~ wte
o= v S T T ey

LA

&

UE LR
K1=M0Drw,170y*%

" K IS xR InpEY
q KL TS vR? avLIs TVREY

19n

2nn

Fded

YRatK1 2 X T)e(Fymq,)sDFLR
CA L qwDixa4i41y,4%4,) )

TF 40Dk ,14),En,n) G T 2nn
CONMTTIE

&0 TA 229

ConyTynE

T CALCLILATE AUTR T OF aNALNG FTLTER
n ™ TS Xo8 TwpEX

219

220

23n

13

2410
25
245
" XR&
* XR7
£ ADD

249

251

MzVyd

NO 210 | 1=zqN4
NZuNN(74% (et Yalh+ 1,100 ) &4
YRS (M)=xRS , MysaNI 0G(1_1)8XRA (N
60 TH 490

COMTTNINF

M =M/Da9q

MP2eM/544

N} 230 T31 ) M4

yI?(T)=0,9
¥R7tT)=2¥R52e -1}
fouTTrNNF

PRTAT 4
FORurTe4Hn ) 3LXRT )
PRYNT 49, (yR7(T),;I21,M1)
DO 24a T=y)M»
YI*(T):“OO’

YRRt T)=XRG 18414y

PRTNT ng

FOMAT(IHO ) 23HONTPUT OF AuaLNG FILTER )

CALL FYND(wR&,%¥IA,0,M2,47040,,FT)

CONTTINUF

TS TnPIT T FFT 70 a0k AT QUTRJT SpECTRUY OF TRANSYITTER
7S TNPUT Ta AERETVER

NOTSE AND eqYFT Qy \RFeB

F™MaagMy

PO 249 I=q'we

XS=XS+YRY (T)eXR7 (1)

SAUBRART(Xa/FU1)

D) 281 Tmy My T mem e e e C e
CarL GAUSST2Z,iSNH, S/

7T=7T+7a2

TNzM1+NRF et

TMaMq *4 7

¥R7(IN)axRI(TM+9

CONTINIE ) T T T T s e e
PRTNY 44, (yRY(T),Ine, Mi’

TFe7T,00,0.) Gr 77 25y

QGe1 N ,neALAII0IXS, 7T

COMTTNHE

e SIGNAL GNES INTO R/FPFTTITTON FIIT-R YN STEPS OF 8 INP“Y SAHDLES

" CUTPUT IS &T 1% ®C -

AMReNQF.Q
DO 24n Tmy'Na
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YR7(T) =20,
260 YI?(T)=n,n
AOCALCULATE AliTPOT JF RENETVFR REPETTITIOV FI_TIR
MIzvg /0y
NG SaN wel ) vy
Ny 274 1139, MRF
LTzLq+0%(Kaq)
270 YRA(K)IXRA (Y *URFPIL1)*XRTLLT)
280 ratl RMN{xRg¢Ky,A8,5%)
r NSR K~ P FILTER
ng 284 T=z9 )4z
ISDaNSQ¢M3:I
TS+ 4T
yRa(TsR)Ex 28 IM)
791 yIeery=",9
PO 2R2 T=4q.\RY
XIp(T)=0,10
282  yIaT)=a,n
MEamT4neRaT
N 23 T=q!Mva
YRatT)=n,1
Dn 284 4=1)ys3
Td=T+Jnq
XRO(T)exXHI Ty w33 Iy exXAB (v )y
2R84 yIo(T)zn."
Car L. RUN(X29¢TYsa0,L)
283 rONTINDE
no 29 1¥1lve
290  xveTr=XRa(T)
r RECEIVER ANTRYT
51 Fnoe4aTreb JaF120)
N0 3An T34.3a)
340 YIo0(T1)20,0
PRyNy =p5
3185  FOQWAT(1H0294RERETVFR OUTRUT TN D3 )
carL FTuD(vauT,XT9,9,M4,45a00,,5T)
ALl EROtXaJdT,q,M4,0M)

Sk
LRGN

w#mkwggp

2

A B e T b )

R

FR:O:W _
REAN 435, (§4¢1),T31,612)
NG 4101 Te1.842
FroaFRa*F1 IyaFL eI
410  FRegRagPe(ryafM(T)Ies?
SRTyT £20,¢R .
420 FORMAT(4HA!244TNTEARAL SAUARED NAISE = ,F10,3)
PRTNT 425,83 . 3
425 ForuAtriHa 234cInn? rn no?SE RATIA & ,F1y,2,3H D )
SGas1n,n*A 06BN (ERP/FR)
- PRYNT F‘Oo§9§
430 FORMATI{H] '274glANAL TO NOYSF POWER Ayt & ,F10.3,3H D3 )
43%  FOPMAT(10Fq,R)
999  ConTTanE
S flal)
ENn

IR | B
)

[P CINIR R S

> ST
~ E

y

'

n

-123-

R4




SUQQGUTINE FTN“(XRBXT:ILAM.QVP.?T)
XR,XT cLrvrNTg OF  COMPFX DATA QERRNCE
TL « ST?F NF TRANSFORM IS 2]

M o= NyMAFR nF S PMENTS In TNPUY NATA SCQRJUENVSE
REP o RFPETTTIAN RAVRE AF TRANRFNRY

DIMENSTAN £MLn3n),XR(10241,XT (1024}

COMPILEy FT 211024)

no 1n w=1.~n°4

FMET)Y=n

FTe4, I)'rMth(n.AO )

FT¢2,T)=CM3Lv(n,n,n,n)

N2owan Tl

FN=

SMDO=REB/F U

Dy 20 Tzi,

29 FTrq,TreCMOLy (YR (LY, XTI (L))
CAIY, FETUFTITL,»1,)

PO 3In Ted, N
R=rARSIFT(307))
TFeRVLF,0.80001) B=n,0n001

D

2007

Lok
o T

-
=

T—
S s A O

CREd

n FMeTY=20,04AL 0010 (38
AseMe1y
nn 38 T,

35 FreTizrmt Iy

PRT~T 4n,Suer
an FOAMAT (410 )1 AHSAMPLE SP“CING = ,F1n'4)
MTaV/5 e
PO 5" tel,ur
NERY]
Fl=J
CI=zFa*=, "Supr
K154y o1
K2 2Ke4d
50 PRTINT AnsCrstFMIKIIsK3I=K1212)
A0 FormadT(aH (6F12,9)
PCTURNY
ENn -

LA = < ’ SRR k%
sy gl Ay et w:/v-z-m\l B s 2y e e

&
ot PR VLT

- "»e«."‘**i "t

v
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e R b et
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244 #:?‘n':’haw

i SR
A S

AR

PRI e

T T & e e g Y T e L L Ay

P

B | 2

-

in

29

n

40

SUQRAUTINE ERR(XR,TL ,M,FM)
NIVENSTAN EMELA3N), XR(1024y

cOMPIEy FT72,542)
ro 19 Tel,s812
erI):n:l\
FTeq,IYaCMoL X
FTe2,Ty=C0mo ¥t
Nzn®*T)

rPg 29 Tal,w
FTeq,I0=CMaLY (XRII),00)
CAj L FETIFT,TL, =1,

Po In Tal,w
FMITISMABSIFT(?,T))
AsEM(1)

N0 4n Taisw
FMeXyzFp(Iy/A

RETURN

ENp

> D
-n - -
- ew e
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R R,
R T Y

N OuTPuY OF AMALOG FILTER
o - |
3 SAMPLE SPACING =  9},7500
§ 0. fp, pen2 0406 N5 0.02
3! 468 75 n,n3 Fon8 n,07 SLMLE -0,190
: 937,59 (I B n 92 RS | n,1% -U,13
X '1404.25 -0,26 -35*2 Con ng ning -0,09
;§ 1R7%.0n . "hqR “rind 2420 n. 94 0.08
& 2343,75 “n,n0 “hyn9 Peng .. n.94 0.06
F 2R42,5n n,19 ny X4 N, 19 -1.70 -2,26
H 32a1,2% «11,R7 *25,44 ~34 81 «37782 a46,18
a 3750 0n .45 59 »da) 46 %996 wdy’ 45 «40,39
3 429R,75 *3n,74 *¥3,21 45,92 - *34,47 «37,0n0
f ! 4AR7,5n 035,19 | w3alag3 45,07 314,06 ' 'e29.68
3 §1€6;95 , ada 7> ERE V) «35 R4 " e41,%p w32, %2
§ 5625 on <3769 “ii3 «3%,05 “a7i9q .40,
i AN33; 75 "41 1R *49,%% ~39,48 *38599 *39,65
3 A542,50 -3R,27 n3a,n7 «4%,45 53,40 «42,58
” 7n31 25 «41,03 3,07 ~34,48 «37,89 " «58,13
).,E ')g-ﬂn "35,23" 33,76 ' w3R, 46 46,82 . «37, 00
7 94 "37, 91 *39 47 -41,54 8q'97 w40 82
Q 9417,5n ~34,45 -34,08 49,55 ' ©49, 17 42,94
L Rafg, P8 232,092 ©33,55 54,49 R LSr i :55.35
-E 9375, 0n e5n,ns sd5,49 «d7 K9 «32.78 «32.86
a8 9843,75 “54,%% X708 m30401 a3 44 *57,24
¢ < 10312,50 ' '=d47,34 '3al RS -37,04 5% 75 w44 ,19
g * 10781, 25 67,31 ~30,28 w38, 04 04988 «54 82
} 1125009 44,44 "3k ,08 39452 .39 48 «31.69
¢ 11718,79 34,70 "47 04 «30,92 W3R8 - Tegd 37
H 12487 .50 =41 ,12 r4‘3 73 ;47.‘;3 w}9'35 «42 14
¢ 12654, 25 ~53,73 63,42 58,02 61,13 51,01
g 13125 00 44,82 edz A7 242,62 41170 042,61
' 13593475 -55%19 ~4a.04 36420 *34.48 "44.99
L 1 1404250 46,56 *47,46 »49,59 “44,22 *38.14
E ‘146;1,25 , #39, %4 *S5A, 80" 87,25 anﬂjts W54 38
Q 15n00.00 *41,53 *30,74 =44,8p -6q,16 046,73
: 15448, 75 =47,71 *54,42 65,30 . w84.08 n4d 0y
. '15937. 80 ©47,43 *44 A5 " w57,89 -53;31 63,23
41! 16406125 «QR NQ 45,01 «4%,78 48,19 $53,02
14R75! no ~57,47 "55,75 ~47,88 "37,45 «3%,45
: 17333475 “34;40 r32,78 - - AxY AT - waptAn - s Bg -
? . 17812151 35,24 r34,A7 39,56 anlgg "35,74
o 18281,25 34,86 »3p,13 © «47,25 .9*‘&5 w44, 49
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L{ Fr AMY PM SIMU_ATLINA
’ LIrENSIOn wSSO(1007sWrEP(LU0), Ay 0G(100),X(100),XK(SUU),DLF(LY0),
* AT(¢300),X32¢400),AL2(400),XR3(I50),X13(70U),XR4(120),X24(1D0),
* XPS5(200U),XT3(200U),x<5(4100),X16(400),x7(1000),XL/7(20U0),
» ANRL3IS0), yIB(ISN)2XRI(4N0), XxI9(400),xIyr(200),FTM(212),%xr(512)
DIMENSTON yT(3N),EL(226),Fi(512),F2(312)
CovpLEX FT¢2,312),v
DATA LF,L/40,8/
DATA MQ15,vS,4R,MA/D,45,40,20/
DATA N&,NSa,wrF,varsd0,9L,81,41/
pS=qUe OF Tewme Ty InpuUT Slamap = 2emSIGet
DaTa Aq,A3,A8,A8,AY,80/1.284,2,525,140,3:64,7.072Y44//
NSz, OF TENMS IN 0SB FILTER 8 24MS+4
MFany, OF TERus IN Re” FILTEY = 2e94Rey
NAzAO, OF TERMQ TN ANALOG FILTER =z Qempal
DaTA FZS,F2R,FZA/+4266,1258,+0312/
DATA SAiN/1e,kR5/
DATA CF/y,a/
DAT & atPHn,ﬂETA,H/U.U.O.917,5.92/
ALPAA =« PRFDISTORIION UJEFICLIENT
6 BeTa - MODULATTON IvpeX
F123,1415926%
CUﬁLCuLATE TaP welGAvy
DU :‘J I:i; MS
Fieg
WI“:oSA#.44‘ﬂJS‘PI'FI/48.)
InSamSete]
WOSH(IMS) = INTSIN(r ZS*PL*FI)/ (PL*FI*F73)
Catt RNp(wSSR(IMS)»1,0,uF)
IMSaMyeg ]
54 W3y (UMS =454 IMS)
WSSE(MSe1)=21.0
CabL RMp(WGSK{M3+1),1,0,LF)
FMlaMK
DU &Y InilsuR
Fl=I
— L e 54+ *COS( PIOF I/ FMR)
IMXSMRel®]
- - WRERCIMRYZ yINaGIN(r ZRePLIeFT)/(RPIsFIoFZ])
CALL KND(WREP(IMR)»1,0,uF)
SIMRBMK®] -]
60 WHEP (UMR) 2 JRER ¢ IMR)
— R (MR 2L 0 .
CALL RND(WREP(MRe1),1.0,LF)
FMAgMA
DO 7y Imy,vA
Fis1
wINs ,544+,449C0g(PI*FI/FMA)
e IMAgMAL AL
ANLOG(IMA) g wIN#SIN(r ZAspIsF L)/ (PLaFIeFZA)
JMAaMA«y=]
ANLOG(JUMA) 2 ANLOG (IMA)
7y ConTInyE
ANLOG(MAelymey 0
e AR} : . - .
DO 765 Isyg,vsS
Fisel

C.

o 3 Co

(@]
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rai rt | AT ST T AT T ] TR NN N | »

N IR

T A

-

T s IMSeMSey v -
wlwa.54*.44tC05(P1*FI/51.)
- AQ'A -
DIF(IMS)zwTNeA/FY
T CRUL RND(DPFLIMGS Y, 140, LF)
JMSE3MS+qn]
TP o BEftgMSyseRIft1ng) - SRS
D;F(MS+1)=O.0
€ tOAD-S0-PERCENT RC PULSE
A=6,3¢p1/15,q
DO 8¢ I=1svwS1g
1MSIGzMeIGste]

N OF S St TP - YT T e —
X(IMSIG)=STN(AtFI)*COS('b*A#FI)/(AvfI#(lo'(&.#Fl/l’o)#tZ))
CCALL RNDOX(INSTY 02,009y - - o0 D DD T IO IR
JMSIG=m8IGL 1.1

B0 Xt ymSI6YexX INSTq) SR
X(MSIG"'l):‘Y i 0
NEXTHSER 1918y 05 o e -

XMAx=1.,Q
T DU 9Ly o0 - - Tt e
DU 9y I=1o11
T T I URTegam - - T e e e
XTCIJ)=X(IyexT(1y)
ot It Tyt <MAXEXTtEY )y —

DO 94 Iei, 50

TR OXXTYSCENXTULZ (RMAX® 8955 - - e

PRINT 96, (x(1),121/42; .
T T P URMA TCANL, AANTINRPY wAVE FUORM t10F10,3)) - ———- -
Do 110 l=q,ys

IEY ~OXRTIVEXTIY— = == = e

U
C CUNVOLVYE WTTH £IRSY FILTER
ol 412- 11 Ng -
C SHIFT aLL TERMG gY N§
““““““ 'tN8317{'""*—-‘“
NSBIZNSB+NSeT
XHNSB I r g - ——
112 XI(NSBI)=XI(NSI)
T ONSBLENSw L - - - -
DO 113 I=1,Vsdq
TUTUTTXREDY B, O
113 XI(IVY=n,0

TN NG T ORTERMSOUT B FIRST P IR — - o

NF:NSB+NS'1
TTT D015 IstNF - s
DO 114 =g, Nsd
B £33 8 > S
XR2(I)aXR2(I)+WSSB(V)eXR(IJ)

CALL RND(XR2(I),A1,L)

“115»-~cwtt~nND1XIiri);A13L7
PRINT 116

116" ~FORMAT(1NO, 30MWAVE FORM UUT OF FELRST FILTER )
PRINT 135 (xR2(I)sI31sNF)

C 2tR08
C REPETITION FILTER, OUTPUT OF FILTER IS AT 120 Ne
TTTUTUODO0 150 TeL,NF

AN CONVOLVEWETH PO on=PAts - -



TREIRNRR
TP ey TR LYYy Ty

s o s

A T | POPBCRSCIFY SUNERI T S Aot PN, © T

R wmr s AR e

I

-€-ShIFT atl TERMaq Ry NRF

NFIaNFeinm]
NRF IaNRF*#N- ot
XI2(NKFI)=yIniINFI)
150 XRO (wRF Iy =yRO(NFT)
NKF{aNRF»1
“TpU- 140 I1%1 NRF1L
XR?(I)=010
160  XxI?(1)=0.0
C CALCULATE 120 «C QuUTpPU!
J=9
D0 170 L1=zq,NF
-- — =Py 170 x=1.,8

NENES
PO 179 191 11
LT=L1e7492

KI=&8%{Twi)asaX
XIBZ () axI3(JI+WRERP(KI)*XL2(LT)

- ARSI X T R EP AT PR AR BT ) o o e e

C J IS NUMBER OF oquJT SAMPLES FROM REP FILTIR
- K23y :
DO 180 1=1,K2
180 - -CALL RNDEXRIeL), a3
C Ftt MODULATOR

— Pt -
XII(I)a0,0
XREgXRI¢I)#BETA/R - #XRF- S
XF(I)sxnF
185 - -CONTENUE -
DO 186 I31,X2

— FI=f¥ —_—
XRI(I)eCS(XF (L)) FI#(154%.462CoS(PIn(FLwdB0s)/480.

186 - - XIZCEreSNEXP IV jLFI*t 54, 46%COS(PTv(FIvaB07Y/ 4807
C PUT SIGNAL THRAUGH INTtRPOLATIOV FILTER AND SIWULA1£D

€ -ANALOG -FILTER - : S

Kag

1)
+?

————— P19 e K2
DELI®(XIZ(T®q)=XT3¢1))/32,0

———————— DECREXRB (1ot )y wXRECEY A3, - -~ o

DO 190 uyst,K 32

I - .

K1=M0D(K0100)+1

C K1 1S xRé CYLIC INDEX
- CFdaget - -
XI4(“1)IXI3(I)+(PJ 1 )#DELI
we - KR4tK1)aXRelT)e(FJny  JaDELR
CALL RND(XQ4(K1).A4:L)

-l \ S —

IF(MOD(Ks15),EQ,0C} GO T0 200
190 - _CONTINUE -
GO 70 220
-200  CONYINYE
C CALCULATE OUTPYT OF ANALOG FILTER
—C M 1§ XRE-INDEX-
MsMeq
Do 210 List,NA

133 S



, NSMOD(74+ (44 )16+L1,100)+3
XIn(r)aX15(M)+ANLU L) #XT4(N)
210 XRH(M)eXhD MY+ ANLOU(LL) PXRE(N)
6O 10 199
22U - CUNY INGE
MlzM/2+%
M2amiDaq
Du 2389 I=1 "
y XI6(T)=X15¢2% =1) -
XKRAET)=xKS5(2e¢i™1)
28U,  CONTIwtie
1 Dy 249 I=1,4?
- - X£7¢1)eXIB 154 [~41 - -
24 xw?(l) XK5 (o4 1=4)
GO TO 291
241 ConTInuE !
C XK7: IS INFUT Tha FFT TO LOOK AT QUTRJT SPEGTIJYM- OF TRAMSMLITER-
C XK& 1S IYPUT Tna RgpeyVeR
—C—aD MOISE-aMD owfFT RY VRF=bL | s e
FM1-¢vv§
PO 249-1eq,m1 -
249  xy= xa*y«6<T>¢xuac1;¢x16c1)-xlo(1)
: SuHzSURT (Xa/FY) C e
Du 257 JIsl, w1 | i
AL BAUSST 2, S 5EN)
AEYARYLY: :
C e UNSMeENKE ey T
IMzM14ge1
e XHtE{ gM ) aXRA(TY) 47
CALL SAuUSStZ,s0m,Svy)
b gt Ty -
! X16(JW)=x14(IM)*7
~R254 1 EONpINGE
1F(27,fq,0,) so 7O 251
----- Qﬁ’ivwotntwﬂiorKS/tf)
291 COWTINUE
—CSTONATGUER— IO REPETI FTON FILTER IW SYEPS OF 8 INPUT SAMPLEY:
C GUTPUT IS AT la KC
G TNBENRF =9
DO 26p I=q,0R ‘
Xfé6t1ry=t, 0
260  xI6(I)=0.0 '
- CatCUerTE AU TPT OF REu&thR REPE FIFION- FILTIR- e
M3zML /8«
T bu 280 K=1,%%
DO 270 L1=q,NRF
tﬂnLi‘ﬁR‘(K-i b}
NLzNRF+1™Ly
-“**-*4181K¥n*%stﬁf*wN€P4NL)*xiaftK) : SRR
270 XRB(K)SXRB(KYPWREPINL)*XR6 (LK)
- CALL RMD(xe8tX), A8,L)
280 caLL HND(XTB(K>;A8'L)
PRINT 13, (vRR(I),1I51,M3)
PRINT 13+ (x1lalI)s I=1-M3)
————Dg—2#1 Ir1 MY - -
N1laNSB+MI=T
K - MIaM3eie]

PSR | Tt S F- DT SRPOE SRR NS R

K

TV S | e PR TN S

FIEITIE,

-134-



- - XHR¢nIysXRaiml)
281 xIg(nIysxIa(vI)
NX=NSB-1
DU 282 1=1,N¥
{ XRAR(I)=0, D
§ 282 X18¢I)=g.0
| H42mI+NERm
f DU 263 I=3 Y4
P 2x4 Jrj.NSB
NJ=Nqav1sJ
IJ:I*J”f
XeS (1) 2xw? ([Y+nIF(NJI*#XRB(TY)
284 X19¢IYaxIG(Id+DIF(NYIuXIH(IV)
LALL KRR XR9(I)2AQ97L)
283 CapL wnbexroely, a9,
C Fh pEMUDULLTOR
DU 2906 J=21,6Ma
IM52MS¢I
A=xIS¢IMS) e XRI(L)
CALL RMD (A, AC,LF)
HEXRI(IME) e XTY (L)
CALL rND(B,a9,LF)
FaxnalIMS) e
CaLy RuD(F a9, F)
DEXR(IMS)aen
call ®NpUp,A9,LF)Y
EaFe«D
tl¢l)=F
IF(&!LT.O!S) Ezi.0
290 XRG(I1)E(B=8)/E
FRIWF-13,(e4tI),121,M4)
FM4avd
Dy 293 lmi, ne
293  ET=gTe+Eq¢l)
EAzET/FM4
LO 294 I321,M4
—2G4—StaSMetEL{ T} mER ) 922
SmaSM/Fm4
RRINT 192
12 FORMAT (1HO,2ANWAVE FORM UUT OF FM DEMOD
PrIny 13,(xR6(I),1=1,M4)
18 FORMAT (1K ,10F12,3)
- 5296 TE] M4
MIsMi+qwl
NI=nNSBeM4=T
296  XRG(NI)sXRKo(MI)
- RO 297 I=4,NX
297 XH9<11=0.0

4.‘. -
FRINT 13, (xR9(I),151,M5)

PrRINT 13,“989

DO 299 Iei,Mb

XOuTi{I)eygen

Do 298 y=y,\sd
SN, VT3 £ W PN SRR
296  XOUT!INeY 0 T(1)+wSOgtU)eXRO(IJ)
29¢ CONTINUE
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et oPRINT13,  (KOUTLE) ket , M7) - -
GO TC 341
€
C THIb bECTIOA CALCuLAvfa AND PRINTS DQUT SPET raun ot
=€~ TRANSMT T-TER--ANMT-DUTPY T
c TNANGMITTeR UUrPuT

2C 4. F o XRY.V1 . e . . e . — . fmmmm e m e
[k 4 8 VT y‘ ‘(IC

DU 300 I=1.M2
=Bt F A D eOMeLY (xR (1) , XIF (L))
CALL FFT(FT,9,=1,)
~- - ~---p0 319 Iet, 592 -
GzCABS(FT(2)1))
Sy 000t S50 500001 S e
310 FTM(I)=20,n*ALOG10(G)
S BEETM(YY
DO 315 I21,512
=315 - FIMLT)2fF T IR e e e
PRINT 32V
—Fotr——FORM 1T SaHEPES RUM- EN- Bt AF TER—ANAT - FELTHER—-
SMPC=s 4800n,n/512,V
S —mm o ERINT- 3305 SuPO - : e
330 FormAT(qH .1o"sAMPLL SPAQINa - ,F10|4)
******** DO-340- 121, 103" - : -
J= I i
ru J -0 R TTT I TTIT T T T e e
CI=FJ#*5, Otenpc
"““'“Kr'51J*3 T
K2=K1*4
-------- “PRINT 3505 0T, (FTMIK3) ,K$3KL,K2) - S
320 FORMAT(1H |, (4F12, 2))

,_.5. S S e e — ee e o e e e —————
60 10 941

341 CONTINE o

- RecEIveER OtPUT- - - - % 0 R
DO 360 Ia1,542 ST

I F et o e NN o~ -
DO 370 1=1,48 3,

-370--—F 1 TreEMeLy x0UT 31, 04 - R -
EALLTFFMFTI%-1,)

== BO--380- 181,512 -
F1<I>nCABs(r7<2.I):
HF I b rve w0000t —FtEr e go00t—-
380  FTM(I)=20,n%aL0GLO0CFL(I))
a2 1 & & R
BlaF1(q)
s em - - BY--381- 1w, 51
F1(I)sF3(I)/BY

SMPC®15000,/512,
~~~~~ ~PRINT 385 -
385 FORMAT (1M1, S0HRECELVER QUTRUT SPECTRUM IV DB )
=" PRINT 390, §MPC-
390 FORMAT (1M ,L14NSAMPLE SPACING s 4?10.4)
DIty - T
Jelet
e L




T

e g

A S

&3

al
TR

SN i

Y
o>

iz S SENR O W S NP, . 7 . SSI-0 . S SVRORIO I8

R

Tt AR

e ClaFJues, UksMPC
Ki=5%J+1
K25K1*d

400 PRINT 350,71, (FIM(KI),K3aKL,K2)
PRINT 90U, (XoUuT(TI)slal,mn)

940 FORMAT (1H(Q,23HTIME RESPONSF OF QuUTPUT /(1UF12,3))

-= - -prINT 225 Sg-

425  FORMAT({HO,44HSIGNAL TC NOISE RATIO AT IVPUT 10 Rbledver

¥ ,34 DR )
c

READ 438,¢r2¢d),Is1,md)

DO 426 131%8,159
— - —ERrQTERIYF 2 IRt
426  ERzER+(xOyut(T)=Fa(L1))*#2

SGaz10,0%a DR1G(ERE/ER)

PRInT 427,8GA
427 FGBM“T(iHO.E?HSIGNAL TO NOISE POWER JUT s
435 FORMAT(40Fu,5)

999--— CHNPENtE— -~ — - - -

STop
EnD - - SR
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Zisaei 3 S R
eyt ;’:ﬁww&r?ﬁﬁ;

A
i ¥ by

T

%
PREDA BTN

i

o o Y A PP AT 8 5 TR PP WRI

PSP )

© BT e Twa gt PR

INPUE "NAVE "FORK o

J004 0,008 ~0,017 0,000 0,318 0,308 0,889 0,937 0.49¢. 0,496
v [ . ———
0,496 0,494 0,317 0,529 0,308 8,148 0,029  -0,017 04008 04004
AR X et S it § bttt R ¥ S B Nt N bbbl £ bt by-------- (£ Aatuleinkiiehliie -ttt
0. Ce
WAVE FORM OUT OF FIRST FILTER
0% D 07 0% 0 LU vs 07 O #5
0. 0, 0, 0 04 0, 0y 0, a. 0,
S0t o eBFBE0- - o 0I48 - - fyo- -y oo fg-==mn - one 97080~~~ -~ g e 1}
0.0%0 0.010 0, 0,080 04 0,040 0,040 00,040 o)04 0y
07020~ == =07 = w0080 "~ e0i0R0- -~ -0 040~ - -~--0;08%- - -eprody~--- - O L 05— - by
0.019 1,173 1,274 1,203 11;:2 1,182 1,103 1,243 1,388 ¥
. [] . [ -
0.35%4 0, -0,101 «0,030 0.0'1 000.0 .0.0!0 0,030 0, 0
- 0+010- »0;0t0 0,010 - - --0;080 07080~ -~ @y---- —--- o07080---—-~~ 0i--—---— 03040~ —---0y
0. ¢, . 0,080 0, 0, U, 0,040 0,010 0,
0« R LT 0, - -0 - [ e T Sl bl Fibehin bl - § -0
0. 00 0. 00 0. 00 ol oo ol oI
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1 e R e e g,

Ko+

.

A T Y Z R

¥

SN P

e AR

BT | S S A

W2 R Sy

YO T,

e 1 Y T PR

oz 1P

4 e

%

SPESIRUM IN DB 5’““3??;‘686 FILTER

SAMPLE SPACING
———r T Ty, T T T EY8 5,43 ety91 9.5y
468,75 *25,68 10,55 “6,45 " 6,00 -5,2¢
- 937.5¢0 6102 10§10 «14190 23,24 °20.20 '
1406.25 =5,%6 LPYL} ] “0,73 0,46 0.9
1875,00 1,20 n,87 . 0,12 «0,89 -2,79
2343,75 =4,95 -7,90 C 813,04 *20,22 «32,30
T 5wty AP et e - wir ey - wiyryd—
3281.25 526,59 «35,90 e41,11 .29,5% 27,38 '
3750,00 25,72 *2%,81 #26,%% 228,78 *32,08 '
4218,75 *42,55 4n,77 wd0,23 030,44 . =30,24
- 4637,5¢p e3¢ ,64 28,06 e39,064 33,45 34,72
5156,28 *36,70 254,95 .47,74 *54,08 'na2,2¢ .
5025700 48793 - TwaRTET T eH2 e w9, 0% e 82 -
6093,75 «63,81 w59 ,46 47,42 48,78 55,98
----6%62,50 k4,31 5n,12 086,78 51,73 47,86 '
7031,25 »47,33 © 53,27 «46,98 47,00 52,91
- 7508,00 - - ~55,72 --»6n 52 *50,00 52,79 *62,33 !
7968,75 59,13 ~58,24 48,48 «53,84 57,48
43ISO b AT I IR WAy et e —
8%06,25 47,53 *5y,18 «52,97 YT "47,97
9375,00 - ~eb2;69 - - #4R;?29 “549,72 - - «83;4¢ 59,34
V843,75 51,92 ~54,89 e9h,81 048,40 61,36
- 10312450 ---- o587 - -a5%r9) - - a06126 1 -TT s A wRr?%- - .
10781.2% 51,87 58,38 «52,16 54,55 91,82
- 00— o2 2 WS B 50w I TRt TR ——
11718,75 =58,78 e5n,18 «26,09 of88,01 59,27 )
- $2487,50  --—~BF29 ---- =B N - -wb63;18 - - 82,88 - «2¥;30--- '
126%6,25 *b4,74 58,68 54,60 83,47 03,43
----- 13425+00- -~ —=05:08- - ~-=53527 a4, 23 9816 - - «03:63
13593,75 99,10 54,64 ©58,07 87,20 060,43
0 0 76— By By g 8 b Y S B BB . : :
14531,2% *51,78 72,00 57,07 *85¢,21 *54,93
- ---15000,00---- -~ 65,93 —--- 56,83 - - 453,43~ - - e 4 - -eb804 .
154468.7% «56,29 «5{,27 57404 08017 «55.73 !
S---$5937,850 - -+53,97- bi89 - --«5719- - 89,03 --  «389:03 - -
16406,25 »55,92 »84,58 #52,5%0 «57,88 54,62 }
[]
17343,73 52,45 58,63 60,12 68,22 2,03 :
----- 17012r50- -~ SEro? - - - «?Nf84 - «55,9F - --¢38:04 - ---ebBr¥4-
18281,25 62,76 58,83 »57,02 «$9,13 5,54
----- 18250 10@--—---=7454 - oB59;89 - 53,0t - -ebg;é3 2,43 --
19218,75 »56,97 58,44 57,39 38,09 «53,%86 )
et ——— bt A —— '
20196,23 =61,13 57,14 57,93 59,67 *72.33
----- 20623100~ -=8 39 -~ --wbi[43------eB2;25 - —-ebp;83- - -o87,8$
21093,78 64,18 »$5,33 88,91 089,09 56,36
-=---23542,80----- 05836~~~ obny#F—----- 02,42 . IUTES VORI Y77 T -
22031425 61162 64176 . 861435 004402 9,40
22068,75 =55,03 83,12 064,80 TR B8, 44 1 :
----- 23432400 --—— bR 2P~ -m-- oRyrtl---- -ebbeB2- - --eB 04 - -edR,08-- -
23906,2% "54,2% 6,37 51,02 53,29 *56,96 :
----- 243PPr 80—~ -od B2 - ——---oBgrhb- - —-eBB 8% -~ - --efk(d}- - --eb0eB2 - !
24843,75 o1 ,54 !'5"’ 33,72 ".“‘ 87,38
) ! PR
29784,29 *71,36 084,94 38,40 ofl, 29 80,40
----- 20830y 00---—--oLb B m---uby t’-‘~-"--"[t.—‘——~-t‘tr.'---~—~'.’v"—-——
Re718,19 *64,63 #6000 40,87 oS4, 08 80,00
----- PHOPr80 -~ —=-oBB B4~ -~ PgrP -~ -yt b rht------eBF RS-~ ~eBP PB- =
t
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R aal
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P

ARy, Gral I TR 7 e S TR N 4
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¥

Hed e a

27656,25 »62,58 94,84 53,06 60,50 61,23
w3139 54143 v 7180 ’
28593,75 60,89 50,83 58,331 97,13 «$5,.33
- RRONRBe- - wbBy 22—~ R ChE R w604 -~ R. 4 (i aumnt 4 R Mmoo oo o
29531,25% «58,53 58,29 55,59 065,12 «79,44
-= 3080600 ——-—- *B9y18— - w5y -t wb ot r - oI~ i B Moo -
30468,75 »53,78 62,46 *56,62 w§s,27 57,98 )
—303F 2 La
31406,28 62,30 53,80 «54,67 . 461,90 67,48
=385 00— 52529~ ——-- w58 ————- e Sl b0 4t ——-—- B4+ C ettt el DR
32343,7% *5y,58 “65,77 55,39 «53,95 «57,30
- 3264250----—- *56790-—---- A T13 3 et 88— B Sl w6k - -- - -oo e
33281,25 59,44 84,80 54,09 “§9,33 68,53
33750100 AL S 42 w518t LA MR AL 12 2 X2 4 v i3
34218,78 453,19 «65,23 «52,58 48,72 o08,00
-~ 34687356-——- -~ o BA By~ —— - Syt SRR - - BB B o e o e e e
35156,25 »57,80 61,63 59,21 ' «72,%4 568,57 k
=356954990----—- 97473~ »5{ 185 -6 r0t———-- g BBy bs ————- R Sug o
36093,78 «48,36 64,93 49,03 049,49 92,44
Ju568; 56 v5i 97 w5{r L w5075+ vt 13 v5600
37031.25% *53,34 55,96 259,92 59,70 55,16
~37594500--——-- 677 29------ R Td a3 R T L S 1t SRR S e - - -
37968,75 *53,31 *59,63 " 50,65 47,66 54,92
-88437750- -~ *88592 - - wS§y IR L ras L N R v Salal B2 ¢ Tt B
38906,2% #4845 "5n,38 ' 62,76 «$%,38 »50,00
T 5551+ vor Ty 50459 v90759 vbi42 T
396843,75 . =62,13 68,70 55,76 “4?,29 2,04
48312750~~~ 5280 -~ wENTOD T L1100 2 Auinbanil ) L 2L IEERE L 3 i
40781,25 *48,90 47,868 53,44 081,64 048,87
~41250500- -~ w48 33 By A CrZA3Aaniin’] 1 P 7ok 499~ - - - - S
,41718,75 *59,06 »75,%9 «47,55 49,44 «48,82
BelB7 oV §74,15 ELITR L] LLL-XY-24 ¥§7,97 LY - - B
42656,25 46,27 v44,48 53,14 49,26 v4d, 97
- 43325500~ AL T4 T3 -17'5 4 Sy’ SH08 - - ERE YT T ewT P o - - e
43593,75 66,93 ~53,27 ad6,01 wd?,26 47,52
BT i L s O S T b ¢ R v o Al T Y. e 14 ih4 83 - - - .
44531 .05 «48,90 33,34 «33,90 039,‘9 «36,27
wIVUvTUU vASTIY O MBYY Lr4AX 4" w3320 LEURE 1] = e e e e
45468,75 . *37,67 38,84 235,99 28,41 28,45
4393989 - ATV T TURIYIT O NIRL08 - a0, 40 #3089
464)6,25 227,12 =20,77 «22,12 *23,68 21,38,
-~ 48875599~~~ 38797 - - w2ay85--- - - y20,42 - - wiB,t8 wi1.82
47343,75 =10,57 =1n,92 10,91 18,84 *11,68 '
827980 199 LYR4] 0% ' L - — - - - - -
3.044 «0,0484 0,222 0,489 3,553 9,948 1¢,746 12,642 13,4190 14,94
T R07872- oo 465032 - - 19940 - 227004 - - $8,608 - - - 22,603 23,091 33,218 32,449 35,847
29,754 41,523 42,858 44,899 49,739 51,9%9 83,957 58,976 84,083 62,68/
TR - I5vred - o809 - - 82,513 82702« 90,640 0¢;905 0Ri322 1004440 104,82,
103.474 110,491 115,109 112,622 119,906 , 126,523 127,544 130,386 114,088 48,03,
TSI I I ISd P30 855086 — 348,727 - 410,002 - - 1,584 - 175,384 - —egé¥ gbe
~101.076 16,032 124,391 187,767 93,260 «36,238, «13%,804 «152,102 »125,279 «ig8 goe
-~123.503 - - =121,415 -120,483 116,573 wits, 131 114,621 v114,354 112 554 111,867 °407,¥8
=105.206 «102,630 »99,344 ' 99,166 *02,327 *92,949 -89,307 *87.309 <33,279 n80,64c
~75.008 ~73,586 ~69,678 v48,302 vek, 438 #63,905 -55,487 83,225 85,467 w4l 54
<44,499 -45 475 w3 814 ®37,704 038,403 «38,681 -30,953 «29,888 25,718 »25 40
-—-mr—- ~20;828~ " wi? 582 - —-w20,502 — - wi8,563 g/, 148 -t5,677 w2710 v11120% 11,45
-10,7 '
Te0i04e 0,089 »*0.31¢ 0.666 3,107 w14, 344 451954 vil,191 °15:987 6,97
~11.014 8,171 2.443 o0, 933 3,686 2,709 20,533 0,888 0,400 1,06¢
TTTERSZ T 0,178 T a1 998 G- (3,420 «0,222 2,753 - 2,842 0,028 0.57) - --- i 46

i
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RECEIVER QUTPUT SPECTRUM IN DB
SAMPLE SPACING ®* 29,2969
- L) O 19 0,74 wg,51 -2.87
146,48 »2,70 3,68 2,32 2,03 -1,97
292497 ~2+31 “3105 »4418 5,60 -7:06
439,45 ~8.09 en,40 -840 8,86 -9.45
535,94 «10,83 *13,83 .15,73 029,56 32,50
732,42 28,02 «29,16 «21,22 022,76 24,00
- 87878t — —edt44— - 153 16,54 -t8, 41 —wid g4 - -
102539 1314y *1%.130 e13:149 014410 .14.7}
1171,87 #15,46 «1%,33 vi7,15 17,89 18,86
1318,3p »20,15 20,01 20,99 20,37 21,061
1464 ,84 *24,83 -27,87 .24 ,99 w22,19 «20.4%
1611433 *20.13 “19472 19499 21160 *25.47
- 175781 - 26,82 »2¢,¢3 wi?,60 v15,14 - 13,80 - - -
1904,30 13,44 =1%,99 «15,70 49,01 0D, 44
2050.,78 =32.15 =2¢,69 »20,27 149,30 .19.8%
2197,27 »20,82 *20,9 «20,45 420,91 w22.48
2343,75 =22,50 29,03 *1H,45 918,82 21,45
2490,23 25,73 25,008 022,74 022,73 e23.%2
CTR636732 - - wR270T T T UUS19;89° 0 S19yEt - - 320,02 - ki - s s
; 2783,20 22,60 24,03 28,73 33,67 b, 106
X4 2929.69 24,73 21,92 25,21 *26,92 3.4
= : 3076.17 “21.69 2v,20 027,24 ©30,08 %29.78
» 3222,66 32,19 whn, «42,96 38,21 »39,82
3 3369,14 =45,87 58,40 78,59 ©76,%0 67,96
- 3595.8p - <8388 - ——<7a 8y S28080 - 478080 — ——el3 Do
S f 3862,11 "74,68 *7a,50 *78,50 *78,5%0 “78,5¢
¢ 3806,56¢ *78.150 “?xy30 ©78150 78,50 /b33
- g 3955,08 v74,01 72,29 a74,03 «77,27 «!5,2
2 4191.5¢6 ©73,5% *74,03 «74,15 -7’.81 «/0:09
3 4248 05 271,04 77,44 «78,89 77,39 «78,9p
. - 4394553 - - *78150--- ——=¥xy88- -w78150 @P8338-- — —w At 83— -~ e
<ﬁ 4541,02 76,07 78,50 «76,54 «76,458 /8,90
g 4687,5 78,5 «70;5 «78,90 *78,3 w /8,90
e 483398 27650 A T3tes 78’350 7650
8 498647 «70:18 *89,26 23,82 e78,%¢0 “78:00
A 5126,95 =78,+50 *78,77 #78,03 78,50 7.0
L Tht— et w8y ———— v P87 530 ———w P8 —— e
3 5419.92 «68,59 *7440% *78,5¢ 78,50 /4,89
5 5546, 44 «70,14 »7¢;87 w7850 «78,50 w?8,90
{ $712,89 «78,50 78,80 «78,%0 278,50 /8,90
by - 5859,37 “73,64 68493 68,53 67,54 62,40
. 4005.86 *60,73 *69,83 084,29 088,41 =69.04
: #3523 — B ¥ 3 i 1 . L T RIS
7 8296,83 *61,25 49,72 66,01 70,8¢ /7,30
< -5445,34 8728450 - - _eya,ad —e74,71 28,33 el2.04 .
* 6591.80 «78.50 “78,29 76482 78,97 «75.49
4738,28 -  --al6.3p - -sTeeBg 74,94 78,44 -e78,bg
% 6684,77 78,50 o7%,07 70,30 92,22 78,30
L - b e ?B 80 2B A0
2 1477,73 “78,50 *7ny80 078,50 078,80 *78.50
.k -7324422 - -e7845¢ e754¢d 073449 874400 78,30 -
=3 7470,70 *78,37 *74:358 078,37 78,30 *74.00
t TINE RESPONSE OF OyTPYTY
H Iy -0 ¢ e e e e 0 — Qs — $+ —— el
0. 0 O 0 0. [ D 0. 0 [
.; - ‘°|’ “““ - "0" ““““““““ °|’ - Or ‘"'o“ e - °r or’ 0[ 9‘
¥ 0. 0. 0 0 0 Q. 0 0+ O
= e Grmmmam oo e $ommmmme eon R e 2 e L e GeQ00-—- 3008 --- --BeOOL-
¢
e
-
Y
4
"ﬂ'
|
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b

RO
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R

S16tAL- TO-NOISE PUNLR-Oyr »- -

- A4y, 408 08
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=0.000 o0 ahe 0,000 0,004 0.908 “0.000 00,000 0.00¢ D8V
g % 7 4
“0.008 =0.007 0.008 0,048 0.003 49,018 “0.007 0.000 0,018 2000
----- B 13 e R N e 0 1 1 e o 1 e T L e 1 R A0 Al A1 1 ARt I AT ]
0.02% 04333 9,704 0,849 0,000 0.198 «0,07¢ 04094 0:340 0484
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SECTION VIIL

TRANSCEIVER BREADBOARD

The algorithms mod/demod breadboard is a scale model of 2 full-
duplex digital transceiver. The design philosophy of the breadboard was
to scale down the speed of operation of the transceiver and not to cnrtail the
modes of operation or flexibility of the breadboard. This facilitates the
testing of any possible transceiver configuration, which might be chosen for

the full-scale brassboard,

The speed of operation of the breadboard was chosea to be one one-
hundredth of the full scale transceiver. This allows an off-the-shelf com-
mercial mini-processor, the Data General Supernova, to implement the
full-duplex transceiver and several testing routines simultaneously. This
represeats a considerable reduction in cost over designing a special purpose
pipeline processor which would be required to implement a full-scale trans-
ceiver, In addition, the serial processing, stored program organization
of the Supernova and a special signal processing macro-language developed
by Philco-Ford facilitates easy modification of the implemented transceiver.

The hundred to one reduction in operating speed implies that all of
the signal frequencies associated with the implemented transceiver are
reduced by a factor of one hundred. 1. e.,, instead of a 300 tc 3000 hertz
audio modulation passband, the breadboard has a 3 to 30 hertz modulation
passband. Likewise, the breadboard's 80 bit per second digital signal
transmission rate represents an 8000 bit per second rate on the full-scale

transceiver.

The radio frequency signal generated by the breadboard transmitter
and received by the breadboard receiver is centered about a fixed 2000 hertz
frequency. This was chosen for several reasons, First, since the digital
frequency synthesis techniques, necessary for variable frequency operation,
are well known by now, it was not felt that this feature need be demonstrated
to prove the feasibility of the digital transceiver. Second, the scaled radio
frequency signal was centered in the upper audio frequency region so that
conventional narrowband audio channel test and simulation equipment could
be used to simulate the radio frequency channel between the transmitter and

receiver,

Most of the controls and terminals on the transceiver control panel
are self explanatory. The power switch on this panel controls power for
all of the equipment associated with the breadvoard, and should be the only
switch used tc shutdown the equipment. The analog modulation and radio
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frequency inputs and outputs have 100K ohm and 600 ohm input and output
impedances respectively. Their peak unload output and input signal handling
capacity is + 10 volts, The sampled data output is the same signal as the
receiver modulation signal output before it has passed through the final
analog low pass filter. This signal has the repetitive spectrum of an
unfiltered sampled signal, but does not have any delay or amplitude distortions
which are introduced by the analog low pass filter. The digital input, output,
and clock ports meet standard 188B specifications, with the exception that
the input circuit has no hysteresis. It tends to interrupt an open input
circuit as a random sequence of marks and spaces. The rise and fall

times of the digital outputs are 25 micro-seconds. The function of the mode

control switches will be discussed later.

During normal t{ransceiver operation, the teletype unit is not needed

(it may be disconnected from the system) and the controls of the Supernova
The Supernova processor should be left in the

processor are not used,
However, these facilities

locked mode, that is the control key removed.
may be used to reload or modify the transceiver program.

To reload the transceiver program, the memory dump tape should be
placed in the teletype tape reader, the 'ipe reader control switch thrown to
"start', and the teletyne control switch (hrown to "line'", The Supernova
control key should ke inserted and thrown to the "on' position; this activates
the processor control panel switches, All data iaput switches should be
thrown down, and the bit 12 switch thrown up, The '"reset'" and "program
load" switches should be pressed in that order to start reading in the
program. After reading in the binary loada.» the paper tape reader will
stop. The "continue'" switch should be pressed to read in the transceiver
program. After the tape is finished reacding the transceiver program will

automatically restart.

To modify the program, the facilities of the Data General Debug III
program are best used., To enter this program, the data switches arc set
to octal 200, the "stop" and "start'" switches are pressed in that order.
To restart the transceiver program, location 2 is executed. After mod-
ification or reloading the transceiver program, the processor should be

relocked,

During switching the transceiver mode of operation between frequency
modulation and amplitude modulation or single-sideband modulation, switch-
ing transients sometimes give the Supernova processor a larger task than
it can perform in real time, Under this condition the transceiver system
halts operation. (If the teletype unit is runing it will type out " ERROR
HALT: REALTIME PROGRAM TIMEOUT".) Operation can be most easily
restarted by switching the transceiver mode control switches to an easier
task, and cycling the power switch "off' and 'on", (If the teletype unit is
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running it will type out "SYSTEM RESTARTING".)

The possible modes of operation of the breadboard are as follows:
In mode Al no digital signal processing takes place. This mode is used
for testing the analog to digital interface and is to be used as a reference
when making tests on the digital signal processing, Modes A2 through A4
test the various digital filters used in the transceiver by placing them
between the transmitter modulation input and r :ceiver output ports.

Modes Bl through B4 implement frequency modulation operation.
Mode B4 implements the complete frequency modulation transceiver, Mode
B3 is the same except the 3 to 30 Hz modulation signal bandpass filters are
removed. Mode Bl and B2 have the interpolation filters removed also.
In mode Bl, a phase modulation receiver is implemented in place of the
frequency modulation receiver in the other modes. The transmitter still

implements frequency modulation,

Modes CI through C4 implement various amplitude modulations, In
modes Cl and C2 amplitude modulation is implemented in the transmitter.
In mode C3 upper-sideband and in mode C4 lcwer -sideband single-sideband
modulation is implemented, Upper-sideband reception is implemented in
modes Cl and C3, and lower -sideband reception is implemented in modes

C2 and C4,

Frequency shift keying digital modulation is implementeed in modes
D3 aud D4, In mode D3 the digital input is replaced with a pseudo-random
sequence generator, and a decoder is placed on the output of the receiver.
The signal is sa decoded that a continual space output represents error free
transmission, and 2 mark bit represent an error.

The frequency response of various digital filters used in the trans-
ceiver were measured and found to have the response shown in figure 44,
The 13.5 Hz low pass filter (mode A2) is the filter used to obtain the
selectivity in single-sideband reception, and its response represents the
selectivity of the digital single-sideband receiver. The bandpass filter
(mode A3) and resampling filter (mode A4) responses were measured with
them operating at one-half their normal sampling rate., The frequency scale
must be doubled to obtain their normal response curve,

Figure 45 shows the response of the frequency modulation transceiver
(mode B4) back-to-back, Note that non-complementary pre- and de-emphasis
causes a 4db drop in the high frequency response.

Signal-to-noise performance tests were made in all modes of operation,
For linear modulation the signal-to-noise ¢ rsformance can be characterize
by the apparent ncise bandwidth of the receiver, This was found to be
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approximately 32 Hertz (measured in mode C4). The frequency modulation
(mode ‘B4) noise quieting curve is shown in figure 46. The digital trans-

~ mission error rate versus noise power density curve is shown in figure
47, Note that this measurement was made in mode D3 where the pseudo-
random seguence decoder produces"a 3 to l.increase in measured errcre
above actual errors at low error rates,
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SECTION IX

CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS

The Digital Transceiver system configuration that took shape as a
result of this effort is presented with a minimum of technical detail in the
first three subsections of Section II. The system philosophy can be under-
stood with reference to figure 19, in Section V., Filtering of the trans-
mitted signal is performed at baseband. Since the filter requirements can
be severe, complexity is minimized by performing this filtering at the
lowest possible sampling rate, The resampling filter has less stringent
requirements and can operate at a higher output sampling rate., The inter-
polation filter is extremely simple and can be used to bring the sampling
rate up to a value required for translation to I. F. The actual sampling
rates required for adequate suppression of spectral repeats are aerived
in Section II.4. Section II thus provides a feasible, minimum complexity,
overall transceiver system design,

It is readily seen that digital filtering accounts for the major portion
of the transceiver, Consequently, a major effort of the p:rogram was
directed toward efficient filtering algorithms. Section III is a comprehensive
survey of all available methods for the design of realizable linear phase
digital filters. The method described in Section III. 6 was developed as a
rapid technique for designing the many filters required for the breadboard.
For the final design of a production item, we would recommend the more
cumbersome Hofstetter algorithm described in Section III. 4, since it
results in an optimum (minimum complexity) filter design.

A more detailed discus.ion of digital filtering specifically applied
to the digital transceiver, is given in Section VI. The requirements of
accuracy, complexity, and linear phase (zero differential delay) lead to the
choice of a non-recursive (convoluticnal) implementation for the sideband
filters and a recursive implementation for the interpolation filler., The
design ot the latter appears in Section 1I.4, the design of all the others
are given in Section VI, 2 along with frequency responses. Section VI, 2
also contains the interactive filter design computer program.

Since digital differentiation is required for F. M. receiver oper-
ation, this topic is discussed in Section VI. 3, A brilliantly efficient
method was recently developed by Rabiner and Steiglitz(zs) on the basis
of a frequency-domain analysis., The time-.domain analysis given in
Section VI. 3 gives @ more penetrating insight into the efficiency of their
methed., In addition, this analysis provides the required iimpulse response

Jdirectly.
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The receiver bandpass sampler in figure 19 is meant to extract the
complex low-pass equivalent signal by proper sampling of the bandpass
received signal, If the narrowband approximation holds; this can be
achieved by a pair of analog to digital converters opevating a quarter of a
carrier cycle apart at a rate consistent with the signal bandwidth, Dickey(lg)
has recently considered a method for improving the sampler performance
for the case when the narrowband approximation is not valid, His method,
however, requires the use of three or more A/D convertors, This prob-
lem is analyzed in Section IV, and a new method that does not require
additional A/D converters, is derived.

Section V may be considered a mathemaiical appendix for Section II.
Extensive computer simulations were performed and are documented in
Section VII. These simulations were instrumental in revising the system
design to the version discussed in the rest of the report. They proved the
feasibility of the digital transceiver, while pointing out that more than cight
bit precision need be carried through the various transcejver algorithms,

The transceiver breadboard, described in Section VIII, represents
the culmination of our efforts in digital equivalence, By turning switches
on the front panel, any of several modes of analog or digital modulation
can be implemented, Furthermore, additional modes of modulation and
dernodulation (analog or digital) can be added to the program as they are
invented. A full scale digital transceiver would utilize a special purpose
processor to perform (at one hundred times the speed) the same compu-
tations that the general purpose processnr performs in the breadboard.

Thus, the feasibility of the digital transceiver has been proved and
efficient system configurations and processing algorithms have been
develored. Advantages of digital processing include stability (nothing can
age on drift), size (through LSI), programmability (characteristics may be
changed by plugging in a new read-only-memory), commonality (the same
processor is an AM transmitter or an FM receiver) and the ability to
achieve filter characteristics that are impossible with analog devices,

2. RECOMMENDATIONS

Ir view of the foregoing conclusions, and of continuing advances in
digital integraded circuit technology, it is now feasible to build a real
time digital processor for communication signals, It is therefore recom-
mended that a full-scale experimental model Multimode Digital Processing
Transceiver be designed, fabricated, and field tested in conjunction with
available HF -35B, VHF -FM, and VHF-AM tactical transceivers.

Two experimental models should be built to be tested in conjunction
with existing analog transceivers for voice and CW, and with each other for
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digital data transmission via HF and VHF. Digital modulations should
include phase shift keying (including differentially coherent'PSK), frequency
shift keying, and digital data transmission via sin'gle sideband (including
partial response SSB and carrier injection,
. i

In addition, an L.S.I. investigation should be undertaken so that the
potential weight, size, and power advantages cf Large Scale Integration
may be subsequently realized, This investigétion should include:

Selecting an LSI fabrication technology (MOS, bipolar, etc.) with
characteristics capable of implernenting system requirements,

Formulating a packaging scheme compatible with the fabrication
technology.

Structuring the system such that it is compat1b1e w1th the fabri-

cation and packaging technology. |

Partitioning the logic into LSI blocks to maximize the ratio
between the number of logic gates per chip and the number of
input /output leads réquired,

Evaluating the resulting system in terms of cost, size, weight,
power, reilability, and maintainability,

It is further recommended that a study be initiated to investigate the
possibility of a Universal Signal Processor that would perform vocoding,
estimation, channel equalization, synchronization, error detection and
correction, and encryption in addition to the Digital Transceiver functions.

!
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3CONVI, COVVIs CIONVE PACE 1 JF 3

«TITL Counvad
JCONVY IS A SUPRUUTIVE TO CJIUVVILVE £ 15 PIT 2'S
SCOVPLENMENT1 VECTOR FUNCTIOv WITH A STATIINAPRY
3BJUNDED IMPULSE KHESPONSH STORED IV FXCESS 2115

5FORMAT. THE CALLINVC S&(ULNCE IS:
; JSR 8Cuvvu

3 CImpP

H DSTIRE

3WHERE CGIMP IS THE STA™TIvC LICATIJIN JF THE FILTER
s IMPULSE RESPONSE S1JHA(< ZLJUCK, AVD DSTURE IS THE
3STARTING LOCATION JF THE DATA STIORACE BLICK ASSICIATED

SLITH THIS CONVILULION,
JAS rILLILS?

CI «P AND LSTORE'S FIRMAT TS

sLENCGTH JF THF FILTER
JIYPULSE RESFINSE

3 IFEFSET CONSTANT=-0,8%
5SIGMACFILTRE SAMFLES)
5IMPULS)Y FESPINSE ST)IRED
3IV EXCHESS 2t15 FIRVAT
30 «T Serg TR
sDATA USCTIF STIPACE TL.

THR NEV FILTFRED DATA VUFCTOW

CINVI vaY Fig
30 ARE NJU1 DESTEIYRL.
THE ROUTINE

SUPKhVIVA HARDWAFF MULT/PTV

€8s FIR TH® TOTAL PACKACE

5CONV) ENTRY LJICATION
3CONVI ENTRY LJCATION
3CONVE ENTRY LICATI N

stimpe CLENCTR
; «BLA 1
t4
> ’ « BLK CLAvCLH
g8 ;
2, 3USTORES o+l
»D ; +RLK CLAvCTH
g% sTHE NEW DATE VECTIi: FUNCTION SAVPLE IS TRANEFFRTT
T2 3TO THE SUDKROUTINVE Iy ACO.
53 ;SAMPLE 1S RETUKNED IN ACO. ACl, £CPs £C3s OND
an 3LOCATIONS 20 ANL 3N ARE DESTHUYED.
SINTERUPTED IF LICETIONS 20 £ND
3C0NVVY DOES NIT RECUIRE INITIALIZATION.
315 OPTIMIZED FOR SPEED.
SEXECUTIOV TItk=26e7+17+0%CLEVCTH USEC.S
3TOTAL LENGTH=45. LJCATIINSS
« ENT CONV), C99VI, CONVE
« ZREL
00000-000000" CONVWUs FNTI
00001-000050" CONVIs ENT3
00002-~000064"' COVVUE: ENT4
+ VREL
00000°'0S4500 ENTI1: STA 3» RETURYV

00001'103240 ADDOR 0, 0

00002°'101620 INCZE 0, O

00003031400 LDA 2s 0, 3
00004°'050020 STA 2, INCRE
00005°025000 LDA 1» 0, 2
00006'044473 STA 1> GLENGTH
00007'044473 STA 1, GCOUNT
-158-

3SAVE RETUFY ADDRESS
3CONVERT DATA SAVPLE
3T) FXCESS 2t15 CIDE
5ROUND & DIVIDE PY 2

3STARTINCG LOCATION=-1

30F IMPULSE RESPONSE
SINITIALIZE AUTOINCRE-
SMENTINCG IMPULSE
SRESPONSE SAMPLE PJINTER
3JFILTER IMPULSE RESPONSFE
3LENGTH

3SAVE IN GLENCGTH
SINITIALIZE INMPULSE

3 SAMPLE CUUNTER
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00010035401

00011031400
00012'041000
00013'151400
00014'050030

00015141000
00016'1623400
00017'040464
00020°'106512
00021'132400
00022'051400

00023'102620
00024'036020

00025°'014456
000V26'000406
00027'024452
00030°'044453
00031030030
00032'133000
00033°'050030
00034'026030
00035'032020
00036136400
00037'127008
00040°'0733ul
00041117000
00042°121000
00043'014437

00044°000761
00045'161120

00046°'034432
00047'001402

00050'103240

00051 '101620

500NV, CONVI, CONVE

PACF 2 JF 3

LDA 3> 1, 3 3STEARTING LICATION-1
3OF DATA PRLOCK
LDA 2, 0 3 s DATA RLICK PIINTER
SiA 0, 0, 2 5INSERT VEW SAMPLS
INC 2, 2 SINCREWENT POINTEP
STA 2, DECRE 3SAVE IN AUTODFCREMENT-
3ING DATA RLAIOCK POINTER
MJIV 2, 0 SINITIALIZE DATA SAMPLE
SUB 3, 0 $COUNTER
STL 0, DCOUNT
SUBL# 0, 1, SZC 3 IMPLEMENT mODULQ
SUB 1, 2 # CLENCTH
STa 2, 0, 3 3SAVE NEW DATA PLOCK
JPIINTER
ENT2: SUBZR 0, 0 JINITIALIZE ACCUMULATOR
Lba 3, @INCRE 3TO ~IMPULSE RESPJNSE
5OFFSET
LOoP: DSZ DCOUNT 3DECRENMENT NDATA CIOUNTER
JMP CONTo
LDA 1, CLEVGTH 31F AT DATA RLOCK FEDCE =~
STA 1, DCOUNT S IMPLEVWENT MQDULY)
LDA 2, DECRE SCLENCTH OPERATION
ADD 1, 2
STA 2, DECKE
CONTe.: LDA 1, @DECRE > DATA SAMPLE
LDA 2, BINCRE 3 IMPULSE RESPUONSE SAMPLE
SUB 1, 3 s COMPENSATE FOR IMPULSE
ADD 1, 1 SJRESPIVSE SAMPLE OFFSET
MUL sMULTIPLY
ADD 0, 3 s ACCUMULATE
MOV 1, O
[RYA GCOUNT S INCREMENT IMPULSE
3 SAMPLE CUOUNTER
JMP LOOP 3I1F NOT FINISHED LJJP
MOVZL 3, O sMOVE 2%RESULT TO £CO
LDA 3> RETURN SRETURN
JMP 2, 3

3CONVI 1S A SUBROUTINE TO INSERT A NEW SAMPLE IN THE
3DATA STORAGE VECTOR WITHOUT IMPLEMENTINCG A CONVOLUTUOIN.
3IT IS USED WHEN THE FILTER OUTPUT SAMPLING RATE IS LESS
3sTHAN THE INPUT SAMPLIVC RATE. THE CALLINCG SEQUENCE 1S
$THE SAME AS THAT OF CONV) .XCEPT THE I /1. ¥ POINT IS
38CONVI. CONVI KEQUIRES NJ INITIALIZATION, DESTROYS ALL
$ACCUMULATORS, AND MAY BE INTERUPTED. SUPERNJVA CNRE
JEXECUTION TIME=16.0 USEC.S

3TOTAL LENGTH=13. LOCATIONS

ADDOR 0, O 3CONVERT DATA SAMPLE
3TO EXCESS 2115 C)HDE
sDIVIDE RY 2 & ROUND

ENT33

INCZR 0, O
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00052'033401
00053'041000
00054151400
00055'023400

00056025401

00057°'107000
00060'146512
00061'112400
00062'053401

00063'001402

00064'054414
00065'031400

00066'050020

00067'025000

00070°044411
00071'044411

00072°035401

00073'031400
00074'050030
00075'172400
00076'050405
00077'000724

000001
000001
000001
000001
000020
000001

000030
000001

3CONUD, CONVI, CONVE PACE 3 OF 3
LLa 2, @1, 3 sDATA BLOCK PJINTER
STA 0, 0, 2 INSERT NEW SAMPLE
iNeC 2, 2 5 INCREMENT POINTER
LDA 0, 60, 3 5FILTER IMPULSE RESPONSE
SsLENCTH

LDa 1, 1, 3 3STARTING LOCATION-1
5UF DATA BLOCK

ADD 0, 1 3 IMPLEMENT MODULO

SUBL# 2, 1, SzC 5 CLENGTH

sSuB 0, 2

STA 2, 61, 3 $SAVE NEW DATA RLOCK
SPOINTER

JMP 2, 3 3 BETURN

JCONVE IS A SUBROUTINE TO IMPLEMENT A CONVOLUTION
sWITHOUT INSERTING A NEW DATA SAMPLE. 1IT IS USED WHEN
sTHE FILTER OUTPUT SAMPLING RATE IS GREATER THAN THE
3INPUT SAMPLING RATE. THE CALLING SEQUENCE IS THE SAME
3AS THAT OF CONVO EXCEPT THE ENTRY POINT IS €CONVE.
3CONVE USES SUBROUTINE CONVO, AND EXCEPT FOR NO DATA
sINPUT IS IDENTICAL TO THAT "OUTIVE. SUPERNOVA HARDVARE
5MULT/DIV EXECUTION TIME=18./+17.0%GLENGTH USEC+.S

5 TOTAL LENCGTH=9. LOCATIONS

ENT4: STA 3> RETURN 3SAVE RETURNV ADDRESS

LDA 2, 0, 3 5STARTING LOCATION-1
30F IMPULSE RESPONSE

STA 2, INCRE 3INITIALIZE AUTOINCRE-
SMENTING IMPULSE
3RESPONSE SAMPLE POINTER

LDA 1, 0, 2 3FILTER IMPULSE RESPONSE
SLENGTH

STA 1, GLENGTH 3SAVE IN CLENGTH

STA 15 GCOUNT SINITIALIZE IMPULSE
3SAMPLE POINTER

LDA 3, 1, 3 3STARTING LOCATION=-1
30F DATA BLOCK

LDA 2, 0, 3 3 DATA BLOCK POINTER

STA 2, DECRE 3SET AUTODECRE DATA PTR

SuB 3, 2 SINITIALIZE DATA SAMPLE

STA 2, DCOWNT 3COUNTER '

JMP ENT2 3JUMP TO & FINISH CONVO

RETURN? «BLK
CLENGTH:«BLK
GCOUNT: «BLK
DCOUNT: «BLK

JRETURN ADDRESS

s IMPULSE RESPONSE LENGTH
3 IMPULSE SAMPLE COUNTER
#DATA SAMPLE COUNTER

= D) e b=t g pee

«LOC 0
INCRE: «BLK 5AUTOINCREMENTING IMP
3RESPONSE SAMPLE POINTER
«LOC 30

DECRE: .BLK 1 3AUTODECREMENTING DATA

3SAMPLE POINTER
« END JEND OF CONVO, 'VI,& 'VE
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CONTe.
CONVE
CONVI
CONVO
DCOUN
DECRE
ENT1
ENT2
ENT3
ENT4
GCOUN
GLENG
INCRE
LOOP
RETUR

000034
000002~
000001~
000000~
000103
000030
000000"°
000023"*
000050
000064°
gooi1o02’
goolo01!"
000020
000025"
0600100°
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00000~000000"

i00000'054464
00001 '040464

000021101300
000031024465

00004'030465
00005'115000

00006137400

00007157000
00010 '054456
00011 '114000
00012'137400

.00013'157000

00014°054453
00015'101300

00016'024454
00017°'030454
00020'107400
00021'102620
00022'127120
00023'073301
00024'030450
00025'113120

00026°'026440
00027135220
00030'102620
00031'073301

2LUDLN
|

" PAGE 1 OF 3

!

, «TITL  COSIV
5COSIN IS A SUBROUTINE TO CALCULATE A 1€ RIT 2°'S

,3COMPLEMENT SINE AND COSINE FUNCTION FROM A 16 RIT

30%P1 'S COMPLEMENT RADIAV ANGLE. THE AVGLE IS PLACED
;IN ACO, RAVGE (-PI, PId. COSINE LS RETURVRD IV ACO,
3SINE IN ACl, RANGE (-1, 1). AC2 AND AC3 ARE
3DESTROYED. THE GLOBAL ENTRY POINT IS ACOSIV. THR
SROUTINE IS OPTIMIZED FOR SPEED, MAY RE INTEEUPTED,
3AND REQUIRES V) INITIALIZATIOVe AVERAGE CORE
3SUPERNOVA HARDLARE MULT/DIV EXECUTION TINME=64.6 USEC.S
sTOTAL LEVGTH=125. LOCATIONS

«ENT COSIN

«ZREL

COSING ENTRY SENTREY LOCATION
NREL '

ENTRY: STA 3, RETURN 3SAVE RETURV ADDRESS
STA 0, ANGLE, 3SAVE ANGLE

MOVS 0, 0 JSHIFT MOST SICNIFICANT

JPITS TO RIGHT BYTE

LDA 1, M77 3SINE TARLE ADDRESS MASK

LDA 2, LSINT 3SINE TARLE STARTINCG LOC
| I MOV 0, 3 s GENERATE SIN ADDRESS

AND 1, 3 s FXTRAT ADDRESS

ADD 2, 3 sADD OFFSET

STA 3, LSIN 3SAVEIN LSIN

camM 0, 3 3 GENERATE COS ADDRESS

AND 1, 3 3 EXTRACT ADDRESS

ADD 2, 3 sADD OFFSET

STA 3, LCOS 3SAVE IN LCOS
i

MOVS 0, 0 JRESTORE LOWER ANCGL%E

JBITS TO RICHT RYTE

LDA 1, M377 3DELTA ANCLE MASK
LDA 2, PIB2 32116%PI /4
AND 0, 1 3EXTRACT DELTA ANCGLE

SUBZR 0, 0 3COVVERT TJ RADIANS
ADDZL 1, 1 JTIMES 4

MUL 3TIMES PI/4
LDA 2, PIBS8 30+5-SIN TABLE OFFSET
ADDZL 0, 2 FAC2=2%(0.5+SINCDELTA))

LDA 1, @LSIN sCOURSE SINE

MOVZR i, 3 3 FIND -COS(COURSE+DELTA)
SUBZR 0, O

MUL
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00032116400

00033'026434
00034'137000
00035°'17511¢2
00036'176220
00037'054430

00040°*135220
00041'102620
00042°'073301
00043'162400

00044026422
00045'107000
00046'125112
00047'126220
00050°020417

00051 '030414
00052'151103
000537000403
00054'100400
00055'124400
00056'151103
00057°'000404
00060°131000
00061 '105000
00062°'140400
00063°'002401

000001
000001
000001
000001
00070°'000077
00071°'000075"*
00072000377
00073'144420
00074'037156

00075'000622

00076'002266
00077'003731

00100°'005373

001011007034
00102'010472
00103'C12125
00104'013556
00105°'015203
00106'016623
00107'020237

5COSIN

RETURN:?
ANGLE:
LSIN:
LCOS:
M77:
LSINT:
M377s
PIB2:
PIBS8:

SINT \B:

SuB

LDA
ADD
MOVL#
ADCZR
STA

MOVZR
SUBZR
MUL
SUB

LDA
ADD
MOVL#
ADCZR
LDA

LbA
MOVL
JMP
NEG
NEG
MOVL
JMP
MOV
MOV
NEG
JVP

« BLK
+ BLK
«BLK
«BLK

1, eLCOS
3» 3, 5ZC
3, LCOS

1, 3
0, 0

3> 0

1, @LSIN
0, 1

1, 1, SZC
1, 1

0, LCOS

2, ANGLE
2, 2, SNC
o+3

0, O

1, 1

2, 2, SNC
o +4

1, 2

0, 1

2, 0
@RETURYN

[ Sy

1

71
SINTAR
3717
51472,
1B1=-402.

402.
1206,
20G9.
2811.
3612.
4410,
5205.
5998.
6787,
7571.
8351
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JAC3=-SIN(DELTA)Y*SIN(

3COURSE)

sCOURSE COSINE

3AC3=CNS(COURSE+DELTA)

JTEST FOR UNITY RFSULT
JIF SO ROUND DUN

JSAVE IV LCOS

3FIND SIN(COURSE+DELTA)

5AC0=SIN(DELTAY*C0S¢(
5COURSE)
5COURSE SINE
3AC1=SIN(COURSE+DELTA)
5TEST FOR UNITY RESULT
3IF SO ROUND DUN
JRELOAD COS(COURSFE+
SDELT#)

JRELOAD ANGLE
JTEST FUR OQUADRANTS 3, 4

sIF SO INVERT
3CO0S: SIN
JTEST FOR EVEN QUADRANTS

5IF SO -
3SIN= COS
5C0S=-SIN

SRETURN

SRETURN ADDRES

3INPUT ANGLE

3S*N ADDRESS

3CJS ADDRESS

3SIN TABLE ADDRESS MASK
3SINE TARLE LOCATION
3DELTA ANGLE MASK
52116%P1/4

5-128%PI IN 0.5'S COMPL

3SINTAB IS A TARLE OF
3SINES FROM 0 TO PI/2
sRADIANS. THE FIRST

3 SAMPLE ANGLE=P1/256.
3SAMPLES ARE SPACED
3P1/128. RADIANS APART.
sTHE TABLE IS 64.
3SAMPLES LONG. SINE
3VALUES ARE CGIVEN IN
32°'S COMPLEMENT NOTATION
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00110'021647
00111'023250
ouil2'024644
00115926231
00114'027657
00115'03.156
00116'032516
00117'0340.5
00120'03536%
00121'036670
00122'040164
00123'041446
00124'042715
00125044152
00126'045373
00127046601
00130047773
€0131'051151
00132'052312
00133'053436
001341054544
00135'055635
00136'058710
00137'057744
00140'060761
Cu141°'061757
00142'062736
00143'063675
00144064614
00145'065513
00146'066371
00147'067227
00150'070043
00151'070636
00152'071410
00153'072140
00154'072646
00155'073331
00156'073773
00157°'074412
00160°'075006
00161'075357
0u162'075706
00163'076211
00164°0764172
00165'076726
00166°'077140
00167'077326
00170077470
00171°'077607
00172'077702
00173'077752
001740777176

sCOSIN

+END

9127,

9896,

10660.
11417.
121617,
12910,
13646.
143173.
15091.
15800.
16500.
17120.
17869.
18538.
19195,
19841.
20475.
21097.
21706.
22302.
22884.
23453,
24008.
24548,
25073.
25583,
26078.
26557.
27020.
27467.
278917,
28311.
28707,
29086.
29443,
29792.
30118,
30425,
30715,
30986.
31238.
31471,
31686.
31881.
32058.
32214.
32352.
32470.
32568.
32647,
32706.
32746.
32766
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5SINTAB CONTINUED

5END OF SINTAB
JENT" OF COSIN
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ANGLE
COSIN
ENTRY
LCOS
LSIN
LSINT
M377
M77
PIB2
PIB8
RET'IR
SINTA

000065
000000~
000000
000067"
c,0066"
000071
oooo72°
000070"
000073"
000074"
000064°
000075"
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«TITL ABRCTN
SARCTN IS A SURROQUTINZ TO CALCULATE & 16 2IT
s2%P1 'S COMPLELMENT RADIAN ANCLE FIJUM A 1€ RIT
32'S COWPLEWENT COWPLEX URCTOR. THE REBL PART
JOF THE VECTOR IS PLACELD IV ACQOs THE IMACTNALY

S
-

v

%
3
¥
o

54
3 3PART Iy £Cls, RASCLE (=1, 1)« THE ANCLE IS RETUFNED 1%
o 3IN 2C0, DREAVCE (=PI, PIde £C2 84D AC3 ART DESTRIYAD gf
fé STHE CGLORAL ENTRY POIVT IS 0ARCTY. THE BOUTINE IS ra
g% 3OPTINMIZED FOR SPEED, ¥AY EE INT=ZRUSTED, ANVD RLOCILES i%
ﬁ@ 300 INITIALIZATIONe AVEnAG: CJIER SUPFRIVVA 31
23 SHARDUALE MULT/DIV EXECUTION TIKE=51.0 USHCeS g@
?ﬁ 3TOTAL LENGTY=112., LOCATIONS. ¢4
§
«ENT ARCTN b
« ZREL
00000-000000" ARCTN: ENTRY 3ENTRY LOCATTIV
. \JREL e
00000'054454 ENTRY: ST& 3, RETURN 3 SAUR RETURN AMDRRSS §%
00001 '1 76440 SUBO 3, 3 5CLTWAR AC3, CARRY %5
00002'125112 KOVL# 1, 1, 8ZC 31/ IMAG NEGITIUW {7
00003 '124460 NEGC 1, 1 3NEG, COMPL CRRY 3 -
00004177002 ADD 3, 3, $ZC 3SL1 AC3, TEST CARR e
00005 '175400 INC 3, 83 31F CRRY INC AC3 g -
00005'101112 YOVL# 0s 0, S7C 5IF REAL NECITIVE é,\
0000 7'100460 NEGC 0, O 3NEC, COPl. CARY &
00010'177002 { VD 3, 3, SZC 3SL1 AC3, TEST CARDY 5
00011 '175400 13C 3, 3 3IF CERY INC AC3 b -
00012106512 SUBL# 0, 1s SZC 3IF IVAG «CGre. RZAL i
00013%'111001 ¥OVv 0, 25 SKP ¥
g 00014131061 MOVC 1, 25 SKP 3SEITCH RELL AND i“
- 3IMAG, CMPL CRRY ‘
of 0C015'121000 MOV 1, 0 g-
3 00016175100 MOVL 3, 3 3SHIFT CARRY INTO AC3 Y.
~% 00017054436 5TA 3. ANGLE 3SAVE UPPER RITS OF ANGL i .
! .
4 00020'145220 MOVZR 2, 1 3 IMAG/RFAL -
~§ 00021073101} DIV ¢
N 00022'125002 MOV 1>, 1, SZC 3CHECK FOR OVERFLOW¥ %
g 00023'126060 apce 1, 1 3IF SO ROUND DU’V e
of 00024121000 MOV 1, 0 3ACO=AC1=CUITIENT Do
3
-y
ﬁ 00025'030431 LDa 2, M37R4 SUPPER S RIT MASK %§§
Tt 00026*034431 LDA 3, LTAB SARCTAN TARLE STARTING L
SLOCATION H
00027°147400 AND 2, 1 3MASK ADDRESS RITS ;
00030'1251300 MOVS 1, 1 3SHIFT RIGHT 10. ;
00031125220 MOVZR 1, 1 g
00032°'125220 MOVZR s 1
00033137000 ADD 1, 3 3ADD ARCTAN TARLE T
$STARTING LOCATION ~
/
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00034025401
00035'035406
00036150000
00037'11340¢0
00040'102620

00041°073301
00042117000

0004£3'020412
00044101222
00045'174001
00046'101221
00047%'101620

00050°'101200
00051'101200

00052'1563000
00053'002401

000001

000001
00056'174000
00057'000060°

00060'000000
00061024273
00062'000506
00063'024247
00064'001213
00065'024176
00066'001717
00067'024102
06070002421
00071'023763
000727003121
00073'023622
00074°003615
00075'023440
00076004306
00077'023237
00100'004773
00101'023016
00102'005454
00103°'022561
00104%'006127
00105'022310
00106°'006575
00107'022025
00110%'007236
00111'021531
001127007671

$OHRCTV

RETURN ¢
ANGLE:
¥M37B4:
LTAR:

ARCTAN?

LDA
LD#
Com
Ry
SURZE

MUL
HoL

LE£
MOVZE
Com
[MUVZR
INCZR

MG VR
MOVR

ADD
JMP

«BLK
«BLK

1, 1, 3
3, 0, 3
cy 2
0, 2
0, O

0, 3

0, AVCLE
0, 0, SZC
3, 3, SKP
0s 0, SEF
0, O

0, 0
0, 0

3, 0
@RETURY

1

1

37B4
ARCTAN

O«
10427.
326
10407,
651.
10366
975
10306
129 7.
1022%7.
1617,
10130
1933.
10016.
224¢€.
988 7.
2555,
9742,
2860«
9585.
3159.
9416.
3453,
9237,
3742.
9049 .
4025.
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SINTEDPOLATING SLUPS
SCOURST £N(L®

SLOVER 11e FIT MASK
$MASK DFLTA &G(LE
SMULTIPLY DY INTERD -
$5ATION SLOPK

3ADT TO COURSFE ANGLE

SRELUAL UPPZR ANCLFE ~ITS
. SSURTRACT LOWER ANCLF?

3IF SO NECG LUVER

$AVCLE, BORROL.
3 FRM UPPER AVCLE

5 UPPER ANGLE BITS

5sLEFT. JUSTIFIED

$ADD UPPER & LOWER PITS
SRETURN :

3RETURN ADDKESS

5 UPPER ANCLE PITS
3UPPER 5 BITS MASK
3ARCTAN TARLE LOCATINN,

3ARCTAN IS A TABLE OF
SARCTANGIENTS AND

3 INTERPOLATING SLOPES
SBETWEEN THESE POINTS.

3 THESE NUMPRERS ARE
LISTED IN PAIRS, THE
SJANCLE COMINCG FIRST.
3THE FIRST PAIR IS FOR
5TANGIENT=0» THE REMAIN-
3ING PAIRS REPRESENT
STANGIENTS WITH SPACINCS
30F 1732« UP TO AND
3INCLUDING TANGIENT=
331«/32« THE TABLE IS
332« PAIRS LONGe. THE
JANCLE IS GIVEN IN
;2%P1 'S CUMPLEMFNT

sRADIANS. THE SLOPE IN
JP1'S COMPLEMENT
SEADIANS.

&
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00113021226
00114°'010316
00115'020715

'00116'010734

00117'020400
00120'011344
00121'020060

. L0122'011746

00123'017535
00124'012340
00125°' 017212
00126'0121725
00127'016666
00130'013302
00131'016343
00132'013652

00133'016022 .

00134'014212
00135'015504
00136'014544
00137'0151,70
00140'015070
00141'014660
00142015405
00143%014354
00144'015715
00145014053
00146°%016216
00147'013560
00150°'016512
00151013271
00152016777
00153'013007

100154017260

00155'012532
00156'017£32
00157012262

3 ARCTN

+« END

8854.
4302,
8653,
4572
8448.
4836ﬂ
8240.
5094
8029.
S5344.
7818.
558¢ .
7606
5826
7395
6058
7186
62824
6980
6500.
6776
6712
3576
6917
6380.
T117.
6187
7310
60060,
7498 .
5817
T679
5639.

, 7856

5466+

. 8026

5298
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3ARCTAN CONTINUED

3END OF ARCTAN

JEND OF ARCTN
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ANCLE
&RCTA
ARCTN
ENTRY
LTAB

M37B4
RETUR

000055
000060
000000~
000000
000057"
000056
000054"
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00000~-000000"
00001~-000017"

00000'030001~-
00001 '025000
00002'125620

00003'133000
00004'021000
006005'125002
00006°101300
00007'030411
00010143405

00011'126441
000i2%'061111

00013°'125105
00014°060211

00015'046001~
00016001400

00017'000000 NULLBUI:

00020'000377

5TODRV, TOBUF PAGE ! OF 1

«TITL TODRV
5TODRV IS A TELETYPE OUTPUT DRIVER SUPROUTINE FOZ USE
SWITH HA. WARE INTERUPT AND BUFFERED MESSAGE TRANSFERAL.
3THE ROUTINE ASSUMES THAT IT H&3 BLEV CALLED BY A TTO
SINITIATED INTERUPTe IT PRINTS THE MESSACGE GIVEN IN
sTHE BUFFER WHOSE STARTINC ADDRESS IS LISTED AT TOPUF,
JASSUMING THE BUFFER IS OPEN. AFTER FINISHING PRINTINC
3THE BUFFER CONTENSE, THE BUFFER IS CLOSEDs TTO IDLEDs
SAND TT1 STARTEDe. THE BUFFER STORAGE BLOCK FORMAT IS
3AS FOLLOUWS:
s BUFFER? BYTEPUINTER
H « TXTE *MESSAGE*
+1F BYTEPOINTER=0, THE BUFFER 1S CLOSED» IF BYTEPOINTER
3=1, THE BUFFER IS OPEN AND READY TO PRINT. THE GLOBAL
SJENTRY POINT IS @TODRV. TTO INTERUPT MUST RE ENABLED
5TO INITIATE PRINTING, BUT THIS IS THE ONLY INITIALIZA-
sTION REQUIRED BY TODRVe. AVERAGE SUPERNOVA CORE
SJEXECUTION TIME=19+3 USEC.S
5 TOTAL LENGTH=17. LOCATIONS

e ENT TODRV, TOBUF

+« ZREL

TODRV: ENTRY SJENTRY LOCATION

TOBUF? NULLBUF 5ADDRESS OF PRINT BUFFER
+NREL

ENTRY: LDA 2, TOBUF 5BUFFER STARTING LOC
LDA 1, 05 2 3BYTE POINTER

INCZR 1, 1 FINCREMENT ONE

SEXTRACT VWORD ADDRESS

ADD 1, 2 FADD QFFSET

LDA 0, 0s 2 SEXTRACT WORD

MOV 1, 1, §ZC i1EST FOR UPPER BYTE
MOVS 0, O 3IFS0 SWAP BYTES
LDA 2, M377 fLOVER BYTE MASK

AND 2, 0,5 SNR 5MASK CHARACTER

3TEST FOR NULL CHARACTER
31F SO CLOSE BUF
3 CLS: PRINT CHAR

5UBO 1> 1» SKF
DOAS 0, TTO
MOVL 1, 1, SMR 3REASSEMBLE BYTY POINTER
JTFST™ FOR CLOSRL BUFFER

NIOC 1TTO ;TF Su IDLE TTO

sTA 1, 8TOBUT STOKE UPDATED POJNTER
AP 0, 3 $ 2" TURN
0 3CLOSED BUFFER
73 377 »OWER BYT™ M.
e «END *"NE OF 1 oDRV
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0Q000~000000°
00061~000085°

000000260028
00001 '12500%4
00002 '000443

00003026001~
00004125625
00005000440
00006'0120C1~

000077060610

00010'030437
00011'142414
00012°*000403
00013°102520

0001400042t

00C615°'030433
00016*142415
00017102460

00020°030421
00021146513
00022°102460

3TIDRV, TIBUF PACE 1 OF 2

«TITL TIDRV
JTIDRV 1S A TELETYPE INPUT DRIVER SURROUTINE FJR USE
i WITH HARDWARE INTERUPT AND RUFFERED MESSACE TRANSFERAL.
3THE RUUTINE ASSUMES THAT IT HAS BEEN CALLED PY A TTI
SINITIATED INTERUPT. IT ECHOS AND READS IN THE WMESSACE
sTYPiD OV THE TELETYPE INTO THE RBUFFER WHOSE STARTING
5LOCATION IS LISTED AT TIBUF, ASSUMINCG THE RUFFER IS
3OPEN AND TODRV 1S VOT PRINTING SOME OTHER MESSACE AT
JTHE TIME. A CANCL (CONTRL X) CHARACTER 15 FECHOED AS
34 CRs LF, AND CAUSES THE RUFFER TO RF REINITIALIZED, TFE
SBYTEPOINTER=l. A CR CHARACTER IS ECHOED AS & CR», LF,
'AND RECORDED IN THE BUFFER AS AN EOF MARKER. (A NULL
3CHARACTERY AFTER RECORDING A VULL CHARACTFR, THE FILE
315 CLOSEDs AND TTI IDLED. THE FILE IS AUTOMATICALLY
3CLOSED AFTER 80 CHARACTERS. THE BUFFER FORMAT 1S THE
2SAME A5 USED IN TOBUF. THE CGLOBAL ENTRY POINT IS
$TIDRVs TTI INTERUPT MUST BE ENARLED TO INITIATE
3THRE ROUTINE, BUT NO OTHER INITIATION IS REQUIRED.
JAVERAGE SUPERNOVA CORE EXECUTION TIME=36+8 USEC.S
5TOTAL LENGTH=46. LOCATIONS

o ENT TIDRVs TIBUF
«EXTD  M&5&» TOBUF
«ZREL

TIDRV: ENTRY 3 ENTRY LOCATION

TIBUF¢ NULLBUF 3ADDRESS OF READ RUFFER
«NREL

ENTRY: LDA !, @TOBUF sPRINT RUF RYTE POINTER
MOV 1 1. SZR +15 THE PRINT RUF OPEN
JMP STOP 3IF SO STOP READ
1.Da 1. 8TIBUF JREAD RUF RYTE POINTER
INCZRE 1 1s SNR 31S THE R®AD BUF CLOSED
JMP STOP 31F SO STOP READ
152 eTIBUF 3INCREMENT BYTE PGINTER
RIAC 0, TTI $READ CHAR, CLEAR TTI
LDA 2, CCANCL sCANCL (CONTRL X) CHAR
SUB# 2; 0. SZR 315 CHARACTER A CANCL
JMP CRTEST
SUBZL 0, O 31FS0O INITIALIZE

s BYTEPJOINTER

JUP CRECHO 3AND ECHO CRs, LF

CRTEST: LDA 2, CCR sCR CHARACTER
SuB# 2, 0, SNR 31S CHARACTER A CR
SUBC 0, 0 3IFSO SETTO WULL
LDA 2, C37. 337-
SUBL# 2, 1s SNC 3IS THIS 81TH CHARACTER
SuUBC G, O 31FS0 SETTO NULL



00023°030001-
00024°'133000
00025'025000
00026°125303
060027°126460
00030°107002

00031'125300
00032045000

0C033°'101004
00034000407
00035'042001~ CRECHO: STA
00036°'102520
00037704041 4

00040020412
0004104000258
00042'0620406

e, Stk R, By

00043°'061111
00044°'001400

o

=

Aot 1o T R g oo g S T

00045°060210
00046°'001400

00047'000030
00050'000215
00051 '000045
00052 °'000033"*
00053 *000001
000854000012
00055000000 NULLBUF?

Q. °

D

¥
v T s Py, e YA ST

i3

=

JTIDRV, TIBUF

LDbA
ADD
LDA
MOVS
SUBC
ADD

MOVS
STA

MOV
JMP

SUBZL
STA

LDA
ST¢
LDA

ECHO? DOAS
JMP

STOP: NIOC
JMP

CcCaNCL:
CCR:
C37.¢
LECHO?
ECHOLF!?

«END

2,
)
1,
1,
1,
0,

i,
1,

0,

TIBUF

0, 2
1, SNC

1, SZC

1
0, 2

0, SZR

ECHU

0>,
0,
0.

Q»
0>
0.,

0,
0,

TTI

0,

30
215
37.

eTIBUF
0
ECHOLF

LECHO
T
CCR
TTO

3

3

ECHOLF

1

12

0

~-173-

PAGE 2 JF 2

JREAD RUF STARTINC L)C
3ADD OFFSET
3EXTRACT WORD _
}TEST FOR NEW WJRD
2IF SJ CLEAR
3INCERT NEW CHARACTER
JTEST FOR UPPER RYTE
3JIFS0 SwAP RYTES
3STORE WORD

3TEST "OR NULL CFARACTER

3IF SO CLOSE
sTIRUF AND ECHO
5CRs LF
3CPEN ECHO PRINT RUFFER
3 ECHO PRINT RUF LJCATION
3SAVE AT TORUF
3CR CHARACTER

3START TTJ & ECHD CHAR
sRETURN

sIDLE TTI
SRETURN

3CANCL (CONTRL X) CHAR
3CR CHARACTER

737

3ECHQO PRINT RUF LOCATION
JECHO LF PRINT BUFFER
$LF, NUL CHARACTERS

50 - & CLOSED BUFFER
$END OF TIDRV
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c37.
ccane
CCh
CRECH
CRTES
ECHO
RCHOL
EJTRY
LECHO
MASK
NULLE
STOP
TIRUF
TIDRV
TIRUF

000051"
000047
000050°
000035
000015"
000043
000053
000000"
0oo00s52"
0000018X
0C0055"
000045*
000001~
000000~
0000025X

-174-



i]

=

RN I
VR g e £y o IR R G

Al =
R e

_ = 2 ' I
o .
e ,-_'wwvm«-{g»:o‘m%{ &r&mgﬂﬂ’-?m?wr‘y e

=y
Vamg A e

U ,-Q—.. gy T T

000042

00000-000000"
00001~000025°
00002~000045"
00003-000075°

00000'024003%
000017030522
00002%147400
00003°'101225

00004°'000415

bl

5CHCOM» CRDRVs CIDRV, CODRVU PAGE 1 OF 4

«TITL CHC O
sCHCOM IS A SUBROUTIVE PACKAGE FOR BUFFERINC THE ANALOG
JINTERFACE UNIT CHANNEL SIGNAL CONMMUNICATIONS. 1IN
SADDITION TO CHCOM THE PACKAGE HAS 3 QOTHER SUEROUTINES,
3CRDRVs CIDRV, & CODRVs WHICH ARE CALLED DIRECTLY BY AlIU
INITIATED INTERUPTS. THESE SUBROUTINES IMPLEMENT THE
s CHANNEL COMMUNICATIONS BETWEEN THE AIU AND BUFFER IOQBUF
;s WHICH HAS THE FOLLOWING FORMAT FOR LINEAR OPERATION:

sI0BUF: +BLK 1 sFIRST REAL SAMPLE

H «BLK 1 JFIRST IMACGINARY SAMPLE
; «BLK 1 sSECOND REAL SAMPLE

3 + BLK i 3SECOND IMAGINARY SAMLE
5O0R rJR ANGLE CPERATION IOBUF HAS THE FOLLOWINC FORMAT:
310BUF: .BLK 1 SFIRST ANCLE SAMPLE

: «BLK 1 5SECOND ANGLE SAMPLE

5AT THE BEGINING OF A AlU FRAME (DATA SAMPLE PERIOD).,
sTHE BUFFER CONTAINS TWO SAMPLES OF THE CHANNEL SIGNAL.
310 SAMPLES WILL BE INTERPOLATED BETVWEEN THESE, AND
sTRANSMITTED TO THE CHANNELe. AT THE SAME TIME 2 SAMPLES
3JWILL BE RECEIVED FROM THE CHANNEL, AND WILL BE RECORDED
JIN IOBUF ASSUMING CHANNEL COMMUNICATION IS ENABLED.

31 F CHANNEL COMMUNICATIONS ARE NOT ENABLED», THE BUFFER
515 NOT DISTURBED. AT TRE BEGINING OF EACH FRAME, CHCOM
3MUST BE CALLED (JSR €CHLOM) TO TRANSFER THROUGH ACO A
JNEW 10BUF ADDRESS TO THE CHANNEL COMMUNICATION PACKAGE.
31F ACO=0, CHANNEL COMMUNICATIONS IS DISABLED; IF ACO0<>0
JTHEN COMM IS ENABLED, AND ACO=2%ADDRESS OF IOBUF+(0 IF
JLINEAR TRONSMISSION, 1 IF ANGLE TRANSMISSION DESIRED).
3THE PACKAGE REQUIRES NO OTHER INITIALIZATION.
3SUPERNOVA CORE EXECUTION TIME=23.3 USEC.S :
sTOTAL LENGTH=33. LOCATIONS3 93. FOR THE TOTAL PACKAGE

« DUSR AlU=42 3A1U DEVICE CODE
+ENT CHCOM, CRDRV, CIDRV, CODRV
« FXTD ARCTN, COS5IN, MASK
« ZNEL
CHCOM: ENT1 JINITIALIZATION ENTRY
CRDRV: ENT2 3CH RE INP INTRPT ENTRY
Cl1DRV: ENT3 5CH IM INP INTRPT ENTRY
CODRV: ENT4 3CH OUTPUT INTRPT ENTRY
« NREL
ENT1¢ LDA 1, MASK s INTERUPT MASK
LDA 2s MSHMSK sAIU, TTI& TTO MASK MASK
CSwe AND 2, 1 5DISABLE CHANNEL COMM
3SW=ANGLE INSTRUCTICN
MOVZR 0, 0, SNR 3JEXTRACT IOBUF ADDRESS
3TST FOR CH COMM REQUEST
JMP STOP 51F NOT DISABLE
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RV,

00005°040521
00006'020774
00007'101013
00010'101400

00011 040471
000121040436
000121020511

000147040513

00015'107000

00016066077

00017'044003%

00020'001400

00021 1062042
00022'063042
00023'020502

00024'000771

00025°'032501
00026060542
00027%024473
00030*123400
00031042475

00032'020476
00033'112400
00034'102620
00035'151112
00036'150460

00037°'024462
00040%073301
00041'io1002
00042'100400
00043'04046¢
00044°001400

5 CHCOM, CRDRV, CIDRVs CODRV

FIN:

STOF ¢

STA
LDA
MOov#
INC

STA
STA
LbA

5TA
ADD
MSKO
STA

DOB
DOC
LDA

0, I0BUF
0, CSW

0, 0,' SNC
0, O

0, Sl
0, Sua
0, TTMASK

0, SAMPLE
0, 1

1, MASK
0, 3

0, AIU
0, AIU
0, TTMASK+!

FIN

PAGE 2 OF 4

3SAVE I0BUF ADDRESS

3 SW=ANGLE INSTRUCTION

;TEST FOR LINEAR OP REQ
3IF SO MODIFY
3SW INSTRUCTION

3SET SWITCH 1

3SET SWITCH &

3AIU CH SIGNAL ENABLE, &

3TTI & TTO DISABLE MASK

3SYNC SAMPLE COUNTER

3 GENERATE NEVW MASK

sTRANSMIT NEW MASK

;SAVE NEW MASK

#RETURN

3CLEAR CHANNEL OUTPUT
3REGISTERS

3CH SIG DISABLE MASK &
3TTI & TTO ENABLE MASX
$INITIATE NEW MASK

SCRDRV IS AN ANALOG INTERFACE UNIT REAL CHANNEL SIGNAL
3INPUT DRIVER SUBROUTINE WHICH IS AN INTIGRAL PART OF

3THE CHCOM PACKAGEs

THE ROUTINE ALSO HANDLES REAL DATA

3TRANSFER TO AND FROM I0BUF AND COMPUTS THE REAL INCRE-

SMENT FOR CODRV.

THE ROUTINE ASSUMES THAT IT HAS BEEN
3CALLED BY A CRI (CHANNEL REAL INPUT, 44) INTERUPT.
3THE GLOBAL ENTRY POINT IS @CRDRV-

SUPERNOVA HARDVARE

3MULT/DIV EXECUTION TIME=26.1 USEC.S
5TOTAL LENGTH=17. LOCATIONS

ENT2:

Lpa
DIAS
LbA
AND
STA

LbA
SuB
SUBZR
MOVL#
NEGC

Lba
MUL
MOV
NEG
STA
JMP

2, QI0BUF
0, AlIU

1» MLTR
1 0

0, @I0BUF

0, RFSUM
0s 2
0, 0
2, 2, SZC
2, 2

1, Cel
0» 0s» SZC
0, O

0, REINC
0» 3

-176-

sNEW REAL OUTPUT SAMPLE
3 INPUT REAL SAMPLE
3ANALOG SIAGNAL MASK
3MASK OUT CONTROL STATE
3SAVE REAL INPUT SAMPLE

sOLD REAL OUTPUT SAFPLE
3FIND NEW-OLD SAMPLE DIF
3D0 SIGNED MULTIPLY

3TST MULTIPLICAN

3IF NEG, COMPLE

3AND SET CARRY
STIMES 0.1

3MULTIPLY

31F CARRYw»]

3COMPLE RESULT
3SAVE REAL INCREMENT
JRETURN
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00045'054467
00046'064542

00047'030453

00050'147400

00051 '000417

00052'010454
00053032453
00054046452

00055020455
00056112400
00057'102020
00060'151112
00061150460
00062'024437
00063'073301
00064'101002
000657100400
00066'040445
00067'000404

00070'022436

00071'006001%

00072042434

00073°'010433
00074'002440

3CHCOM, CRDRV, CIDRV, CODRV PAGE 3 OF 4

JCIDRV IS AN AVALOG INTERFACE UNIT IMAGINARY CHANNEL
3SIGNAL INPUT DRIVER SUBROUTINE WHICH IS AN INTIGAL PART
30F THE CHCOM PACKAGE. THE ROUTINE ALSO HANDLES
3IMAGINARY DATA TRANSFER TO AND FRO# IOBUF AND COMPUTS
3THE IMAGINARY INCREMENT FQR CODRV. THE ROUTINE ASSUMES
3THAT IT HAS BEEN CALLED BY A CII (CHANNEL IMACGINARY
3INPUT, 45) INTERUPT. SUBROUTINE ARCTN IS USED FOR
3JPOLAR TO LINEAR CONVERSIONe THE GLOBAL ENTRY POINT IS
38CIDRVe. SUPERNOVA HARDWARE MULT/DIV EXECUTION TIME=
331e1 (LINEAR), 18+1+TIMECARCTN) (ANGLE) USEC.S

3TOTAL LENGTH=24. LOCATIONS

ENT3: STA 3s RETURN 3SAVE RETURN ADDRESS
DIAS 1, AIU 5 INPUT IMAGINARY SAMPLE
LDA 2, M17B 3ANALOG SIGNAL MASK
Swe: AND 2, 1 sMASK OUT CONTROL STATE
sLINEAR/ANGLE SUWITCH
JMP PHASE 51F ANGLE GO TO
5LIN CONVERSION
152 I10BUF 3ADVANCE IOBUF POINTER
LDA 2, eIOBUF #NEV IMAG OUTPUT SAMPLE
STA 1, @I0BUF 3SAVE IMAG INPUT SAMPLE
LDA 0, IMSUM 50LD IMAG OUTPUT SAMPLE
SuUB 0, 2 3FIND NEW-OLD SAMPLE DIF
SUBZR 0, O 3D0 SIGNED MULTIPLY
MOVL# 2, 2, S8ZC 5IF NEGs COMPLE
NEGC 2, 2 3AND SET CARRY
LDA 1, Cel STIMES 0.1
MUL sMULTIPLY
MOV 0, 0, SZC s1F CARRY=l
NEG 0, O sCOMPLE RESULT
STA 0, IMINC 3SAVE IMAG INCREMENT
JMP END *TERMINATE
PHASEs LDA 0, OI0QBUF JREAL INPUT SAMPLE
JSR @ARCTN 3CONVERT TO LINEAR
sNOTATION
STA 0, 6I0BUF 3SAVE INPUT ANGLE SAMPLE
ENDs 1Sz I10BUF JADVANCE IOBUF POINTER
JMP @RETURN sRETURN
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3CHCOM», CRDRV, CIDRV, CODRV PAGE 4 OF 4

3CODRV 1S AN ANALOG INTERFACE UNIT CHANNEL SIGNAL OUTPUT
3DRIVER SUBROUTINE WHICH IS AN INTIGRAL PART OF THE
3CHCOM PACKAGE. THE ROUTINE ASSUMES THAT IT HAS BEEN
3CALLED BY A CS0 (CHANNEL SIGNAL QUTPUT, 46> INTERUPT.
5CODRV RETURNS TO AC3+1 ON ODD SAMPLES TO FACILITATE LOWV
5SPEED 1/0 SERVICE WITHOUT INTERFERING WITH AIU SERVICE.
$SUBROUTINE CuOSIN IS USED FOR LIN TO POLAR CONVERSION.
sTHE GLOBAL ENTRY POINT IS @CODRV. SUPERNOVA CORE
JEXECUTION TIME=28.3 (LINEAR), 24.1+TIMECCOSIN) (ANGLE)

g

g
5y
A

E
%
i
= 3
S
51
;&
e B
.
5
b
3
|3
N
¥
%
i
b
§
¥

RN

{% 3USEC.S. TOTAL LENGTH=20. LOCATIONS

2

% 00075'054437 ENT4: STA 3> RETURN 3SAVE RETURN ADDRESS

¥ 00076'020432 LDA 0> RESUM 3CURRENT REAL SAMPLE

3 00077:030433 LDA 2, REINC 3PEAL SAMPLE INCREMENT

% 00100'14300 ADD 2, 0 3REAL INCREMENT

$§ 001010404217 STa 0> RESUM 3SAVE NEW SAMPLE

Tg 00102 °147400 SWls AND 2, 1 3LINEAR/ANGLE SWITCH

'8 001030004306 JMP ANGLE 31F ANGLE SKIP

o5 5 IMAG INCREMENT

%, 00104024426 LDA 1, IMSUM 5CURRENT IMAG SAMPLE

- 06105'03C426 LDA 2, IMINC 3IMAG SAMPLE INCREMENT

i{ 00106'147000 ADD 2y 1 3IMAG INCREMENT

é 00107044423 STA 1, IMSUM 3SAVE NEW SAMPLE

E' 00110000402 JMP o2 3SKIP ANGLE CONVERSION

ey

g 00111°'006002% ANGLE: JSR eCOSIN 3 CONVERT TO POLAR

¢ 3NOTATION

3 00112'062042 DOB 0, AIU 30UTPUT REAL SAMPLE

5 00113'067142 DOCS 1, AIU 3OUTPUT IMAG SAMPLE

8 00114%020413 LDA 0>, SAMPLE 3SAMPLE COUNTER

S 00115%10412 1Sz SAMPLE 3INCREMENT SAMPLE COUNT

v 00116101212 MOVR# 0, 0, SZC 3TEST FOR ODD SAMPLE

¢ 00117010415 182 RETURN 3IF SO JMP TO

K 5RETURN =1

g 00120'002414 JMP @RETURN 3RETURN

:

g 00121'006315 Cel: 3277 32116710

{ 00122'177760 M17Bs 177760 3ANALOG SIGNAL MASK

3 00123%175774 MSKMSK: 177777-1B5-3 541U, TTIS TTO MASK MASK

A 00124'000003 TTMASK: 3 3AIU CH 31GNAL ENABLE, &

: 3TTI & TTO DISABLE MASK

3 00125'002000 1BS 3CH SIGNAL DISABLE, &

¢ 3TTI & TTO ENABLE MASK

‘ 001261000130 I0BUF: RESUM 3170 BUFFER POINTER

‘ 000001 SAMPLE: «BLK 1 3SAMPLE COUNTER

& 000001 RESUM: +BLK 1 3CURRENT REAL SAMPLE
000001 REINC: «BLK 1 JREAL SAMPLE INCREMENT
000001 IMSUM$ «BLK 1 3CURRENT IMAG SAMPLE
000001 IMINCt +BLK 1 3JIMAG SAMPLE INCRE. ENT
000001 RETURN: «BLK 1 JRETURN ADDRESS

/ « END 3END OF CHCOM PACKAGE
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ANGLE
ARCTN
CHCOM
CIDRV
CODRV
COSIN
CRDRV
csw
Ce.l
END
ENT1
ENT2
ENT3
ENT4
FIN
IMINC
IMSUM
I0BUF
M1 7B
MASK
MSKMS
PHASE
REINC
RESUM
RETUR
SAMPL
STOP
sSul
swe
TTMAS

ooo111?
000001%X
000000~
000002~
000003~
00000&2%X
000001~
000002°
coo121?
000073"
000000"*
0000257
000045
000075"
000015’
000133"
000132°
000126°
ooo1i1z2’
000003%X
000123"
000070°
000131
000130"
00G134°
000127°
000021°
000102°
000050°
0n0i2s"
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3AIDRV, AIBUF, DIDRV, CLOCK PAGE 1 OF 2

«TITL AIDRV
JAIDRV IS A MASTER SUBROUTINE FOR BUFFERING COMMUNICA-
JTIONS WITH THE ANALOG INTERFACE UNIT. THE ROUTINE
JMAKES USE OF DIDRV TO BUFFER DIGITAL SIGNAL COMMUNICA~
sTION WITH THE AIU, AND THE CHCOM PACKAGE TO BUFFER
i CHANNEL SIGNAL COMMUNICATION. AlDRV BUFFERS THE LOV
3SPEED (MODULATION) ANALOG SIGNAL COMMUNICATIONS ITSELF.
sTHE ROUTINE ASSUMES THAT IT HAS BEEN CALLED BY A ASI
5 (ANALOG SIGNAL INPUT, 43) INTERUPT. THE GLOBAL ENTRY
JPOINT 1S @AIDRVe THE ROUTINE NEEDS NO INITIALIZATION.
JALL COMMUNICATIONS WITH THE REALTIME SIMULATION PROGRAM
31IS THROUGH A BUFFER WHOSE STARTING LOCATOIN IS LISTED
JAT AIBUF. THE BUFFER FORMAT 1S AS FOLLOVS:
JAIBUF?S BUF 3BUF STARTING LOCATION
sBUF: +«BLK 1 sDATA SIGNAL AND CONTROL
3JBUFFER», BIT O0=aDATA BIT
;BIT 1=0 LINEAR XMISSION
3 =1 ANGLE XMISSION
30VER THE CHANNEL
JBIT 2=13 IT IS CLEARED
3BEFORE XMISSION OF THE
JBUFFERED SIGNALS.
3BITS 12-15=CONTRL STATE
«BLK 1 3ANALOG SIGNAL SAMPLE
+BLK 2 OR 4 JCHANNEL SIGNAL SAMPLES
5IN THE FORMAT LISTED 1IN
3THE CHCOM WRITE-UP
3AT THE BEGINING OF A AIU FRAME AIBUF CONTAINS THE
3SIGNAL SAMPLES TO BE OUTPUTED THROUGH THE AIU3 AT THE
3END OF THE FRAME, THE BUFFER CONTAINES THE SIGNAL
3SAMPLES INPUTED THROUGH THE AlU.
3SUPERNOVA CORE EXECUTION TIME=33.2 USEC.S
3TOTAL LENGTH=26. LOCATIONSS 33. FOR THE TQTAL PACKAGE

Yo W B Lo We Vo e Yo Mo e Vo Ve

000042 « DUSR Al U=42 3AlY DEVICE CODE
« ENT AIDRV, AIBUF, DIDRV, CLOCK
«EXTD CHCOM '
«ZREL
00000-000000' AIDRV1 ENT1 3ANALOG INP INTRPT ENTRY
00001-177776 AIBUF! -2 $A17) COMMUNICATIONS
3BUFFER LOCATION
00C02-000027° DIDRV$ ENT2 - 3DATA INPUT INTRPT ENTRY
00003-000000 CLOCK: oD 3JAl1U FRAME COUNTER
00004-000000
ioA JNEW DATA INPUT SAMPLE
'024440 ENTI1 LDA 1» DATA
gggg?‘054437 STA 3, DATA 3SAVE RETURN ADDRESS
000027074442 D1A 3, AlIU $INPUT NEV ANALOG SIGNAL
34 CONTROL STATE SANPLES
00003 '020434 LDA 0, M17B JANA§OG SIGNAL MASK
00004 '117400 AND 0, 3 JMAS CONTRL STATE
0000357020431 LDA 0» DMASK l::;:o MASK
00006107400 AND 0, 1 3
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3AIDRV, AIEUF,

DIDRV, CLOCK

PAGE 2 OF 2

00007'030001 - LDA 2, AIBUF 3AIU COMM BUF LOCATION
00010021000 LDA 0, 0, 2 SNEV DATA, CONTROL WORD
00011'045000 STA 1, 0, 2 5SAVE NEV DATA SAMPLE
00012'025001 LDA 1> 1, 2 3NEVW ANALOG SIG SAMPLE
00013'055001 STA 3> 1» 2 3SAVE NEW ANALOG SAMPLE
00014'125200 MQVR 1, 1 3APPEND DATA BIT
00015'101100 MOVL 0, 0
©0016'125100 MOVL 1, 1 ' '
00017'065342 1 DOAS 1, AIU 5O0UTPUT ANALOC SICGNAL &
+DATA SAMPLES
00020°'151400 NG 2, 2 3INCRE BUFFER LOCATION
000621101100 MOVL 0, 0O 3TEST FOR ACTIVE BUFFER
00022'101113 MOVL# - 0s 0, SNC 3COMMUNICATIQNS
000237152040 + ADCO 2, 2 31F NOT DISARLE
| 3CHANNEL COMM
00024'141500 INCL 2, 0 3 GENERATE CH COMM 1O0OBUF
3ADDR & ADD CONTROL BIT
00025°'0060018 JSR @CHCOM ' JINITIALIZE CHANNEL COMM
00026002412 JMP BDATA JRETURN

3DIDRV IS AN ANALOG INTERFACE UNIT DATA SIGNAL INPUT
+DRIVER, WHICH IS AN INTIGRAL PART GF THE AIDRV .PACKAGE.
}THE ROUTINE HANDLES THE DATA AND CONTROL STATE INPUT

1 - 3TRANSFERS FROM THE AIU. IT ASSUMES THAT IT HAS BEEN
5CALLED BY A DSI (DATA SIGNAL IMPUT, 42) INTERURT» THE
SROUTINE ALSO INCREMENTS AN AIU FRAME COUNTER AND
JRETURNS TO AC3+2 TO SIGNAL THE START OF A NEW AIU
3SAMPLE FRAME. THE REALTIME SIMULATION PROGRAM NOW HAS
SUNTIL THE ANALOG SIGNAL INTERUPT TO STORE THE NEW AlU
3BUFFER ADDPRESS IN AIBUF. THE GLOBAL ENTRY POINT IS
39DIDRVe THE ROUTINE NEEDS NO INITIALIZATION.
3 SUPURNOVA EXECUTION TIME=T7e1 USEC.S
STOTAL LENGTH=7 LOCATIONS _

006?7'060542 ENT2:2 DIAS 0, AIU s INPUT NEVW DATA SAMPLE

00030'040410 STA 0s DATA $SAVE IN DATA
0003101000/~ : 177 CLOCK+1 s INCREMENT AIU FRAME
3COUNTER
00032°'001402 JMP 2, 3 sRETURN
00033'010003~ 152 CLOCK 31F CARRY, INCREMENT
5UPPER COUNTER WORD
00054001402 JMP 2, 3 sRETURN
00035'001402 JMP 2, 3
0G036°'100017 DMASK? 100017 3DATA, CONTRL STATE MASK
00037%1: 77760 M17Bs 177760 3ANALOG SIGNAL MASK
(0000 rAaTa: o BLK H 3DATA INPUT STORAGE
+END 3END OF AIDRV
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AIBUF
AIDRV
CHCOY
CLOCK
DATA
DIDRV
DMASK
ENT1
ENT2
M17B

000001~
000000~
0000013X
000003~
000040
000002~
000036"
000000
000027°
600037!
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000000
00000 0020023

00001 000000°*
00008 902002%
00003 000003
00004 000000

000C0-000000

3INTRPs CHMASHK, MASK PAGE 1 OF 4

«TITL INTRP
SINTRP 1S A MASTER INTERUPT PROGRAM FOR ANSVERING
SHARDVWARE INTERUPTS /AND PASSING CONTROL OF THE COMPUTER
5ON TO THE APPROPRIATE SOFTWARE DRIVER ROUTINES. THIS
3PROGRAM ALSO CONTROLS TRANSFER BETWEEN BACKGROUND AND
SREALTIME PROCESSING LEVELS. INTRP USES THE FOLLOVING

3SUBROUTINES: ABEND (ADNORMAL TERMIN)
3START (SYSTEM INITIALIZATION)Y RPROG (REALTIME PROGRAM)
3TIDRV (TTI DRIVER)D TODRV (TTO DRIVER)
3CODRV ¢(CH OUT DRIVER) DIDRV (DATA IN DRIVER)
5AIDRV (ANALOG IN DRIVER) CRDRV (CH RE IN DRIVER)

SCIDRV (CH IM IN DRIVER)
3INTRP ASSUMES THAT IT HAS BEEN ENTERED THROUGH AN
JHARDWARE INTERUPT. THE ENTRY POINT IS INTRP. INTRP
JREQUIRES NO INITIALIZATIONe INTRP USES BIT 0 OF MASK
5AS A REALTIME PROGRAM MASK. IT ASSUMES THE ONLY
sPERI FERAL DEVICES ARE THE TELETYPE & THE ANALOG INTER~
3FACE UNIT. SUPERNOVA CORE EXECUTION TIMES ARE:
NORMAL INTERUPT EXECUTION TIME =55.8 USEC.S
MULTI-INTERUPT INCREMENTAL TIME =26+7 USEC.S
MAXIMUM LATENCY TIME =50+2 USEC.S
INTERUP. TO DRIVER ENTRY DELAY =28.3 USEC.S
TOTAL LENGTH=119. LOCATIONS

e

e Wo We er

« ENT INTRP» CMASK, MASK
«EXTD  ABEND, START, RPROG» TIDRV, TODRV
« EXTD DIDRV, AIDRV, CRDRV, CIDRV, CODRV

+LOC 0
JMP 6START 3MANUAL START, POWER
3DOWN RESTARTs OR HARD-
s WARE INTERUPT RETURN
3ADDRESS
INTRP JMASTER INTERUPT ROUTINE
>ADDRESS
JMP 8START $MANUAL START POINT
JMP .
CMASK: 0 sCURRENT PERIFERALS MASK
+ ZREL
MASKs 0 JCURRENT MASK
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00000'000401

00001 '04(554

00002'044554
00003'050554
00004'054554
00005'020000
00006'101100
00007'040552
00010'000411

SINTRPs

00011'100002% RTNs

00012°040550

03013'044550
00014'05055G
00015'054550
0001 6%02000¢C
00017%101100
00020'040546

00021'020473
00022'040000
00023'063777
00024'063077

00025'061477

0002€ 101015
00027'000442
00030024463
00031'030464
00932'107400
000337133000
00034007000

00035°00041% 1
N0036'000436

PTESTs

RTESTs

CMASK, MASK

+NREL

JMP et

STA Cs» BCS+0

STA 1» BCS+1

STA 2, BCS+2

STA 3, BCS+3

1.bA 0, O

MOVL 0, O

STA 0, BCS+4

JMP PTEST
OSTART

STA 0» RCS+0

STA t» RCS+1

StA 2, RCS+2

STA 3» RCS+3

LD& 0» 0

MGVL 0, O

STA 0, RCS+4

LDA 0s» JSTART

STaA 0, O

SKPDZ CPU

T

INTA 0

MOV# U, 0, SHR

JMP EXIT

LDA 1, C7

LDA 2, LINTR

AND 0, 1

ADD 1, 2

JSR €0, 2

JUP RETURN

JMP TTEST

~-184-
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3INTRP ENTRY POINT
5 PROGRAM LEVEL SWITCH

3SAVE BACKGROUND PROGRAM
SLEVEL CPU STATE

i SAVE ACO

3SAVE AC1

3SAVE acCe

3SAVE AC3

3SAVE CARRY», RETURN ADDR

3SPARE LOCATION - RETURN
3ADDRESS

3SAVE REALTIME PROGRAM
SLEVEL CPU STATE

3SAVE ACO

3SAVE AC!

JSAVE AC2

3SAVE AC3

3SAVE CARRY»,» RETURN ADDR

SRESTORE RESTART INSTR

3TO0 LOCATION O

3TEST FOR POWER FAILURE
31F SO HALT

3SERVICE PEIFERAL INTRPT
JACK INTERUPT
3TEST FOR INTERUPT

31F NONE RETURN
3DEV CODE TRWRJCATION MSK
3DRV ROUTINE TABLE ADDR
JMASK DEVICE CODE
3GEN DRV ROUNTINE POINTR
3EXECUTE DRIVER ROUTINE

3NORMAL RETURN
3TELETYPE /0 ENABLED



3INTRP, CMASK, MASK PAGE 3 OF 4

00037°004444 JSR SWITCH JNEW AIU FRAME STARTED
SRESTART REALTIME PROG
55 CPU STATE STOR AREAS

00040°101113 M4OVL# 0, 0s SNC 3TEST FOR REALTIME MODE
00041000440 JMP TOERR 3IF SO ERR HALT
000427060177 INTEN JENRBLE INTERUPT
00043%006003% JSR @RPROG 3CALL REALTIME PROGRAM
00044060277 INTDS ;DISABLE INTERUPT
00045'004436 JSR SVITCH 35W CPU STATE STOR AREAS
00046'000412 RETURNS: JMP «+12 3RESTORE CPU STATE
sPROGRAM LEVEL SVITCH
00047°020517 LDA 0, RCS+4 SRESTORE REALTIME PROG

SLEVEL CPU STATE
JRESTORE CARPY, RTN ADDR

00050'101220 MOVZR 0, O
00051 *040740 STA 0, RTN 5SAVE RETURN ADDR IN RTN
00052°034513 LDA 3, RCS+3 3RESTORE AC3
00053030511 LbDA 2, RCS+2 3RESTORE AC2
00054024507 LhA 1, RCS+! JRESTORE AC!
00055%020505 LDA 0, RCS+0 3RESTORE ACO
00056'040476 STA 0, ACO 3SAVE TEMPORARILY IN ACO
00057'000746 JMP RTEST 3TEST FOR MORE INTERUPTS
00060°020501 LDA 0, BCS+4 $RESTORE BACKGROUND PROG
3LEVEL CPU STATE
SRESTORE CARRY» RTN ADDR
000617101220 MOVZR 0, O
00062%0407217 STA 0» RTN 3SAVE RETURN ADDR IN RTN
000637034475 LDA 3, BCS+3 3RESTORE AC3
00064'030473 LDA 2, BCS+2 JRESTORE AC2
00065%024 471 LDA 1, BCS+1 3RESTORE AC!
00066'020467 LDA 0, BCS+0 SRESTORE ACO
00067%040465 STA 0, ACO 3SAVE TEMPORARILY IN ACO
00070%00075% JMP RTEST 3TEST FOR MORE INTERUFTS
00071°020463 EXITs LDA 0, ACO $RELOAD ACO
00072%'060177 INTEN 3ENABLE INTERUPT
00073002716 JNMP 8RTN SRETURN FOR THE INTERUPT
- 00074°'063710 TTEST: SKPDZ TTI 3TEST TTI

00075'006004% JSR @TIDRV 31F DONE SERVICE

N 00076%065711 SKPDZ TTO 3TEST TTO

) 00077'C06005S JSR 0TODRV 31F DONE SERVICE
00100000746 JMP RETURN 3RETURN
00101°'006001$ TOERR: JSR @ABEND 3REALTIME PROGRAM TIME-
00102'000126° TOMESS 30UT - ERROR TERMINATE
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00103'020675
00104°'C24742
00105'040741
00106044672

00107'020000~

00110'103240

00111 '040000~-

00112'001400

00113'000007

00114'002002s

G0115°'000116°"

00116*100004%

00117'100005%
00120'100006S
00121'100007$%
00i22'100010%
00123'10C011%
00124'100012%
00125'100001%

00126'000000

00127'005215
00130°*i25012
00i31'iz2s5252
00132'142¢€52
00133'151322
00134'151317
00135'044240
00136146101
00137'035324
00140°'151240
001417040705
00142'152314
00143046711
001447120305
001457151120
00146043717
00147%152240
00150'046711
003151147705
00152%'152125
00153'000000

000001
000005
000005

3INTRP,

SWITCH:

C7:
JSTART ¢

LINTR:
INTRL:

TOMESS:

<i2>x%
*%
*E
RR
(0):1
H
AL
T
R
EA
LT
IM
E
PR
oG
T
IM
EO
uT
$

ACO:
BCS:
RCS:

CHASK,

LDA
LpA
STA
STA
LDA
ADDOR
STA
JMP

JMP

+« TATE

« BLK
¢« BLK
«BLK
+«END

MASK

0, INTRP
1, RETURN
0, RETURN
1, INTRP
0, MASK
0, 0

0, MASK
0, 3

7
@5TART

INTRL
eTIDRV

8TODRV
eDIDRV
GAIDRV
2CRDRV
GCIDRV
6CCDRV
GABEND

0

$<215><i2>

e
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sSVWITCH CPU STATE
3STORACGE AREAS

5 COMPLEMENT REALTIME
>PROGRAM MAS.. BIT
3SAVE NEW MASK
SRETURN

JDEVICE CODE TRUNC<T10N
sMASK

3MANUAL START OR POVER
5DUWN RESTART INSTRUCTION
3 DRV ROUTINE TABLE ADDR
sPERIFERAL DRIVER
sROUTINE LOOKUP TARLE
JTTI (10) DRIVER

3TTO (11) DRIVER

3DSI (42) DRIVER

5ASI (43) DRIVER

3CRI (44> DRIVER

5CII 45> DRIVER

5CS0O (46> DRIVER

sNO KNOWN DEVICE CODE

5REALTIME PROCRAY TIME-
5O0UT ERR MESSAGE

s TEMPORARY ACN STORAGE
JBACKGRD CPU STATE STORE
3RELTIME CPU STATE STORE
3END OF INTRP



ABEND
ACO
AIDRV
Rr°S
C7
CIDRV
CMASK
CODRvV
CRDRV
D1DRV
EXIT
INTRL
INTRP
JSTAR
LINTR
MASK
PTEST
RCS
RETUR
RPROG
RTEST
RTN
START
SWITC
TIDRV
TODRV
TOERR
TOMES
TTEST

0000018X
000154"
000007$X
000158"
000113°*
00001 18X
000004
000012sX
0000103%X
0000065X
000071
oootie?
0oo6o0?
000114’
000115°"
000000~
oooo21'’
goot1e2"
000046
000003%X
000025
0ooo01t?
000002%X
000103
000004%X
000005%X
ooo1to01'?
000126°
000074"
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© 3START

000042

00000-000000"*

0V000°'062677

00001 °'020001%
00002 '040002%

000037101212
000047000413

00005 * 126400
00006'060011
000077060011
00010060011
00011060011
00012'060011
00013060011
000147125404
00015%000771
000167065111

00017'060142

. 00020'024411

00021°'071477
00022%132414
00023000776

00024'062177
00025°00¢0038
00026'000032*

00027°'006004S%
00030300400

‘ «TITL START

PAGCE 1 OF 2

SSTART 15 AN INITIALIZATION AND DACKGROUND PROGRAM

SINITIATION PROCRAM.

THE GLOBAL ENTRY POINT IS @START.

3START USED SUBROUTINES PRINT AND BPROG.

sTOTAL LENGTH=39+. LOCATIONS

+DUSR AlU=42
« ENT START
« EXTD
« ZREL
STARTS ENTRY
+NREL
ENTRY¢ 1IORST
LDA 0, CMASK
STA 0, MASK
' MOVR# 0, 0, SZ¢C
JMP SAIU
SUB 1, 11
VAITS NiQ TTO
NIO TT0
NIO TTO
NIO TTO
NIO TTO
N2O TTO
INC 1s 1» SZR
JMP wal.,

DOAS 1, TTO

SA1Us NIOS AXU

LbA 1, C42
INTA 2

3U8Y 1, 2, SZRH
P a2

2O8s 0, CPU

JSR AFRINT
SMESS
JSR ABPRCE
JHp .
! 8~

CMASK, MASK, PRINT, BPROG

3START ENTRY LOCATION

JINITIALIZE PERIFERALS
5DISABLE INTERUPTS
JCURRENT PERIFERALS MASK
, 3SAVE IN CURRENT MASK

sTEST FOR TTY ONLINE
3IF NOT SKIP

5WAIT FOR TTY WARM-UP

3START TTO

3START ALU

3DS1 DEVIQX CODE
SWAIT FOR BEGINING CF
JAN AlU S\NPLE FRAME

3TRANSHYT CURRENT MASK
3ENABLE INTERUPTS

JPRINT STA™TUP ME3SASS
3ISTARTUP NMESSALT Avioas®

3CALL BACKGROOND
3PROGRAM PACHAGE
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00031 *000042
00032000000
0¢NF3T005215
00034%05141¢2
00035'05:531
000367142724
00037%120115
00040°142722
00n41*152123
00042%151101
00043'144724
00044'043516
000457005215
000467000012

3START

C42:
SMESS:

+ TXTE
<}2>§
¥s
TFE
M
RE
ST
AR
T1
NG
<215><l2>
<}12>%

L

PAGE 2 OF 2
42 sDSI INTRUPT DEVICE CODE
0 3STARTUP MISSAGE
$<215><12>
JEND OF START
=10y
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SPRESAY

WY

-

M
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ReEX TN

POEs

iy L s,

~

=X i

T

TR,

L ot R

BPROG
c4a2
CMASK
ENTRY
MASH
PRINT
SAIU
SMESS
START
VAIT

0C0004%X%
00oL031?
0000152
00o0Gou*
0000025X
00000235X
000C17°*
000032"
000000~
0000C6"
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00Cc00~060000"

006000°'020420
00001'062177

00002°054436

00003'035400
00004'021400
00005'101014
00006'034413

00007'054402
00010'006002%
00011'000022"°

00012°020426
0001370060038
0001470060028
00015%600000

0G016°063077
06017'002001%

SEL3END

«TITL

PACE 1 OF 2

AREND

JABEND IS AN ADNOEMAL END OF JOB TERMINATION ROUTINE.
3IT IS CALLED AS FOLLOWS:

Ve e %e Lo e

JSR

« TXTE

@ABEND
MESSAGE

;ZRROR TERFINATION
SJERBOR PRINTOUT ADDRESS

VHERE THE MESSACGE FORMAT IS AS FOLLOUS:
MESSAGE:

0 SEYTE POIMNTER
STEXT TO BE PRINTED UPON TERMINATIINS

3THE ERROR MBESSACE NLED NUT BRE INCLUDED IT MOST CASES.
JAFTER PRINTING THE ERROR MESSAGE, THE LOCATION FRON
3WHICH ABEND WAS CALLED+1 IS PRINTED IN OCTAL, AND THE

sCOMPUTER HALTED.

DURING THIS PERIOD ALL OTHER

SINTERUPTS ARE DISABLED.
sTOTAL LENGTH=32. LOCATIONS

ABEND:

ENTRY s

«ENT
+« EXTD
*« ZREL

+NREL
LA
DOBS

STA

LbA
LDA
MOV#
LDA

STA
JSR

LDA
JSR
JSR

HALT
JMP

ABEND
START, PRINTs OCTPR

ENTRY 3ABEND ENThyYy LOCATION

0:; ERRMSK JABEND INTERUPT MASK

0s CPU s TRANSMIT MASK
3 ENABLE INTERUPTS
3, CALL 3SAVE CALLING LOCATION+1
AT CALL
3> 0, 3
0, 0, 3 SJERR MESSAGE BYTZIPOINTER
0, 0, SZR JTEST FOR CLOSED FILE
3> LERRM 3IF FILE OPEN
JASSUME ILLEGIT
sREPACE WITH
5 ERRMES
3, o+2 3PRINT ERROR MESSACE
ePRINT
ERRMES
0, CALL sPRINT CALLING LOC+1}
60CTPR
@PRINT 3CR =~ LF
0
SJHALT PROCESSOR
6START
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00020'177776
00021 '000022°*

03022°'000000
00023'005215
oo024'125012
00025'125252
00026'040652
000277142502
00030'042116
00031%040640
00032%120324
v0o033%147714
00034'040703
00035'144724
00036%047317
00037'000000

000001

B s e

5ABEND

ERRMSK:
LERRM:

ERRMES?$
«TXTE
<12>%
sk
kA
BE
ND
A
T
LO
ca
TI
ON
$

CALL: +BLK

«END

177776
ERRMES

0
$<215><12>

1
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JABEND INTERUPT MASK
3DEFAULT PRINTOUT LOC

5DEFAULT ERROR PRINTOUT

3CALLING LOC STORACE
JEND OF ABEND
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o men eas

ABEND
CALL

ENTRY
ERRME
ERRMS
LERRM
OCTPR
PRINT
START

000000~
000040°
000000
oooo22°
000020’
000021"
000003%X
0000023%X
0000018X

e e e -
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00000-~000006""

00001-000000"

|

00000 '054473

00001 '034456
00002'030451
00003'105020
p0004'020452
00005'000410

00006'054465

00007'034454
00010 *030444
00011'105020
00Q12'125112
00013124460
000141020441

00015°'010445
N0016'014444

© UL *T7'000776

00020 '040452
00021 '054447
00022'054445
00023'054443
00024°'054441
00025054437
00026'034431
00027'Q054442

g ot e wn o !

3 DECPR,
j

OCTPR PACE 1 OF 2

«TITL DECPR -

TFR AND OCTPR ARE NUMERBICAL PPIVT?UT SUWROUTIVFS.
:DEL“R FPERFORNMS SIGNED DECIMAL COVVERSIONS, AND OCTPR
JUNSIGVED QCTAL CONVERSIONS. EACH GEVERATES AN EICHT
3PRINTABLE CHARACTER ASCII FIELD WHICH IS PRINTED

3BY SUBROUTINE PRINT. IT HAS THE FOLOWING FJRMAT:
3 DECIMAL: $ -DDDDD.$ .
H OCTAL: % DDDDDD &

JNEITHER PROCRAM NEEDS INITIALIZATION, AND EOTH MAY RE

3INTERUPTED. TOTAL LEVCGTH=5#4 LOCATIONS
| 60.
«ENT DECPR, OCTPQ
. «EXTD  PRINT
« ZREL
DECPR? ENT2 3DECPR ENTRY LOCATION
OCTPR: ‘ ENT1 $OCTPR ENTRY LOCATINN
s NREL , \
ENT1: STA 3, RETURV 3SAVE RETURV ADDRESS
LDA 3, CODEL 30, DEL CHARACTERS
LDA 2, C10 310 OCTAL
¥OvZ 0s 1 $CLEAR CARRY
LDA 0, CSPNUL 3SP, NULL CHARACTERS
JMP FILL 5INITIALIZE PRINT RUFFFR
ENT2:  STA 3, RETURN 3SAVE RETURV ADDRESS
LDA ' 3, CDELSP 3DEL.» SP CHARACTERS
LDA 2, C10. 310 DFCIMAL
| MOVZ 0, 1 3CLEAR CARRY
MOUL# 1, 1, SZzC 3TEST FOR NECGITIVE \UM
NEGC 15 1 3IFSO NEG,CRRY=1
LDA 0s CeNUL 3+» VULL CHARACTERS
FILL: I1SZ BUF SINITIALIZATION ROUTINE
DSZ RUF 3WAIT FOR FREFE BUFFER
JMP . "3
r ST 0, BUF+10 SINITIALIZE PRINT RUFFFR
STA 3, BUF+6
SThA 3s BUF+5
STA 3, BUF+4
STA 3, BUF+3
STA 35 BUF+2
LDA 3» CODEL 30, DEL CHARACTERS
STA 3, BUF+7
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00030'020431
00031'040410

00032125015

00033'000411

00034°'175200
00035'102400
00036'Q73101
00037175120

00040°'163000
00041 '040430
00042°'CL47717
00043°'000767
00044°'101062
00045000403

00046'020412
00047°'000772

00050°'006001%
00051 '000062"

00052'002421

00053'000010
00054'000012
00055'00005€
00056'000040
00057177460
00060°026777

00061 *040430
00062 '00n000
00063'020377

000007

000001

s DECPR.,

LOOP:

STORE?

SIGNS

OUTPUT:

Cl0s2
ClCet
C.NUL?
CSPNUL:
CODEL?$
CDELMI

INSTR?

BUFt
CDELSP?s

AETURN1

OCTPR

LDA
STA

MOV#

MOVR
SUB
DIV
MOVZL

ADD
STA
DSZ
JMP
MOVC
JMP

LDA
JMP

JSR

« BLK

« BLK
«END

0» INSTR
0> STORE

1, 1, S5\R

SIGN

3» 3
0, O

3, 3

3, 0

0, BUF+7
o~1

LOOP

0, 0s, SZC

QUTPUT

0» CDELMI
STORE

@PRINT
BUF
@RETURN

10

10.

58

40
377B7+60
55B7+377

PAGE 2 OJF 2

5 VARIARBLE STORE INSTR
SINITIALIZE CHAR STORAC®

$NUM TO ASCII CONV LOJP

3MOVE QUOTIENT TO NUMER

3TEST FOR END CONVERSION
3YES JVP SCGN TST

3SAVE CARRY RIT

3CLEAR UPPER HALF NUMER
SDIVIDE BY NOTATION RBASE
SRESTORE CARRY» AC3

$ADD REMAINDER TO O CHAR
3STORE NEW CHAR IN BUF

3 DECREMENT STORACGE LOC
3LOOP

3TEST FOR NEGITIVE NUM
3COMPL NEG NUMRER FLAG
31IF NOT PRINT

3DEL, - CHARACTERS
3INCERT MINUS SICN

3PRINT RUFFER CONTENSE

SRETURN

310 OCTAL

310 DECIMAL

3.5 NULL CHARACTERS
3SP, NULL CHARACTERS
30, DEL CHARACTERS
3DEL» - CHARACTERS

0, BUF+7+.-STORE;j VARAIABLE STORE INSTR

0
40B7+3717
1

1

-195-

3BASE VALUE

sPRINT BUFFER BYTEPTR
3DEL, SP CHARACTERS
sBUFFFR VARI#BLE STORAGR

SJRETURN ADDRESS STORACE
3END OF DECPRs OCTPR
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BUF
CODEL
cio
Ci0.
CDELM
CDELS
CSPNU
CeNUL
DECPR
ENT1
ENT2
FILL
INSTR
LGOP
OCTPR
OUTPU
PRINT
RETUR
SIGN
STORE

000062"
000057"
600053
000054"*
000060
000063
000056°
000055
000000~
000000"
000006
000015
000061 °
00go32"
000001~
000050
0000013X
000073°*
000044"
000041°*
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3PRINT

«TITL PRINT

PA(F 1 OF 1

3PRINT IS A PRINT SUBROUTINE USED IN CONJUNCTION WITH

5 THE HARDWARE INTERUPT TTO DRIVER ROUTINE,

3SEQUENCE IS AS FOLLOWS:

3 JSR @PRINT

; MESSAGE

3 VHERE THE MESSAGE FORMAT IS AS
SMESSAGES 0

H « TXTE

THE CALLINC

3PRINT MESSACGE
sMESSAGE FILE ADDRESS
FOLLOVS:

SBYTEPOINTER

$TEXT TO BE PRINTEDS

3IF MESSACE=0, PRINT EXECUTES A CARRIAGE RETURN AND LINE

$FEEDs PRINT NEEDS NO INITIALIZATION, AND MAY BE
3 INTERUPTED. TOTAL LENGTH=20. LOCATIONS
« ENT PRINT
« EXTD CMASK, TOBUF
« ZREL
00000-000000"' PRINT: ENTRY SPRINT ENTRY LOCATION
+NREL
00000'020001% ENTRY: LDA 0, CMASK STEST FOR TELETYPE
ooool‘'lot2i2 MOVR# 0, 0, SZC
000027001401 JMP 1, 3 3IF NONE RETURNW
00003'026002% LDA 1, 6TOBUF 3UAIT FOR TTG IDLE
00004°125004 MOV 1, 1, SZR
00005000776 JMP «=-2
00006'C31400 LDA 2, 0, 3 3JMESSAGE FILE LOCATION
00007'i151004 MOV 2, 2, SZR 3TEST FOR ZERO
00010'000403 JMP TYPE 31F NOT» PRINT
00011°024407 LbA 1> CCR 3EXECUTE CR - LF
3SET FIRST CHARACTER=CR
000127030407 LDA 2, LLFF 3SET MESSAGE=LF, NULL
00013'102520 TYPE: SUBZL 0, O ;1
00014241000 STA 0, 0, 2 3OPEN MESSAGE FILE
00015'050002s% STA 2, TOBUF 5SET TTO BUFFER=MESSAGE
JFILE
00016°065111 DOAS 1, TTO 3TRANSMIT FIRST CHAR
3 (NOMINALLY A NULL)
3START TTO
00017°001401 JMP 1, 3 JRETURN
00020000285 CCRs 215 3CR CHARACTER
00021'000022* LLFF3 LFT 3LOC OF LF, NULL FILE
00022000000 LFF3 0 JLF, NULL FILE BYTEPTR
00623'000012 12 3LF, NULL
+END 3END OF PRINT
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CCR
CMASK
ENTRY
LFF
LLFF
PRINT
TOBUF
TYPE

B e JE

c0o0020"
0000018%X
0600000
6oooz2
0ooo21"
000000~
000002%x
000013"
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00000~000000"

00000'102620C
0o0001'101200
00002'125142

00003 '124400
00004°'151112
00005150460

00006073301
00007°101012
00010°100400
00011°001400

SJMULT PAGE 1 OF 1

«TITL MULT
3MULT 1S A SUBROUTINE TO PERFORM 2'S COMPLEMENT 16 BIT
SMULTIPLICATIONe. THE CALLING SEQUENCE IS:
; JSR eMULT
JACO=AC1*AC25 ACl, AC2,%& AC3 ART DESTROYED.
3THE 0UTINE MAY BE INTERUPTLD. SUPERNJVA CORE HARDL/RE
3MULT/DIV EXECUTION TIME, INCLUDING AN INDIRECT SUP-
SROUTINE JUMP=13¢1 USEC.S
3TOTAL LENGTH=10. LOCATIONS

*« ENT MULT

+ ZREL
MULT: ENTRY $ENTRY LOCATION
+ NREL
ENTRY: SUBZR 6 O 3 GENERATE ROUNDING
MOVR 0s O SCONSTANT
MOVOL 1, 1, SZC 5SCALE ACl, STORE SIGN, &
3TEST FOR NEGITIVE SICGN
NEG 1, 1 3IF SO NEGATE
MOVL# 2, 2, SZC 51S AC2 NEGITIVE?
NEGC 2, 2 3IF SO NEGATE» &
5COMPL. RESLT 5GN
MUL SMULTIPLY
MOV# 0s 0, S5ZC 315 RESULT NEGITIVE?
NEG 0, O 35IF SO NEGATE
JMP 0, 3 SRETURN
« END sEND OF MULT
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00000-000000*
00001-000011"

00000 *040424
00001 7021400
00002'175400
00003'054422
00004'034417
00005%117414
00006%010417
00007°020415
00010002415

00011°024411
000127%123400
000137100000
00014%126420
000157125200
000167101404
000177000776
006020'044403
$0021%001400

00022°000017
000001
560001
600001

5MODSVW, MDSET

«TTTL

MODSY

PAGE t OF 1

3MDSET IS A SUBROUTINE WHICH ENCODES A 4 BIT CONTROL
3STATE, PASSED TO IT IN BITS 12 THRU 15 OF ACO, INTO A

316 BIT CONTROL STATE WORD.

THE CONTROL WORD HAS 15

3ZERO BITS AND 1 ONE BIT IN THE BIT POSITION GIVEN BY

$THE BINARY CONTROL STATE INPUT.

3 @MDSET.

THE ENTRY POINT IS

3MODSW IS A SWITCH TESTING SUBROUTINE. IT IS CALLED AS

s FOLLOWS?:
JSR

Ve Yo Vo Ve

aMODSW
MASK

RETURN LOCATION FOR NO MATCH
RETURN LOCATION FOR MATCH

3A MATCH IS DEFINED AS A ONE BIT IN THE MASK UORD IN
3THE SAME LOCATION AS THE ONE BIT IN THE LAST CONTROL

3STATE WORD GENERATED BY MDSET.
3ANY ACCUMULATOR OR CARRY BIT.
3TIME, INCLUDING AN INDIRECT SUBROUTINE JUMP,

sMATCH=14.0 USECeS
3TOTAL PACKAGE LENGTH=18.

« ENT

+ZREL
MODSW:
MDSETS
+NREL
STA
LDA
INC
STA
LDA
AND#
182
LDA
JMP

ENTLs

ENT2: LDA
AND
COM
SuBzZ
MOVR
INC
JMP
STA

JMP

M17s

MASKS o+ BLK

ACOS « BLK

RETURNS «BLXK
« ENND

MODSW, MDSET

ENT!
ENT2

0, ACO

N, 0, 3
3, 3

3, RETURN
3, MASK
0» 3, SZR
RETVRN

0, ACO
ORETURN

1, M17

1» O

G, O

1, 1

9 3

0, O0- SZR
0'2

1, MASK
0, 3

17
1
1
1

~201 -

MODSYW DOES NOT DESTROY
SUPERNOVA CORE EXECUTION
FOR NO

LOCATIONS

$MODSW ENTRY LOCATION
3MDSET ENTRY LOCATION

3SAVE ACO

3MASK WORD :
3GEN NO MATCH RTN ADDR
3SAVE AT RETURN ‘
$CONTROL WORD

»TEST FOR MATCH

3IF SO INCRE RTN

JRESTORE ACO
3RETURN

3CONTROL STATE MASK

3MASK

3SET COWNTER

5 GENERATE ONE BIT

3ADVANCE ONE BIT

3TEST FOR COPLETE COUNT
31IF NOCT ADVANCE

3SAVE CONTROL WORD

JRETURN

3CONTROL STATE MASK
5CONTROL WORD STORAGE
3AC0 STORAGE

JRETURN ATORESS STORAGE
3END OF MODSW & MDSET



ACO 000024 *
. ENT1 000000
: ENT2 000011"
0 M17 000022
v MASK 000023 "
. ‘ MDSET. 000001~
‘ MODSW 000000~
.RETUR  000025° :
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00000000057
00001 '152530

00002°'100020
00003'100020
00004°'077760
00005'077720
00006077760
00007100060
00010'100140
00011100000
onn 2'077560
0.Y,13%077560
00014%100140
00015100460
00016'100220
00017'077300
000201077020
00021100000
00022'101340
©0023'101300
00024'077040
00025%074660
n0026°076260
00027'104560
000307114360
000317117760

5LPF1K, LPFD1, LPFD2, LPFD3, LPFD4 PAGE 1 OF 2

«TITL LPF1K
JLPF1K IS A FILE OF INPULSE RESPUONSE SAMPLES OF A LINEAR
;PHASE 1.350 KHZ LOVW PASS FILTER. THE FREQUENCY
JRESPONSE IS 1.01 DB DOWN AT 1.350 XHZ, AND GREATFER THAN
350.0 DB DOWN ABOVE 1.778 XKHZ. THE SAMPLING ZATE IS
38.000 KHZ. THE SAMPLE VALUES ARE QUANTIZED TO 10 BIT
39'S COMPLEMENT PRECISIONe. THE IMPULSE RESPONSE IS 47
3SAMPLES LONGe DC GAIN=06665, THE FORMAT OF THE FILE
31S COMPATABLE WITH THE CONVO SUBROUTINE' REQUIREMENTS.

3LPFD1 THRU LPFD4 ARE DATA STURACGE FILES FOR USE VITH
JLPFIK AND THE CONVO SUBROUTINEs EACH 1.350 KHZ LOW
3PASS FILTER IMPLEMENTED MUST USE A DIFFERENT DATA
5STORAGE FILE, BUT MAY SHARE LPF1K AND CONVO FILES.
SLPFIK TOTAL LENGTH=49. LOCATIONS.

5TOTAL PACKXAGE LENGTH=241. LOCATIONS.

¢ ENT LPFiK, LPFDi, LPFD2, LPFD3, LPFD4
«NREL

LPFlK:s 47,
-1365.B12

3IMPULSE RESPONSE LENGTH
5OFFSET CONSTANT

1R0+1.Bi11
1B0+1.Bl11
1BO-1.Bl1
1B0~-3.B11
1BO-1.Bl11
1B0+3.B11
1BN+6.B11
1B0+0.B11
1B0~9.B11
1B0-9.Bl11
1BO+6.B11}
1B0+19.B11
180+9.B11
1B0-20.B11
180-31.B11
1B0+0.B11
1B0+46.Bl11
1BO0+44.B11
1B0-30.B11
1B0-101.B11
1B0~53.B11
1B0+151.Bl1
xBO+399-Bil
1BO+511.Bl11

3 IMPULSE RESPONSE
s SAMPLSE
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00032°134360
00033°'104560
00034%076260
00035'074660
00036077040
00037%101300
00040101340
00041 *100000
00042°077020
00043'077300
UC44105220
000457100460
00046'100140
00047%077560
00050'077569
00051'100000
00052'100140
0005% 100060
000547077750
00055077720
00056%077760
00057100020
0006C*100020

00061 *000062°*
000057°

sLPF1K,

LPFD1t

00141°'000142*' LPFD2:

000057

00221 '020222°¢ LPFD33

000057

00301°'000302°* LPFD4s

000057°

+«BLK

*BLK

«BLK

e BLK

« END

"~

LPFDl, LPFD2,

1B0+399.B11
1BO+151.B11
1B0-53.B11
1BO~-101.B11
1B0~30.B11
1BO+44.B11
1B0+46.B11}
1B0+0.B11
1B0~31.B11
1BE0~-20.B11
1B0+9.B11
1BO+19.B11
1BO+64B11 _
1B0-9.B11
iB0=-9.B11
iB0O+0.B1}
1B0+6.B11
1B0+3¢B!1
1B0~1.Bl1}
1BO~-3.+Bi1
1B0~1.B1}
1BO+{.Bli
1B0+1.B11

et]
47

PRCE
470

e+l
AT

ol
470

~204.

LPFD3, LPFD4

JLPF1K CONTINUED

3END OF LPFIK

PAGE 2 O &

3DATA STORAGE FILE 1}

3DATA STORAGE FILE 2

3LATA STORAGE FILE 3

3DATA STORAEE FILE 4

SEND OF LPF'1Ksi¢

‘Di~'Da



000006
d00141°

ooooe61"*

LPF1K
LPFD1
LPFD2
LPFD3
LPFD4

oooz221"

0c0301°

ﬂb’%&.«giv\bnl&w oty

s R, s

R X P A S

T A S L A N i

& %x

A

i GG S Sy g 0P e g g

RS ,w.\n.r -~

~205~




— %
- . o

'

00000 '000006
00001'140100

00002°%100700
00003°071100
00004°'145700
00005'145700
000067071100
00007'100700

00010°000006
00011'140040

00012'100000
00013'100000
00014'177700
00015'100000
00016'100000
00017'100000

SLERFE,» LHRFO» LFFD1s LHFDR PACE 1 OF 1
«TITL LHRFE
3UHRFE AND LHEFO ARE FILES OF THE ODD AND EVEN SAKPLES
SROSPECTIVELY OF A 1:2 RESAMPLING FILTERe THE INPUT
3SAMPLING RATE IS 8.000 XHZ, AND THE OUTFUT SAYPLINC
JRATFE IS 16¢)J00 KHZ. THE FILTER IS LESS THAN 0.0! DR
sDOWN AT 1250 ¥HZ, AND GREATER THAN 54.9 DE DOWN PAST
358000~14350 KHZ. TH% SANPLES ARE QUANTIZED TO 10 RIT
32'S COMPLEMENT PRECISIONe THE INPULSE RESPONSE IS
36 SAMPLLES (AT THE 8.00 XHZ SAMPLIJCG RATE) LONG.
JPASSBAND CAIN=0.9971s LHRFE AND LHRFO FILE FORMAT IS
SCOMPATARLE VWITH COVVE AVD CONVO SURR REQUIREMENTS.

SLHFD! AND LHFD2 ARE DATA STOEACE FILZS FOR USE VWITH
SLHRFE, LHRIUs AND THE CONVE AND CONVO SUBROUTINES.
JEACH RESAMPLINCG FILTER IMUPLEMEVTED MUST USE A DIFFERENT
5DATA STORAGE FILE, BUT LERFE, LHEFO, CONVE, AND CONVO
sMAY EE SHARED.

5LHRFE+LHRFO LENGTH=12. LOCATIONS

3TOTAL PACKAGE LENGTH=24. LOCATIONS

e ENT LHRFEs LHRFO», LHFDl, LHFD2

00020'000021"' LHFD1s

000006

00027'000030"

000006

« JREL
LHRFE: Ge JIMPULSE RESPONSE LENGTH
-510.B810 S5OFFSET CONSTANT
1B0+ 7. B9 s0DD IMPULSE RESPONSE
1B0-55.B9 3 SAMPLES
1B0+303.E9
180+303.B9
1B0~-55.R9
1B0+7.R9 SEND OF LHRFE
LHRFO? 6o sIMPULSE RESPONSE LENCGTH
-511-RB10 JOFFSET CONSTANT
1B0+0. B9 >EVEN IMPULSE RESPONSE
1BO+0.139 > SAMPLES
1B0+511.89
1B0+0.B9
1B0+0.B9
1B0+0.B9 SEND OF LHRFO
e+l $DATA STORAGE FILE 1
« BLK Ge
LHFD2: o+] sDATA STORAGE FILE 2
« BLK 6o
« END sEND OF LKRFE PACKAGE
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LHFD1
LHFD2
LHRIFE
LHRFO

000020"
000027"
000000"
000010°*
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3HLFRI, HLFD1, HLFD2 PAGE 1 OF 1

«TITL ' HLRFI
SHLRFI 1S A FILE OF IMPULSE RESPONSE SAMPLES OF ALINEAR
3PHASE 231 RESAMPLING FILTER. THE INPUT SAMPLING RATE
31S 16.000 KHZ, AND THE OUTPUT SAMPLING RATE 15 8.000
3KHZ. THE FILTER IS LESS THAN 0.01 DB DOWN AT 1.350 KHZ
7AND GREATER THAN 54.9 DB DOWN PAST 8¢000~14350 KHZ .
5 THE SAMPLES ARE QUANTIZED TO 10 BIT 2°'S COMPLEMENT
3PRECISIONe THE IMPULSE RESPONSE IS 11 SAMPLES (AT
5THE 16000 KHZ SAMPLING RATE) LONGe. PASSBAND GAIN=
509971, THE FORMAT OF THE FILE 1S COMPATABLE WITH THE

"~ 3CONVO SUBROUTIVE REQUIREMENTS.

SHLFD1 AND HLFD2 ARE DATA STORAGE FILES FOR USE WITH
SHLRF1 AND. THE CONVO AND CONVI SUBROUTINESe. EACH
SRESAMPLING FILTER IMPLEMENTED MUST USE A DIFFERENT DATA
5FILE, BUT MAY SHARE THE HLRFI, CONVO, AND CONVI FILES.
SHLRFI LENGTH=11. LOCATIONS.

- 3TOTAL PACKAGE LENGTH=33. LOCATIONS.

«ENT HLRFI, HLFD1, HLFD2
«NREL
00000000013 HLRFIit . 11 3 IMPULSE RESPUWNSE LENGTH
00001 '140060 -1021.B11} 3OFFSET CONSTANT
00002'100340 '\ 1BO+7eBio 3 1MPULSE RESPON4LE
00003%100000 1B0+0.B10 3 SAMPLES
000047074440 1B0=854B10
© 00005Y100000 1BO+" 210
000067122740 1B0+303.810
000077137740 1B0+511.B10
00010122740 1B0+303.810
00011100000 1B0+0.B10 '
00012%074440 I 1B0=55.B10 :
00013'100000 1B0+0+B10
000147100340 1B0+7+B10 3END OF HLRFI g
, . A ’ |
00015'000016° HLFD1s ol 3DATA STORAGE FILE 1
000013 «BLK 11,
00031 '000032*' HLFD2: , okl 3DATA STORAGE FILE 2
000013 o BLK 11,
« END

3END CF HLRFI, *FD1,&'FU2
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HLFD2 000031°*
HLEFI 000000
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00000'000153
0u001'177470

00002°*100020
00003'100000
00004100000
00005'100000
00006'100020
00007'100020
00010'100020
00011'100000
00012'077760
00013'100000
00014'100040
00015°100040
00016'077760
00017%077720
00020'077760
00021 '100040
00022 '100040
00023'077740
00024'077640
00025077660
000267100020
00027100040
00030°'Cc77700

;BPF3K, BPFD1, BPFD2 PAGE 1 OF 3

«TITL BPF3K
3BPF3K IS A FILE OF IMPULSEZ RESPONSE SAMPL®S OF A LINEAR
JPHASE 0300 TO 3.000 KHZ BAMD PASS FILTERe THE
3 FREQUENCY RESPONSE IS 350 I'B DOWN AT DC» 1.60 DB DOWN
JAT 04300 AND 3.000 KHZ3; AND GREATER THAN 50.0 DB DOWN
3ABOVE 3.441 XHZ. THE SAMPLING RATE IS 16.000 KHZe. THE
JSAMPLE VALUES ARE QUANTIZED TO 10 BIT 2'S COMPLEMENT
SJPRECISIONs THE IMPULSE RESPONSE IS 107 SAMPLES LONG.
3PASSBAND GAIN IS 0.6883, THE FORMAT OF THE FILE IS
3COMPATABLE WITH THE CONVO SUEROUTINE REGUIREMENTS.

3BPFD! AND BPFD2 ARE DATA STORACE FILES FOR USE VITH
3BPF3K AND THE CONVO SUBROUTINEe. EACH 3.0 KHZ BAND PASS
SFILTER IMPLEMENTED MUST USE A DIFFERENT DATA STORAGE
3JFILE, BUT MAY SHARE BPF3K AND CONVO FILES.

$BPF3K TOTAL LENGTH=109. LOCATICNS.

3TOTAL PACKAGE LENGTH=325« LOCATIONS.

«ENT
«NREL

BPF3K» BPFDls BPFD2

BPF3K: 107.

-25.B12

s IMPULSE RESPONSE LENGTH
3OFFSET CONSTANT

1BO+1.B11
1B30+0.Bl11
1BO+0.B11
1BO+0.B11}
1BO+1.B11
1BO+1.B11
1B0+1.B11
1BO+0.Bl1
1BU~1.B11
1B0+0.B11
130+2.B11
1B0+2.B11
1B0-1.B11
1B0~-3.B11
1BO-1.B11
1B0+2.B11}
1B0+2.B11
{B0-2.Bl1
1B0-6.B11
1B0-5.B11
1BO+1.B11
1B0+2.B11
1BO-4.Bl11

3IMPULSE RESPONSE
3 SAMPLES
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00031 °077500
00032'077500
00033'077720
00034'100020
00035'077620
00036'077300
00037'077240
00040°'077560
00041°100000
00042'077560
00043'077060
00044°076720
00045°'077340
00046100000
00047'077560
00050 °'076640
00051'076300
00052'077040
00053'100060
00054'077760
00055076440
00056075440
00057'076400
00060'100400
00061100720
00062°'076320
00063°073400
00064'074520
00065'103340
00066'114040
00067%117760
00070°'114040
000717103340
00072'074520
00073%073400
00074'076320
00075'100720
00076'100400
00077°076400
00100075440
00101076440
00102%077760
003103°100060
001047077040
00205°076300
00106'076640
00137%0%7560
00310°100000
00111°077340
00112°076720
©0113°'0%77060

3BPF3K,

BPFD1,

BPFD2

1B0~12.811
1B0-12.B11
1B0-3.B11
1BO+1.R11
180-7.B11
1B0~20.B11
1B0-22.B11
1B0-9.B11
1B0+0.B11
1B0-9.B11
1B0-29.B11
1B0~35.B11
1B0-184B11
1B0+0.B11
1B0-9.B11
1B0-38.B11
1B0~-52.B11
1B0-30.B11
1B0+3.B11
1B0=1.B11
1B0-464B11
1B0=-78+B11
1B0-48.B11
1B0+16.B11
1B0+29.B11
1B0-51.B11
1B0~144.B11
1B0-107.B11
1B0+110.B11
1B0+386.B11
1B0+511.B11
1B0+386.B11
1B0+110.B11
1B0-107.B11
1B0~144.B11
1B0-51.B11
1B0+29.B11
1B0+164B11
1B0-48.B11
1B0-78.B11
1B0-46.B11
1B0~-1.B11
1B0+3.B11
1B0-30.B11
1B0~52.B11
1B0~-38.B11
1B0-9.B11
1B0+0.B11
1B0-18.B11
1B0~35.B11
1B0-29.B11
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3BPF3Ks BPFD1, BPFD2

PAGE 3 OF 3
001147077560 1B0-9.81) }BPF3K CONTINUED
00115100000 1B0+0- 511
00116'077560 180-94B11
001177077240 1B0-22.B11
00120 '077300 1B0-20.B11
00121077620 1B0-7.B11
0061227100020 1B0+1.B11
00123077720 1B0-3.B11
00124077500 1B0-12.B11
00125077500 1B0-12.B11
00126077700 1B0-4.B11
00127100040 1B0+24B11
00130100020 1B0+1+811
00131077660 1B0-5.B11
L 001321077640 1B0-6.B11
- 001337077740 1B0~2.B11
- - 001347100040 1B0+2.B11
I 00135°100040 1B0+£2.B11
= 00136077760 1B0-1.B1}
¢ 00137077720 1B0-3.B31
. 00140°077760 180-1.B11
; 001417100040 1B0+2.B11
X 001427100040 1B0+2.B11
6 00143100000 1B0+04B11
s 00144677760 1B0-1.B11
y 00145100000 1B0+0+B11
: 00146°100020 1B0+14B11
ﬂ 001477100020 1B0+1.B11
. 001507100020 1B0+1.B11
K 001517100000 1B0+0,B11
s 001527100000 1B0+0. B4 1
« 00153'100000 1B0+0+B11
001547100020 1B0+1.B11 $END OF BPF3K
00155°000156° BPFD13 .+l JDATA STORAGE FILE |
a 000153 «BLK  107.
\
@ 00331°000332' BPFDE: 41 3DATA STORAGE FILE 2
o 000153 «BLK 107
« END $END OF BPF3K» 'Di,8& 'pg2
&
{
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BPF3K 000000°*
BPFD1 0001s5?
BPFD2 000331°"
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TR,
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BREE 5

MRTE T a T

Fade SRR AN,
EHABNETEILS SO
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L7
LRI

g

o S TR % AL

o oA | A oAt e =

60004
00005

00045
00046
00047
00050
00051
00052
00083
00054
00055
00056
00057
00060
00061
00062
00063
00064
00065
00066
00067
00070
00071
00072
00073
00074
00075
00076
000717
00100
00101

000004
000000
001400
000045
005200
005250
005264
005305
005503
005664
005703
005706
095763
005765
006012
006032
0056062
006124
177776
006153
000000
000000
000000
006355
006424
006473
006465
006562
006607
006621
006632
600005
000005

CHMASK:
DEAD:

CONVUe
CONVI:
CONVZ:e
COSINe
ARCTN
TODRV?
TOBUF¢
TIDRV:
TIBUF:
CHCOM:
CRDRV:
CIDRV:
CODRV:
AIDRV:
AIBUF:
DIDRV:
CLOCK:s

MASK:S

START:
ABENDS
DECPR?
OCTPRS
PRINTS
MULT:

MODSW:e
MDSET:?
RPROG:
BPROG:

«TITL

e ENT
o« ENT
« ENT
+ENT
¢ ENT
e ENT

«L0C

JMP
«LOC

« END

SUBPHK

CONVO, CONVI,
TODRV, TOBUF
CRDRV, CIDRV,
DIDRV, CLOC:,
START, ABEND,
MULT, MODS Vi,

CONVEs COSINS
TIDWV, TIRUF,
CODRVs AIDRVU,
CHMASK, DZAD,

DECPRs JCTPR,
t:DSET, RPHIOCs

ARCTYN
CHCOM™
AIBUF
4L SK

PRINT
PPRIOC

4
0

0> 3

45

5200
5200+50
5200+ 64
5305
5503
5664
5664+17
5706
5706+55
5765
5765+25
5765+45
5765+ 75
6124

-2
6124+27
ob

0

6355
6424
6465+6
6465
6562
6607
6607+12
660°7+12+11
DEAD
DEAD

-214-

sCURRENT PERIFERALS MASXK
;DLCAD SURBRDUTINE

3COVVOLUTION SURROUTINE
3ALDV INPUT VECTOR ONLY
#+ADV OUTPUT VECTOR O:LY
3CIOSIN SUPROUTINE ADDR
SARCTAN SUBROUTINE ADDR
3TTO DRIVER NADDRESS
sPRINT BUFFER ADDRESS
3TTI DRIVER ADDRESS
JREAD BUFFEE ADDRESS

3CH COMM SUBROUTINE ADDR
3CRI DRIVER ADDRESS

2CII DRIVER ADDRESS

3CS0 DRIVER ADDRESS

3ASI DRIVER ADDRESS

AAIU CUMM BUFFER ADDRESS
sDSI DRIVER ADDRESS

3AIU FRAME COUNTER

sCURRENT INTERUPT MASK
3START=-UP ROUTINE ADDR
$ABEND ROUTINE ADDRESS
3DECPR SUBROUTINE ADDR
30CTPR SUBROUTINE ADDE
sPRINT SUBROUTINE ADDR
32'S COMPL 16 BIT MULT
sMODSV SUBROUTINE ADDR
3MDSET SUBROUTINE ADDR
JREAL TIME PROGRAM ADDR
3BACKGROUND FROGRAM ADDR
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e

Qo #rerm -

G

[P

ABEND
AL BUF
AIDRV
ARCTN
BPROG
CHCOM
CIDRV
CLOCK
CHASK
copav
CONVE
CoNVI
CONVO
COSIN
CRDRV
DEAD

DECPR
DIDRV
MASK

MDSET
MODSY
MULT

OCTPR
PRINT
RPROG
START
TIBUF
TIDRV
TOBUF
TODRV

00007%

000063
000062
000051

noo1to1l
600056
000060
000065
000604
000061
060047
000046
000045
000050
000057
000005
000072
000064
000067
000077
000076
000075
000073
000074
000100
000070
000055
000054
000053
000052
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P

004000
000061
000060
000060
000060
000060
004363
000010
000010

- 000007

000007
000015
000014
000014
004470
000155
000154
000154

LPF1K:
LPFD1:
LPFD23
LPFD3s

'LPFD4:

LHRFE$
LHRFO$
LKFD1S
LHFDZ2:
HLRFI:
HLFDI1
HLFD2:
BPF3K?
BFFD1:
BPFD23

«TITL

« ENT
«ENT
« ENT

+LOC
«BLK
«BLK

" eBLK

«BLK
+«BLK
«LOC
«BLK
«BLK
«BLK
«BLK
+«BLK
«BLK
+BLK
«L0C
+BLK
«BLK

' eBLK

»END

IMPAC

LPF1K,
LHRFE,
HLFD1,

4000
49.
48»
486
48
48
4363
8e
8o
Te
Te
13.
12.
12.
4470
109.
108.
108,

-2)¢

LPFD1, LPFD2, LPFD3, LPFD4
LHFDls, LHFD2, HLRFI
, BPF3K, BPFD1, BPFD2

31.35 KHZ LPF IMP RESP

3LPF DATA STORAGE FILE 1
sLPF DATA STOR/CGE FILE 2
3LPF DATA STORAGE FILE 3
3LPF DATA STORAGE FILE 4

51:2 RESAMPL FLT IMP RES
;0DD TERMS OF ABOVE
3LHRF DATA STORE FILE 1
SLHRF DATA STORE FILE 2
3231 RESAMPL FLT IMP RES
SHLRF DATA STORE FILE 1!
$HLRF DATA STORE FILE 2

50.3-3.0 KHZ BPF IMP RES
3BPF DATA STORAGE FILE .}
3BPF DATA STORAGE FILE 2
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BPF3K
BPFD1
BPFD2
HLFD1
HLFD2
HLRFI
LHFD1
LHFD2
LHRFE
LHRFO
LPF1K
LPFD!
LPFD2
LPFD3
LPFD4

A A Ko A A St s i et

004470
004645
005021
004436
004452
004421
004403
004412
004363
004373
004000
004061
004141
004221
004301

e v e e e et e S AEeAcoAen A e aas
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BRI

RO
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e
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SAFE =

%3
*1
#1
a1
%6

*8
L X4

447007552 /000050
007551
007337
003761
177717

7553
7554
7555
7586

NMAX
Zuax

ABEND
AIBUF
AIDRV
ARCTN
BPF3K
BPFDI1
EPFD2
BPROG
CHCOM
CIDRV
CLOCK
CMASK
CODRV
CONVE
conVI
CcONVO
COSIN
CRDRV
DEAD

DEBUG
DECP:2
DIDRV
HLFDI1
HLFD2
HLRFI
LHFD1
LHFD2
LHRFE
LHRFO
LPF1K
LPFD1
LPFD2
LPFD3
LPFD4
MASK

MDSET
MODSW
MULT

OCTPR
PRINT
RPROG
START
TIBUF
TIDRV
TOBUF
TODRV

003761
0009050

000071

000063
000062
000051
0044170
004645
005021

000101

000056
000C60
000065
000004
000061

000047
000046
000045
000050
000057
000005
000200
ocno72
000064
004436
004452
004421
004403
004412
004363
004373
004000
00406}

004141

004221

004301

000067
000077
000076
000075
000073
000074
000100
000070
000055
000054
000053
000052
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6650
6651
6652
6653
6654
6655

6656

6657
6660
6661
6662
6663

6664
8665
6666

6667
6670
6671
6672
6673
6674
6675
6676
6677
6700
6701
6702

6703
8%04
6705
6706
8007
6710
6711

6712
86813
6714
6715
goL6
6717
6720

6721
8gaee
6723
6724
6725
6726
6727

NIOC CPU
LDA 0 +63
LDA 1 120
STA 1 +63
5TA 0 120
N1OS CPU

STA 3 121

LDA O ef20
MOVL 0 1
SUBR 1§ 1
STA 1 122
JSR e+77

JSR 0+76
070000
JMP 6730

LDA
LDAa
LDA
ADD
STA
Lba
NEG
STA
LDA
NEG
STA
LDA

120

123

122

0

+0 2
+4 2
0

+4 2
+5 2
0

+5 2
+1 2

OO0O0QCO0OO0O0O—O N

JSR 8+76
040000
JMP 6712
JSR e+45
004000
004061
JMP 6724

JSR €476
020000
JMP 6721
JSR @+45
004470
004645
JMP 6724

JSR @+45
004421
00443¢
NEG 0 O
Lba 2 120
STA 0 +1 &
JMP o121
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6120
8031
6732
6733
6734
6735
6736
6737

6740
6741
6742
6743
6744
8845
6746
6747

6750
B¥51
6752
6753
s8#54

6755
6756
6757
6760
6761

6762
88#63
6764
6765
8%66
6767
6770
6771
5%72
67173
6774

6775
8%76
6777
7000
$001
7002
7Q03
7004
$605
7006
7007

JSR 0476
107400

JMP 0181
LDA 2 120
LDA 1 124
LDA 0 182
ADD 1 O
STA 0 +0 2

LDA & +3 2
ADDOR 3 1
STA 1 +3 2
LDA 0 +1 8
JSR €+76
0777177

JMP 6724
Lba 0 +2 2

JSR 8+76
004000
JMP 6755
JMP 7010
000000

LbA 3 126
STA 1 126
SUBZL 0 1!
STA 1 127
SUBZL 3 0

JSR 8+76
001000
JMP 6775
JSR 0+46
004421
004436
LDA 0 127
J5R 0+45
004421
004436
JMP 7010

JSR 6+76
000400
JMP 7610
JSR 8+46
004470
004645
LDA 0 127
JSR 8445
004470
004645
ADD 0 O

-221-



7
R

AT B

W

T e A

T, Y Sl 2 G G

N 3‘
an LY e punedld

- 7010
L 7011
' 7012
7013

7014
: 3615

T e ™

ST T i 7 S | e e i T ST RS \ S

, 1015
¢ 7017
7020
7021

v A Y VR

7022
‘ $e23
7024
7025
3026

i 1027

7030

7031
. %032
7033

i
7034
7035
7036
7037
7040

. ’ 7041
, o042
7043
7044

!

, 7045
, 9046
/! 7047

7050

! 8051
7052
7053

7054
$055
: 7056

7057
7060
7061
7062
7063
7064

LDA 2.120

LDA 1 +1. 2. .
STA 0 +1 2

MOV 1 O

JSR @+76
002000

JMP 7022
MOVL 1 0
MOVR 1 O
JMP 7034

JSR @+76

001000 )

JMP 7031

JSR 08+45 *
004421

004452

JMP 7034

JSH e+45

. 004470

005021 .

LDA 2 120

LDA 3 130

SUB 0 3

STA 3 130 '
STA 3 +2 2

JSR 0+76
001777 ,
JMP 7057

SUB 0 0 .

JSR €+76
001000
JMP 7054
JSR 08+45
004421
004452
JMP 7057

JSR . @+45
004470
005021

LDA 2
LbA 3
SUB 0
STA 3
3
0

20
130
3
130
+3 2
121

STaA
JUP

© =222-



637007532
1007006650
1207007540
1237020000
1247060000
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TN

67%2

7070
$071
7072
7073
7072
7075
7076
7077

7100
7101
7102
$503
7104
7105
7106

7107
$£10
7111
7112
7113
7114

7115
7116
7117
7120
7121
7122
7123
7124
7125
7126
7127
7130
7131
7132
7133
7134
7135
7136
7137
7140
7141
7142
7143
7144

032514

JMP

JSR

7070

0+76

000360

JMP
LDA
LDA
LbA
ADD
STA

LDA

LDA
JSR

ADD
STA

JSR

0121

2 120
1 183

0 t2g

10

0 +0 2
0

1

126

i0
0 126

e+76

000300

JMP
JSR
STA
STA

Lba
LDA
STA
JSR
STA
LA
LDA
JSR
STa
LDA
LpAa
LDA
JSR
LDA
SUB
LbA
LDA
LDA
STA
JSR
LDA
ADD
LDA
STA

7207
@+50
0 127
1 130

2 120
2 +3 2
2 132
G+75

0 131
1 127
2 132
9+ 75

0 132
1 127
2 120
2 +2 2
6+75
131
0
120
+2 3
130
+2 3
8+75

1 132
10

2 120
0 +3 2

O =[O W re 4
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S e ol T mpte s

7145 LDA 1 185
g 7146 MOVZR 1 1
7147 JSR 0+76
$850 000240
7151 NEG 1 1
7152 LDA 0 126
7153 ADD 1 O
7154 JSR 0+50
7185 STA 0 187
7156 STA 1 130

P S

7157 LDA 2 120

5 - i e
PR 4
T T a8 T v Td Wy

7160 LDA 2 +5 2
7161 STA 2 132
7162  JSR @+75
e 7163 STA 0 131
§ ' 7164 LDA 1 127
5 7165 LDA 2 132
e 7166 JSR 0+75
T 7167 ST& 0 132
’ 7170 LDA 1 127
it 7171  LDA 2 120
§ 7172 LDA 2 +4 g
: 7173  JSR @+75
? 7174 LDA 1 131
; 7175 SUB 1 O
; 7176 LDA 3 120
¢ 7177 LDA 2 +4 3
} 7200 LDbA 1 130
¥ 7201  STA O +4 3
{ 7202  JSR @+75
B 7203 LDA 1 132
; 7204 ADD 1 O
! 7205 LDA 2 120
% 7206 STA O +5 2
; 7207 LDA O +2 2
B 7210 JSR 6+46
B $811 004421
¢ 7212 004436
, 7213 LDA 2 120
EC 7214 LDA O +4 2
, 7215 NEG 0 O
‘- 7216  JSR @+45
W 8917 004421
7220 004436
N 7221  JSR @+45
| $022 004000
> 7223 004061
8 7224  STA O 131
- -225-
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7883
7820
7887
8830
7831
7232
7233
7234
7235
8836
7237
7240
3841
7248
7243

7244
7245
7246
7247
7250
7251
7252
7253
7254
7255
7256
7257
7260
7261

7262
$8G63
7264
7265
$866
7267
7270
7211
7272
7273
7274
7275
7276

72717
£300
7301
7302
7303
7304
7305
7306

LbA 2 180
LDA 0 3 2
JSR 0+46
0044281
004452
LDA 2 180
LDA O +5 2
NEG O O
JSR 0+45
004421
004452
JSR 0445
004000
004141
STA 0 132

LDA 0 126
JSR 8+50
STA 0 127
LDA 2 132
JSR es75
STA 0 132
b 1 127
LDA 2 131
JSR 0+75
LDA 1 132
ADD O 1
LDA 2 120
LDA O +1 2
STA 1 +1 2

JSR 8+76
000300

JMP 7307
JSR @+45
004470
004645
LDA 2 120
LbAa § 123
ADDZL 1 O
STA 0 +2 2
SUB 0 O
STA 0 +3 2
STA 0 +5 2

JSR} 8+45
004470
004645
LDA 2 120
Lba 1 123
ADDZL 1 O
STA 0 +4 2
JMP 8121
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7307
7310
7311
7312
7313
7314
7315
$816
7317
7320
7321

$922
7383
7324
7325
7326
8927
7330
7331

7332

7333
7334
7335
7336
$237
7340
7341
7342
$943
7344
7345
7346
7347
$850
7351
7352
7353
7354

STA 0 130
LDA 0 126
JSR 0450
LDA 2 130
STA 0 137
JSR @+75S
JSR 6+45
004000
004221
ADDZL 0 O
JSR 8+45
004363
004403
LDA 2 120
STA 0 +3 2
JSR 8+47
004373
004403
LDA 2 120
STA O +5 2

LDA 1 127
LDA 2 130
JSR 0@+75
JSR 8+45
004000
004301
ADDZL 0 O
JSR 0+45
004363
004412

LDA 2 120
STA 0 +2 2
JSR 0+47
0043173
004412
LDA 2 120
STA 0 +4 2
JMP 6121
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6731
6763

7012
7013

7046
70617
7072

7360
7361
7362
7362
736 °
7363
7366
7367

73170
7371
7372
7373
7374
73175
7376
7377
7400

7410
7411
7412
7413
sal4
7415
7416
$817
7420
7421
saz22
7423
7424
7425

107403
001003

JMP 27013
007450

001003
001003
007410
JMP @7067

LDA 1 131
INCR 1 2
ADDZR 0
STa 1 131
MOVR £ £
NEG 0 0

SUBR 0 0
JuP +0 3

LDA 1 {32

MOV 1 1 SNR

INC 1 1
INCR 1 O
MOVR 0 O
SUBCR 0 O
ADDZR 0 1
STA 1 132
JMP +0 3

JSR 7370
LDA 1 123
ADD 1 ©
JSR 8+76
000004
JMP 7424
JSR 0+45
004363
004403
JSR e+45
004421
004436
LDA 2 120
STA 0 +1 2



v 7426 #OVL O O
' 7437 SUBCR 0 O
t 7430 JSR 7360

} 7431 LDA § 123
7432 JSR €+76
$433 000004

: 7434 LDA 1 124
, 7435 ADD 1 O

‘ 7436 STA 0 8120

7437 JSR 8+47
$840 004373

1 7441 004403

! 7442  JSR 0+46
gea3 004421
7444 004436
7445 JMP 6121

7450 STA O +1 2
7451  JSR 9+76

; 3452 000003

g 7453  JMP 7473

y 7454 MOVL 0 O
] 7455 SUBCK 0 0
:; 7456 JSR 0+76
{ ‘ gas57 000001
o 7460 JSR 7360
‘ 7461 LDA 1§ 124
®, 7462 ADD 1 0
; 7463 STA 0 9120

7464 LDA O 128
7465 JSR 8476
8066 000001

\ 7467 JSR 7370

g 7470 LDA § 7476

p 7471 MOVL 0 O SNC
7472 NEG 1 1

‘ 7473 MOV 1 O
‘ 7474 JMP 07475
$475 007014
- 7476 040000
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