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| INTRODUCTION

This paper describes a Foriran IV simulation study of the all-digital phase-
processing circuitry designed by the NASA Omega staff of the Ohio University
Avionics Engineering Center. A digital phase-lock loop (DPLL) forms the heart
of the Omega navigation receiver prototype. Through the DPLL, the phase of the
10.2 KHz Omega signal is esiimated when the true signal phase is confaminated
with noise. The study has provided a convenient means. of evaluating loop per-
formance in a variety of noise environments, and has proved to be a useful tool for
evaluating design changes.

The DPLL uses a frequency synthesizer as the reference oscillator.

The synthesizer is composed of synchronous rate muliipliers (SRM's) driven by a
temperature-compensated crystal oscillator (TCXO). Use of the SRM's in this
application introduces phase jitter which degrades system performance. Simulation
of the frequency synthesizer is discussed in Part 111 of this. paper.

The goals of the simulation were fourfold:

A. To analyze the circuiis on a bit-by-bit level in order to evaluate the
overall design;

B. To see easily the effects of proposed design changes prior to actual
breadboarding;

C. To determine the optimum integration fime for the DPLL in an environ~
ment fypical of general aviafion conditions; and

D. To quantify the phase error infroduced by the SRM synthesizer and:

examine its effect on the system,



Il THE DIGITAL PHASE-LOCK LOOP

A. Introduction. DPLL's have been the subject of infense study in the past
few years (4,6,7), Application of phase-lock techniques fo digital systems has
led to loop filters of first, second, and higher orders. The DPLL described in this
section is a first-order loop which stores information about the relative phase dif-
ference between the local oscillator and the input signal.

B. Description of Circuit. The DPLL follows closely the ideas of

J.M. Clark(l), first presented in 1968. The DPLL presenily in use at Ohio
University is esser;ﬁaiiy a highly adapted version of his digital phase fracking
filter. A detailed discussion of the loop circuit operafion is given by Chamberlin®),

The circuit employs a 6-bit counter which c'ycles once every 64 pulses
of the 652.8 KHz clock (see Figure 1). This counter therefore cycles af a rate of
10.2 KHz (z652.8 KHz ¢ 64). The number in the counter is compared continuously
fo the six most signif icant bifs in the up-down counter, which is in turn fed by the
phase detector. During the brief period when the numbers In fhe- two counters are
bit-wise idenfical, the ouiput of the comparator goes to the logical 1 state. Al-
though the durafion of this pulse may vary, the uni-directional counter generally
advances af a much faster rate, indicaking a pulse width of 1/652.8 KHz, or
approximately 1.5 usec. This pulse is used to trigger a monostable, creating a
window whenever the contenis of the two registers are identical.

When viewed through this window, the zero crossings of the incoming
signal are seen to be either leading or lagging in relative phase. When a lag is

indicated, the up-down counter receives a down-count command, and the next



window is created earlier in fime. In this way the edge of the window gating
function is brought more and more closely info coincidence with the zero crossings
of the true Omega signal. Similarly, when a phase lead is indicated, count-up
commands cause the window to be created later in fime.

When lock is obf;::ined, the six most-significant bits in the bi-directional
counter represent the relative phase difference between the input frequency and
the local oscillator (LO). The LO can be considered as a 10.2 KHz clock, whose
zero crossings coincide i;1 fime with the zero-count of the é-bit counter.

C. The DPLL as a Cross-Correlation Device.  In a cross~correlation type

receiver scheme, two signals are combined to give a d.c. level by first delaying
one signal in time, multiplying their resulting signals, and integraiing or lowpass
filtering (see Figure 2). To see how the DPLL performs this sume function inan
all-digital sense, It is first necessary fo view the circuit operaiion under no-noise
conditions. Under these conditions there is no phase sl;iﬂ’ due fo noise perfurbations,
nor is there a Doppler shift. The only phase error is then due to initial phase dif-
ference af furn-on.

Assume that Ti‘le initial phase difference is such that a count-up command
is given to the up—down counter. If N biis are being integrated, there will be a
delay of 2N up~-count commands before the comparator logic "sees" a difference
in time between successive occurrences of identical numbers in the two counters.
The time delay in such a case is (2N/10.2 X 103) seconds. This integration -
performs the low-pass filtering operation of h(t) in Figure 2.

The output of the comparator, é, is the estimate of the Omega signal

phase, ©, . When lock is obtained, 8= 8, , and the binary number contained
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in the six most significant bits of the up~down counter is the phase difference,
analogous to the d.c.level obtained in an analog cross—correlation device,

D, Description of the Simulation. The digital nature of the circuit

indicated the use of the digital computer as the most convenient simulation tool.
Since the circuit was already built and was, in fact, yielding phase informaiion’
which compared favorably with the Tracor series 599R receiver used for conirol-
group dafa collection purposes, the circuit model was wholly deterministic.

The generation of zero~crossing information for the Omega signal in
noise, however, was necessarily stochastic in nature. A complete description of
the signal-generating procedures is given in Part I1 E,

CORDET is based on the fechnique of periodic scanning; that is, each
portion of the DPLL is observed and updated with each clock pulse, significant
information about the state of the system is recorded, and the process is repeated,
In the case of CORDET, the significant information includes. the states of all logic
cireuit elements, including phase difference information referenced to a local
oscillator, The phase information is, of course, of primary imporfance in an
Omega navigation receiver. The ability fo compare the DPLL output with the true
phase of the simulated Omega signal, and to provide graphical output, ‘qre ad~
vantages of a computer simulation over a laboratory hardware experiment. A
user's fechnical description is provided in Appendix A.

E. Signal Input Simulation. Since the receiver front end provides a

15~Hz bandwidth narrow-band filter, the derived phase information can be con-
sidered fo result from a noise-plus-signal input fo a narrow-band system.,

The composite input signal can be expressed as



glt) = ft) + A cos (et + ¥ (1)
where w s the center frequency of the filter, and (1) is the narrow-band

noise process

f(t) = E(f) cos (wmf + g(1). (2)
(3)

It can be shown' ' that the amplitude process E(t) is Rayleigh distributed,
while the phase process g(t) is uniformly disirubuted on the interval (0,277).
Now, f(f) can be written in the form defining its quadrai'ur;e com-
ponenis,
f(r) = N1(1') cosw F + Ny(f) sin w 1 (3)
where Nj(f) and Nz(f) are independent Gaussian processes(3).
From equation 1, g{) may be expressed as
a(f) = f(£) + A cos}f’cos w f T Asin¥sinw t. (4)
Substituting for f(), and using
cos {a + b) = cos a cos b - sin a sin b,
we have
g(t) = (N]('r) + A cos¥) cose t + (Nz(f) + A sin }i‘) sinw . (5)
Equation 5 may bs put in the form
g(f) = R{) cos(w 1 + O() )
where
RE) = {[N](’r) + A COS}U]2 + Ny® + A sin}b’]zg 2 7)
and

N2(i') + A sin }ff
S{t) = arctan C))

Ni (£} )+ A cos ‘)V




Equation 8 is therefore the input phase representation to the phase
detector, where N! {t) and Nz(f) are _sfaﬁsﬁcolly—independenf Gaussian white
noise processes with zero mean and unit variance, and A s the normalized signal
amplitude. In general ,}kcan be a function of time to represent the Doppler
shift in the dynamic case. At speeds less f’ncn:: Mach I, however, the Doppler
shift is well below the 5.06° (1/64 of a 10.2 KHz cycle) quantizing inferval of -
the DPLL, and so ?’can be considered constant over the sampling inferval,

A block diagram of the noise input phase simulation is given in

Figure 3.

F. Conclusions. In determining the optimal integration fime of the first

order loop, consider the case of a small aircrafi in a noisy environment. As
the time-multiplexed Omega transmission sequence progresses, the aircraft will
change position between successive fransmitting time intervals of the 10.2 KHz
frequency. For an aircraft flying a course coincident with a station pair base-
fine (worst case), the change in posifion will amount io 12° of 10.2 KHz phase
at a speed of 200 mph, conservative for private aircraft. For this reason, step
phase inputs of 12° were taken both in a noise environment of 10 decibels SNR
and in the no-noise case.

To determine optimal infegration fime, phase error af the end of the
625 msec. sampling interval is plofted vs. infegration time in Figures 4 and 5.
As could be expected, the best integration fime in noise is one which is as long
as possible without leaving o residual phase error at the end of a sampling interval
in the no-noise ccse. For circraft af 200 mph, 0.1 sec., or 10 bits of integration

proves fo be opfimal.
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I SRM FREQUENCY SYNTHESIZER

A. Introduciion.  Many applications in communications and navigation
require synchronous signal defection using a lr;cq! oscillafor with high stability,
and atnon-standard frequencies. For example, most Omega navigation receivers
operating in hyperbolic mode require that a local oscillator (LO) at some integral
multiple frequency of 40.8 KHz be used for detection. The 40.8 KHz frequency
is the least common multiple of 10,2 KHz and 13.6 KHz (i.e., 4 x 10.2 and
3 x 13.6). These are two of the three frequencies broadcast by the Omega system,
the other being 11.333 KHz.

The Omega receiver profotype under development at Ohio University

)

uses a LO frequency of 2.6112 MHz (64 x 40,8 KHz) It is required ’rl.'xai'
the LO have a long-term stability of at least one part in 107. To meet this
requirement the LO musi be of the femperature-compensated crystal oscillator
type (TCXO). Since 2.6112 MHz is nof a standard-frequency crystal, and
special cutting of the crystal would be expensi.ve, it was decided fo synthesize
the required ‘Erequéncy from a 5 MHz TCXO standard. The synthesized 2.6112 MHz
frequency is then divided by 4 and the resuliing 652.8 KHz wave (64 x 10.2 KHz)
is used as the reference in the digital phase-lock loop described in Part IT A.

Use of the 5 MHz TCXO reduces the problem of long-term drifi in the
LO, but a new shori-term phase jitter is introduced by the frequency synthesizer.
This phase jitter, seen as addifive noise when referred to the input signal off

the air, must firsi be quantified before system degradation and design improvements

can be evaluated.

~10-



B. The SRM Synthesizer.  Rate multipliers have been in use in discrefe

(9)

form for several years "/, and recently (1972) programmable versions have become

available in integrated-circuit form{! 3). Rate mulfipliers are essentially counters
which count modulo-N. When supplied with appropriafe'logic circuitry, the
counter will gate clock pulses in o predetermined sequence, effectively. muliiplying
the input clock rate by a factor of M/N, where M is determined by the programming
circuifry.

Literature concerning synchronous rate multipliers (SRM's) appears to be
scarce, although the design employed by the Avionics Research Center staff at
Ohio was inspired by references 9,10, and 11. The s}nfhesizer utilizes the
SN 74167 Decimal Rate Multiplier (DRM) manufactured by Texas Instruments.
Each DRM multiplies the input frequency by M/10, where M can be programmed
to any integer from 0 through 10.

A block diagram of the frequency synthesizer is shown in Figure 6.
It consists of a 5 MHz TCXO followed by a chain of DRM's. The DRM chain
is programmed in binary fo multiply the inpufrate by .52224. ‘Thai' is, when-
ever 10° clock pulses enter the chain, 52,224 pulses are produced at the
OR-gate output. To be able to calculate phase jitter in the output, it is clear
that the sequence of pulses produced by each DRM must first be known, A

FORTRAN computer program was written to determine the DRM outputs.

C. DRM Simulation. Each DRM is composed of four T-type flip-flops

and accompanying control logic gates (see Figure 7). Using the truth table
associated with each of the logic elements, a program was writien for the {BM

System 360 computer using FORTRAN logical variables. The program, which

-11-



—Zl..

5 MHz
TCXO

BINARY-CODED DECIMAL RATE MULTIPLIERS

2

2

2

2.6112 MHz

4

64 % 10,2 KH=z

Figure 6.

64 x 13.6 KHz

DRM Frequency Synthesizer.




L
i

__@D_g

Set to #9 [ >
Clear | :

Clock
S
trobe o /

Enable
0 @ Qutput
Y Q 'Jt_ﬁe nooy $
L/ aflH
Preset Prése’r@
(N e I e
G L i T
Clear @ Clear "D
G X Qd i
Clear © Clear
[®]
&
& @
| I
. 9 1
Rate Rate Rate _.f__‘ Rate ——j_—‘
Input D Input C fhput B

Unity/Cascade Input

Z Output

Figure 7,

@ Y Qutput

Functional Block Diagram of SN 54167/SN 74167 Synchronous Decade Rate Mulfiplier.



takes 10 seconds to execute, is listed in Appendix B.

The results of the computer model are summarized in F-?gure 8. From the
timing diagrams it is evident that programming the DRM inputs serves only o
delete certain of the clock pulses. When the DRM’s are cascaded in order to
multiply by a longer decimal fraction, pulses are added whenever the ENABLE
line fo lower~order stages go;as LOW. As seen from the ENABLE ouiput in
Figure 8, this can occur only 1-°or a period of one clock pulse in every ten.

Note that the outputs determined by the simulation are ideniical to those
produced by the circuit in fh.e laboratory. Programmings of 5, 2, and 4 are shown
in Figure 9. Results for all programmed inputs of Figure 8 were in agreement
with laboratory observations.

It is also evideni that the first stage in the DRM chain will determine the
worst case for phese jitter. For excmp!e, when the DRM is programmed fo mul-
tiply by .5, the cutput will be the train of pulses shown in line 5 of Figure 8.

The leading edge of the second pulse in this train will be two clock periods from
the corresponding edge of the first pulse, the third pulse will be only one period
from the second, the fourth again two periods from the fhi;'d, and so on. Note
that the iime difference between the last of the five pulses and the first of the next
train will be three clock periods. During this part of the pulse train, the ENABLE
gate to succeeding stages goes LOW, and a pulse may be inserted by one of the
following DRM's,

D. Cascaded DRM Simulation.  The computer was programmed fo keep

track of the number of oscillator pulses which occur between output edges of a

series of cascaded DRM's, Summing the number of occurrences of each gives

14~
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information which can be translated info a mean-squared-error figure for phase
jitter. The program SYN, which simulates the DRM chain, when programmed to
multiply by .52224, is given in Appendix C.

Since the first DRM will determine worst~case output in ferms of phase
jitter, it is not sutprising that in this case there are three possible time differences
between outpuf pulses. In ferms of the oscillafor period, the fime be:';ween oufputs
is one, two or three periods. These results are summarized in Figure 10,

E. Realization of Omega Frequencies.

1. Post-division by 4. In order o obtain a frequency of 652.8 KHz

from a 2.6112 MHz source, division by 4 is required. This division can easily
be performed by a pair of flip-flops. Using the SYN program with post-division
by four (see Appendix C), it was determined that four distinct time differences
between output pulse edges are produced, os seen in Figure 11, Calculating the

weighfed mean of these pulse occurrences in time gives:

5 = 2 (output pulses) x (number of clock pulses between output edges)

<, output pulses

= (4448 x &) + (16672 x 7) + (23328 x 8) + (7776 x 9)
52224

= 7.65931 clock pulses.

As a check,
Fin (clock pulses/second)
= Fouf
X (clock pulses)
5 ]06
ot DX 2 = 452 .8 KHz (=10.2 KHz x 64)
7 .65931

as expected.

-17-
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lines represent frequency of accurrence of
oufput pulses.
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The weighted mean can now be used to calculate mean-squared error,

Z(ﬁme difference between pulse ) 2 .
occurrences and weighted mean x {number of pulses)

2
&
7 output pulses
or, 5 P
g° = {[.65931 - 7.00000)7) x 16672
+ [(7.65931 ~ 6.00000)77% x 4448
2
+ {(8.00000 - 7.65931)+]" x 23328
2
+ {(9.00000 - 7.65931)7]" x 7776 ¥ = 52204
= .6927712
where:
1
T = - :
Fin
For a 5 MHz clock,
2
=2 _ 1 B 142
€ = 69277 ——— = 2.77%x 10 sec.,
5x 10

2. Post-division by 8. Since the mean-squared error figure is o

function of the clock period, it is a reasonable hypothesis to suppose that reducing
the period will result in reducing the mean-squared error.  To test this hypothesis,
the S‘;’N program was modified to perform post-division by 8 (see Appendix C),

and a 10 MHz clock was assumed. The resulting output, illustrated in Figure 12,
shows five possible positions for the resuliing output pulse in terms of the inp;ﬂ' |
clock period. The weighted mean of the output is 15.31857 clock pulses, which

yields an average frequency of

10 MHz

1537857 = 652.8 KHz,

~20-
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-15 2
as expected. Mean-squared error in this case is 3.12 x 10 ] 'sec. , an

improvement of an order of magnitude over the divide-by~four case.

3. Pre-division by 4. As a point of reference, it is insiructive to lock

at the ouiput produced by the DRM chain when driven by a 1.25 MHz clock, or
a 5 MHz TCXO divided by 4 (Se= Figure 10). The weighted mean in this
case is 1.91483 clock pulses, resulfing in a mean-squared error of 2.41 x 10_13 sec:.2

F. Conclusions. In the case of the DRM synthesizer used in the Omega

receiver profotype at Ohio University, this study has shown thai significant
reduction in phase jitier, and a corresponding reduction in the error introduced
info the system, is possible by doubling the TCXQ frequency at the input and

dividing by 2 at the output. These results are summarized in Table 1.

. Ratfe 2 Percent
In Multiplication € Improvement
i 5 MH=z +4x 52224 2.41 % 'IO--.I 35e02 ——————
I 5MHz . % W52224 £ 4 2,77 x 10"14 sec:2 1~ 88.5%
Iy 10 MHz X 52224 8 13.12x 10710 sec? 1-11} 98.7%
[I-[i1 88.7%
_ 2 _ 2
& - &
(Percent Improvement = 2 1 x 100%) -
- 2
€ 1

Table ¥. Phase Jitter Produced by Three DRM Synthesizer Configurations,

Dividing the frequency of the DRM synthesizer output by powers of 2
results in successively larger numbers of possible positions for the output pulse

edges in terms of TCXO clock periods, |t is difficult, therefore, to prove a

20



general theorem relating circuit configuration to resulting phase jitter. However,
for a given system, the following rules of thumb for programming the DRM's can
be observed:

1. Remember that the first stage determines worsi~case phase
jitter, Therefore, pick as high a programming number as
possible for the first stage.

2,  Successive doubling of the input frequency and corresponding
division by two at the output of the DRM chain has been
observed to reduce phase jitter.

In an applicaiion where reduction of phase jitter is critical, simulation of the system
is not difficult using the fechniques described in this paper.

G. Recommendations. Frequency synthesizers utilizing rate multipliers

hold great promise for use in digital systems where the inherent phase jitter can be
tolerated. Applications in digital phase- and frequency-lock loops (16) appear
to be especially useful, When programmable versions lil;e the SN 74167 are
employed, added versatility is possible. For example, if it is desired fo navigate
with the 13,6 KHz frequency in the Omega system, a simple programming change
in the synthesizer will yield the proper clock rate for driving the DPLL. Noting
ﬂ'ﬂ;ﬁ' the ratio of 10.2 KHz to 13.6 KHz is 0.75, one could program the ratre
-muliipliers to 52224/0.75 = 69632 and arrive at the desired 64 x 13.6 KHz rate.
(The 11.333 KHz frequency, however, is not s easily accessable.)

Care must be taken when using the synthesized frequencies derived from
SRM chains in analog applications. For example, since the synthesizer described

here is periodic in 105 input clock pulses (or 10 msec. for a 10 MHz clock), on‘!y
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harmonics of 100 Hz will be present in the output. Changing the phase jitter will

alter the relative power contained in these harmonics.

IV GENERAL CONCLUSIONS

A.  Phase Jitter as Noise.  The graphic illustrations of phase jitter shown

in Figures 10, 11, and 12 can be interpreted as probability densify funciions (pdf's)
when the height of each line, 1.e., the number of pulse edges occurring at each
position, is divided by the tofal number of pulses. The probability that a pulse
edge will occur within the limifs of the discrete envelope then will be unity. Al-
though the phase process is not truly random ot the ouiput of the synthesizer, such
a density funciion will describe the position of the output pulses when observed

af random instants of fime.

In the Omega applica tion described in this paper, this density function for
phase noise can be referred fo input since the phase detector used in the DPLL sees
only relative phase difference between the received signal and the reference
oscillator. Theoretically it then would be possible o obtain a signal -to-noise
figure with phase jitter from the frequency synthesizer treated as added noise on
the incoming Omega signal. Resulting system deéradc:ﬁon could then be translated
into a lower signal~to~noise ratio (SNR) in the signal off~the-air. This approach
toward analysis has several shortcomings, as discussed below, l

Since the signal off-the-air is band-pass filtered, we can again apply the
theory of noise in narrowband systems with added sinusoids to describe the prob-
ability density function for phase. In particular, when the noise input is white,

(12)

it can ba shown that:

04
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Figure 13. Phase pdf for sinusoid-plus-white noise in a narrowband system.

2 2
-—s L3
q(0) = e " 5 cos B e-szsm26 I:} + erf(s cosB)]
2 T
@)

. N ,
Where: erf x = 2 f e’ dy
4}

N|=
I

T
52 = power signal-to~-noise ratio (SNR).

This density function is skefched in Figure 13 for © =9 and increasing
values of s. Note that when the signal vanishes, the phase is uniformly dis-
tributed over the inferval 0 to 2% . As the noise level approaches zero, q(8)
approaches the delta function ot © = 74,

If one wants to speak of the confamination caused by synthesizer phase

jitter in terms of o lowered apparent SNR, he must fit the empirically-obfained

pdf to the pdf of equation (9). Several immediate difficulties preclude this
-25-



approach.

First, the empirical phase pdf is discrete, not continuous, In the
general case, even the centour of its envelopeneed not maich any curve described
by equation (9). Therefore, since equation (9) was derived for band-limired
white noise (the usual case), we would assume that a phase pdf of the discrete
form had been produced by some other noise sourcé.

It is apparent that any signal~to-noise ratio which would result from
relating equation (9) to one of the empirical pdf's would have a meaning differ-
ent from the one familiar to the des.ign engineer. Such a SNR would describe a
synihetic pseudo-noise source with no countérpart in atmospheric channel noise.
For this reason it would be more useful to formulate a figure~of-merit for a
synthesizer with given empirical phase pdf.  One would then attempt, through
careful design, fo optimize this figure of merit.

In digital applications of rate multipliers, it is desired that the
empirically-determined pdf be distributed over as narrow a phase interval as
possible, The MSE value of deviation from the mean, when used as a figure of
merit, has the advantage of penalizing large phé:se excursions more than small
ones. When there is no phase jitter, the MSE is zero and the density function
becomes the delta function at the mean., Adopting the MSE as the gauge with
which to measure phase jitter, the designer should attempt to minimize MSE.

B. Phase Jitter Relative to Omega Applicaiions. How great an effect

the MSE has in degrading the performance of a given system depends on the par-
ticular application. In the case of the digital phase lock loop application for

. which the synthesizer design was developed, it is clear that phase jitter will have’
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no effect on the system while the Omega signal phase lies outside the interval
embraced by the pdf of the synthesizer. Once the pdf overlaps the Omega signal
zero crossings, however, the phase detector will begin to give erroneous out~
puts to the tracking filier. The effect of this phenomenon will be to increase

the lockup time of the DPLL, making it desirable to minimize MSE in the syn-
thesizer,

After the loop has attained fockup, the phase jitter will drive the loop
out of lock if the pdf is not symmetrically centered about the lock point, or mean.
For example, after lock is attained in the pdf of Figure 12, the position of |
Omega phase will coincide with the weighted mean. If we consider the pdf to
be the result of a random process, then 68% of the time the clock pulses will arrive
too soon af the phase detecior, and 32% of the time they will arrive foo late.

On the average, then, the loop will be driven out of lock twice as often in one
direction as in the other.

To completely determine the parameters of this process would require
a dynamic mating of the SYN program and the CORDET simulation of. Part 11,
However, the present study reveals that the error will be no more than the least
significant bit in the bi-directional count register. This is frue since the interval
spanned by the synthesizer phase pdf is less than 1 .53 psec, which is the minimum
time inferval the phase can be advanced or retarded at the comparator output.
The net effect of the phase jitfer in the present system therefore, is fo introduce
a possible one-bit uncertainty.

This least significant bit represents 1/64 of & 10.2 KHz lane. Examination
of Omega lane geometry in North America reveals that in no case is it necessary

to use station pairs which produce lanes of more than 30 nm separation (15). An
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error of 1/64 lane is the worst—case equivalent of less than 0.5 nm. When the
major emphasis is on producing a low-cost receiver, this error can be considered
acceptable until such time as TCXO's are commonly available in frequencies

compatable with Omegeo.

~28-



vV  ACKNOWLEDGEMENTS

The author gratefully acknowledges the assistance of NASA which funds
research on Omega at Ohio University; Dr. Richard H. McFarland, Project Director
at the Avionics Engineering Center; Mr. Ralph Burhans, Project Engineer; and
Dr. Robert W. Lilley, Staff Consultant. Additional ‘assistance was provided by
Don Seyler, Student Intern; K. A. Chan"aberlin and J. E: Grov.er, Graduate
Assistants; D. G. Herold, Staff Engineef; and Dr, J. E. Essman, Assistant Chairman,

Department of Electrical Engineering of Ohio University.

iy Lo



VI REFERENCES

(1) Clark, John M., "Aircraft Navigation Using Omega", 1EEE Transactions
on Aerospace and Electronic Systems, Vol. AES-5, No. 5, September, 1969,

(2) Chamberlin, Kent A., "The Memory-Aided Phase~Locked Loop, " paper
presented at the Second Omega Symposium, 1ON, Washingion,D.C.,
November 7, 1974,

(3) Thomas, John B.,Statistical CommunicationTheory, New York, John Wiley
& Sons, Inc., 1969,

4) Weinberg, A. and B. Liu, "Discrete time Analyses of Nonuniform
Sampling First- and Second-Order Digital Phase Lock Loops, " IEEE
Transactions on Communicaiions, Vol. COM-27, No. 2, February, 1974.

(5) " Garrett, P. H., "Optimum Adaptive Phase Estimation Receiver for One-
Way Ranging Aircrafi Navigation, " Technical Report ECOM-0284-5,

United States Army Electronics Command, Fort Monmouth, N.J.,
October, 1972,

(6) Garodnick, J., et al., "Response of an All-Digital Phase Locked Loop, "
IEEE Transactions on Communications, Yol. COM-22, No. 6, Juns, 1974,

(7) Gupta, $.C., "Phase-Locked Loops," Proceedings of the IEEE, Vol, 63,
No. 2, February, 1975.

(8) Lilley, R.W., "Binary Processing Concepts for Omega Receivers, "
Proceedings of the Second Omega Sympesium, 1ON, pp. 160-167,
Washington, P .C., November, 1974,

)] Micro Insirument Company, "Instruction Manual Mode! 1107 Omega
Navigation Receiver, " 12901 Crenshaw Boulevard, Hawthorne, CA 90250.

(10) Small, G.W., "Synthesis of the Musical Scale Using Noninteger
Frequency Division, " Journal of the Audio Engineering Society, Vol. 21,
No, 4, May,1973.

(1 Small, G.W., "Rate~feedback Binary Counters in Musical Scale Generation, "
Journal of the Audio Engineering Society, Vol. 21, No.?, November,1973,

(72)l Schwartz, Mischa, Information Transmission, Modulation and Noise,
McGraw-Hill, 1959, New York, N.Y.

(13) The TTL Data Book , Texas Instruments, Inc., Market Communications
Department, Dallas, TX 75222.

-30-



(14).

(15).

(16)

Palkovic, R.A., "Computer Program CORDET", Technical Memorandum
NASA 14, Avionics Engineering Center, Ohio University, Athens,
Ohio 45701, November, 1974,

Sectional Aeronautical Chart, National Ocean Survey, Distribution
Division (C 44), Riverdale, MD 20840,

"MSI1/TTL Integrated Circuits from TI", bullefin #CB-12, Texas Instru-
ments, tnc., Dallas, TX 75222, 1972,

~31-



Vil APPENDIX

~39-



A, COMPUTER PROGRAM CORDET.

1. -General Description.

CORDET is a logic simulation of the ;:tlf-—digii'ai phase-lock foop (DPLL)
presently employed in the Omega receiver protofype.

Output provides graphic display of the timing diagrams of the circuit,
plots of phase difference vs. time, and a histogram of pl‘qase difference between
the DPLL output and the obieci‘-—lock frequency.

Provisions have been made to vary the number of bits of infegration, the
signal~to-noise ratio of the input signal, and the initial phase difference between
the DPLL oufput and the objeci-lock frequency.

2. Capabilities and Limitaiions.

a. The program assumes the presence of a local oscillajor in the circuit
with a frequency of 64 times the object-lock frequency.

b, Compile and load time is 15 seconds. Execute time is approximately
0.15 seconds per cycle of object-lock frequency specified {(when only phase differ-
ence and histogram are plotted).

c. Approximately 21 x 103 bytes of storage are used.

d. Subroutines HISTG and RANDNR are called from the Ohio University
computer center request-call library. RANDNR uses the multiplicative congrueniial
method of pseudo-random number generation. HISTG is a plotting subroutine.

3.. Technical Description.

Language: FORTRAN 1V
Number of arguments: 11
1. Data card 1: NCYC, MNUMB, NNUMB,

DCYC, DELPHI, NOISE, A

-33~



Mode:

2. Data card 2;

Mode:

3. Data card 3:

Mode:

Argument definitions:

INTEGER (1,2,3,6,),

REAL {4,5,7)

D, PHA, HISTOG
INTEGER

TITLE
ALPHANUMERIC

NCYC ~ is the number of object-frequency cycles to be

considered.

MNUMB - is the number of bits in the up~counter.

NNUMB - is the total number of bits in the up~down counter,
DCYC - is the duty cycle of the monostable.
DELPHI - is the iniiial phase difference in degrees of lag
(DPLL output lags input).
NOISE - is zero for no-noise case, 1 otherwise.
A - is voltage signal-to~noise ratio in rational number form
(not db).
™ ~ is 1 if timing diagram are desired, 0 otherwise.

PHA -~ is 1 if phase difference vs. fime plots are desired,

0 otherwise.

HISTOG - is 1 if histogram is desired, O otherwise.

TITLE

is title for histogram plof.

Figure A-l represents the positive-logic implementation of the DPLL.

CORDET performs one pass through a DO-loop for each pulse of the

64 x 10.2 KHz clock. New values for the logical variables indicated in the dia-

gram are assigned on each pass, Design changes in the circuit will, of course,

necessitate changes in the logical statements in CORDET's main program.
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Figure A~1. Positive~Logic Implementation of the DPLL.

4, Program Lisiing and Sample Ouiputs.
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MONBS ¥ CFBAB 00274 E~MONDS OFRAS )
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£—  ~———————INITIATE AND DIMENS JON———————
y INTEGER*Z REFsB(24),INDI +NSs TD»PHA LHISTOG
INTEGER PHADIF,PHI{550)
LOGICAL LMOND,UP, INDLOC,UREE.DNJLOMEGA, [ND+LMONC2,EXPOMEGA
C— mem———M AND AN MUST BFE DIMENSIONED TO 2*(2""*MNUMB)+1
LOGICAL%=]1 OM{129).: AM{129)
DIMENSICN ARRAY{(650Q)
EX = JFALSE.

LMOND2 = FALSE. T “-
INDLQC = .FALSE. .
POMZGA = +FALSE,.
READ {1+13) NCYC,MNUMB,NNUMB.,.DCYC, DELPHI;NOIS?;

13 FORMAT {(3I15,2F10.2,12,F5.2)
"READ (1,14) TD.PHALZHISTOG

14 FORMAT (31I5)

C— e THETA IS INITIAL PHASE SHIFT;~2*PI*DELPHI/350.

THETA = DELPHI*CG.0174532¢G
SINE = SIN{THETA)}
COSINE = C03 (THETA)
DO 57 TI=1,129
OM{T )} =.FALSE. -
AM(I )=.FALSE.,
57 CONT INUE
JJ = ¢

. N = Q- -~ -
MREGM = 2%%xMNUMB
MREGN = 2%kxNNUMI3
HALF = FLOAT(MREGM)Y/2.
MHALF = HALF i
K = MREGM
NCYCPR = NCYC*WREGM
NCYCT = NCYC#*.1
X = (DELPHI/360.)*MREGM

IX = X
I11 = 0O
JIT = 64
INDCH = 0 . )
C=r e NO-LO0P BEGINS WITH COCCURRENCE OF FIRST CLGCK PULSE—
DO 12 I=1,NCYCP :
c— —————M IS NUMBER STORED IN UP-COUNTER-
M = M+l . :
IF {M=MREGM) 10,11,11
11 M= O
10 CONT INUE )
Cm- -———-ZINARY NUM3ER IM UP—-DN COUNTER IS TRUNCATED DUE TO BIT
C—r  eemm——— INTEGRATION. NTRUN IS RETURNED
CALL TRUN (NNUMSB JMNUMB N ,NTRUN,B)
c—- s———IF M=NTRUN, REF GQES HIGH
: IF (M—NTRUN) 1s2s1 -
1 REF = 0
GO TO 3
2 REF = 1
3 CONT INUE o
C—- —————MONOS PROVIDES QUTPUT OF MONOSTABLE. K IS TIMER FOR MONO
c— r——————i MONG IS LOGICAL OUTPUT OF MONOSTABLE.
K=K+I
CALL MONOS {(K.RFF+CCYCsMREGM,LMOND) - Tt Tt T e e e
c—~- ———LOMEGA IS OMEGA SIGNAL ZERD CPGSSINGS.

C— e A IS VOLTAGE SNR. POMEGA IS TRUE PHASE OF OMEGA SIGNAL.
IF (IX.EQ.%) GO TC 3G : .
POMEGA = ,FALSZ. : -

GO TO 31
30 PCMZGA = .TRUE.
31 CONT INUE

IF (NOISE.EG.0) GO TO 32

IF (POMEGA) GO TC 34 " ORIGINAL I"éXGEIS

GO TO 51 ATITY]
34 INDCH = —1#INDCH+I OF POOR Q

IF (INDCH.EQ.1} GO 70O 37
DO 38 [J<K = 1,12¢ :
AM{IJUK)} =.FALSE.

38 COMNTINUE
C—- ~—==NOISE IS ADDED TO QUADRATURE COMPONENTS OF. OMEGA SIGNAL.-
39 CALL ANCRM (AN} .

AMUM = AXSINE+AN

CALL ANOEM (AN) -39~



50
37
52
51

32

501

27

146

DENOM = AXCOSINE+AN

THETAT = ATANZ {ANUM,DENCM)Y
PCYC = (THETAI/6.28318)*NMREGM
INDEX = PCYC

IF {INDCH.EQ.1Y GO'TO S0 °

AM: [ MREGM+INDEX)}) =.TRUE.

GO 7O 51 i

OM ({MREGM+INDEX)} =.TRUE.

GO 70O 351

CO 32 1JK=1,129
OM{TJK) =.FALSE.
CONT INUE

GO 70 39 -
CONTINUE

JIT = JIT+1

III = [11I%1
{TIT.EQ.«129) 11
JI1.EQ.129) JII
MEGA = OM{TIII}).0 M{JTI )

IF {{I.EQ+M)«AND.(POMEGA)}) LOMEGA = POMEGA

IF (NOISE.EQ.0) LOMEGA = POMEGA '
-———1_MONO AND LOMEGA ENTER PHASE DETECTOR-

UP = LMONOLAND.LCMEGA

DN ={NOT. LMOND) AND-LOMEGA .
****** PHASE DETECTOR OUTPUT FEEDS UP—DN COUNTER’
IF (UP) -N = N+

IF-{(DN} N = N-1 ’

~~~~~~ COUNT REFISTER MUST CONTAIN POSITIVE NUMBER
IF{N) B8+9.9" '
N = MREGN+N

CONT INUE

r—————UP—-DN. COUMTER COUNTS MODULO—MREGN—

IF [MREGN=-N} 23,24.:24 )

N=0 -

CONTINUE

IF (TD.EQ.0) GO TQ 501

IF (I~=1) 40,420,770 ~

CONT INUE

————=TIMING DIAGRAM 1S5 PLOTTED=--

PRINT 500 -

FORMAT{®*13 ,2X,7T1%,3X;"NT, 33X, "NTRUN?,3X,TM?,4X,"REF? 33X "LOMEGAY ,2X 7
k,‘PDMFGA‘,4X.’UP'.6X,'ﬂN‘s4Xo’L“OND',3X"LMONGZ',EX,'INDLDC';&X,’E
EXY/S)

CONT INUE . .

CALL ®_OT1 (I'NgNTRUN;MoREF,LO“FGA,LMUND,LMONDE:DN:UP-INDLDC}EX;PD
EMEGA)

CONT INUE

IF ({(PHALEQ.Q)LANDL{HISTOG.EQ.CY) GO TGO 12

IF{ .NOT.POMEGA) GO TO 65

= I.
=1
. A

JJI o= JJ+1

IF {JJ.EQ.1) GO TO 28
Ad = JJ/IO.

IJ = AJ

IF ({TJ«NEsAJ) GO TO 6%
CONT INUE

IF {M.LT.MHALF)} GO TO 20
IF (NTRUNCLT.YMHALFY GO TOQ. 21
PHADIF = 2%{NTRUN-M)

GO TO 45

PHADIF = {NTRUM + MREGM-—M) %2
GO TO 45 )

IF (NTRUMLJLLT.MHALF) GG TQ 22
PHADIF = 2% {NTRUN-MREGM~—M)
-CONT INUE

————————— ARRAY IS LCADED FOR PLOT SUBROUT INE-
JdJ = JJu+1

PH(JJJ) = PHADIF

CONT INUE

CONT INUE : ORIGINAL PAGE'

IF (PRA.EC.0) GO TO 502 OF POOR IS
CALL PLOT (PHsJJJ) QUALITY
CONT INUE B

IF (HISTOG.EQ.0) GO T 503
—————— AQQAY 1S LOADED FOR HISTG SUBROUTINE
BO 27 I = 1,444
ARRAY (I} = FLOAT(PH{I)})
CONTINUE

DIMENSIDN TITLE(20)

READ {(1.,146) TITLE

FORMAT {(20A4) -40-


http:NTRUN.LT
http:IJ.NE.AJ
http:I,N,NTRUNM,REFLOMWGA,LMONO.LMONO2,DN,UPINOLOC;EX.PO
http:INDCH.EQ

50

an

10
1

12
19

it ot

e b
=~ (h

3

3

Ao

PDATA AST/t %1/

~~~~~~ HISTOGRAM IS PLOTTED-=~-

CALL HISTG  (JJJsARRAY,TITLE, 1,AST)

CONTINUE o L

STOP - .

END .

SUSROUTINE TRUN {NNUMB,MNUNMBsNsNTRUN,B) -
THIS SUBROUTINE CONVERTS DECIMAL INTEGERS TO BINARY FORM

© v AND TRUNCATES, SHIFTS DOWN REMAINING BITS AND RETURNS

INTEGER*2 B{NNUMB)

DD 9 1 = 1,NNUMB

8{1) = O

CONTINUE, ="~ 777

I=0 :

BUM = N

. DUM=DUM/ 2,

SE s TR e e
IDUM=0UM

IF (DUM=IDUM) 243,2

B{1) = 1

DUMSDUN= w57 77777 7T

IF (DUM) 454

B(I)Y = &

IF {(DUMY 4,4, 1

CONTINUE" ’ ‘ -

THE BINARY NMIYBFR IS YRUN{ATED

DO 11 I = 1,MNUME

BrI) = B{I+{NNUMB-MNUME))

CONTINUE T

THE TRUNCATED BINARY NUMBER IS CONVERTED BACK TD DBECIMAL
NTRUN = O : ; )
DO 10 T=1.MNUMB

K=BlL)x{2%%x(1—-11)

NTRUN = NTRUN + K

COMTINUE

RETURN

END |

SUBRCOUTINE MONOS (K +REF, ECYcﬂMREGM,LMGNO}'
LOGICAL LMOND

INTEGER¥Z2 REF

X = DCYCHEMREGM ~ 1

IX = X

IF {REFY 10+410,12

IF {(K-IX) 14+14411

MONO = O
G0 TO 18
IF {(K=IX) 14+14,19
MOND = 1
T K=
GO TQ 13
MONDO = 1

I {MOND)1IS.15.18
LMONG = «FALSE.

G TO 17

LMONDO = «TRUE.

RETURN

END
ORIGINAL PAGE 3
OF POOR qUarry,

A



G~ e

23

O

11
20
21

22 °

12

SUBRDUTINE PLOT (PH,J1J)
REAL LINE(129)
INTEGER PHADIFsPH{JJII)

DATA DOTA? ! /H5PLUS/ Y+ /:BLK/S Y */VLINE/? |5/ AST/ %2 /-

FORMAT {3X.? —180":28X9‘—90'+30Xs’0'e31ns'°0's28X,‘180‘l

DO 12 JJ = 1.J44J

IF (JJ.NEs1) GO TQ §

PRINT 8

FORMAT  (*17,45X,YPHASE DIFFERENCE IN DEGREES VS.
PRINT 2

PRINT 7

FORMAT (4X5¢+¢ 316{ 1mm—m———3*))

CONT INUE

NSP = PHlJJ) + &5
IF {NSP.GT.129) GO TO 15
IF (NSP.LT7.1)" GO TO 135 -
GO TO 3
CONTINUE
PRINT 23,PH{JJ}
FORMAT {(100XsYPH= -~73,110)
RETURN ;
CONTINUE

CLEAR LINE

DO 1 J = 1,129
LINE{J) = BLK
CONT INUE

LINE{1) = VLINE
LINE(129) = VLIMNE
Al = JJ/10.

IT = AT
IF(ALI.NEL.II) GO 70O 9
LINE{(17} = DOT
LINS({33) = PLUS
LINE{49) = DOT
LINE {(55) = PLUS
LINE (81) = DOT
LINE (97) = PLUS
LINE {113) = DOT
CONTINUE ’
LINE{NSP) = AST
IF (AIL.EQ.IT}Y GO TG 20
WRITE(3s11) LINE
FORMAT (4X+1292A1)
GO TO 12

TIME ={FLCOAT{(J3J) %, 0098039216)
WRITE (3+21) LINE

FORMAT {(4X+129A1)

WRITE {(3.22) TIME

FORMAT (*+*'44X,E8.2)

CONT INUE

RETURN

FNT

49~

ORIGINAL PAGE IS
OF POOR QUALITY]

TIME IN MSEC.®


http:AI.EQ.II
http:IF(AI.NE.II

SUBRIOUTINE PLOTIII »NeNTRUNSM ;REFLLUMEGA. LMONDLMONG2 0N UP . INDLOC.,
FEX POMEGA}

INTEGER¥2 REF -

LOGTCAL "L MUONG,UP » TNDLOC.DNW LOMEGA + LMONDZ »EX+ POMEGA

INTEGER LINE{(&56)

IMNTEGER BLKAY t/ VLINE/Y |/

B 1 J = 1.66

TLINE{L) = BLK T
.1 CONT INUE
LINE{I} = VLINE

D0 2 K = 1,8
LINE (8%K) = VLINE

2 CONT INUE
1F {REF.NE«1)} GO TO 3
LINE(3) = VLINE

' TLINE (1) = BLK '

3 . IF { «NOT.LOMEGA} GO TO 4
LINE {10) = VLINE
LINE (8) = BLK -

4 IF («NOT.POMEGA} GO TO 3
LINE{1S)= VLINE :
LINE {16)= BLK

5 IF{.NOT.UP) GO TO 6

" LINE({26)= VLINE . T

LINE (24)= BLK :

6 TF{.NOT+DN)} GO TO 7
LINE{34)= VLINE
LINE (32)= 8LK

7 IF { MOT.LMONC} GO 7O 8
LINE{42)= VL INE
LINE (40)= BLK

“8 7 IF (.NOT.LMOND2) GO TO 9
LINE(50)= VLINE
LINE (48)=.8LK

9 IF (.NOT.INDLOC) GO TG 10

T 77 LINE(S8)= VLINE
LINE (56)= BLK

10 . IF (LNOTWLFX) .60 T 11
LINE(68)= VL INE
LINE {(&41)= BLK

11 VURTITE(34+12) I yNsNTRUN«MyLINE

12 FORMAT (1X+214410s15s5X+B6A1}
RETURN
END o i

100 & 8 0.50 00 1 3. 60

1 i
PHASE DIFFERENCE IN 64THS OF ‘A CYCLE
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VERSITY O u ! a1 GYSTAM 16217256 DECEMIER 9, 1f

3R AVMER ACCLEUINT LOEMNT TIMT GECORDS CamP  LIST EXBC o
WIC R ’Q&‘;I3 &g SLG F Y F
— ___§::::;?——“CR“ A YT Lt o s e - . " e n
DUIVAaLE Nri‘f igK,T,‘,Tr“;TC.TQ}1{3\&‘!\#8'&_,1_1s?([*ii,.flgﬁly}-ﬁ}-

*{Ci.vf"l P LaCC TR (ST PRS2+ PRELERD ) 4 (NCKMZ2CR1B24A21,1RPI0 01

w{Ri( ICI’-(?"I!'I?I)v(D!A-AI};(D&-NI)1(1:4‘\‘2?‘(-‘359?‘13};(}\5.!\'4 »
e eremene e e LS s 23 Y s (UNTCALTDIZ2Y 3 LG Y 34 (L2035 0CAARP Y {QA K2+ E124C3) o

H{OB {AHES 2 {CC G2 e M2 AT U234 { TA 4R Y LU B2+ {HR,GCY L [G3,8D 1,

F{ODWHIT L {GDALR 08) 3 {F34CAY L (E3,C3)» { A4, DABAR) 4 { ¥4, ENGUT )

2, {M2,GRYL(L3,GA)

QUG&CAL*l‘Fhkcgﬂﬂoﬁth aNCK y FNABLE s CRy TAS TR s TCy T NENAB L L Y e R e T3
b 3T aGlsMlsCLF 14D2WE }.!C(‘9CD!ST@’F?#EE’QQCQQ\D‘NCKsCZ:EZQ.&?‘gIQQEiQ

*RIC4C1 1?’!n|=1cF\’IA:A1|D’i f\lQQQ-NEQESof\EvA{:lNQvNSs-.vClIUNICAiDEiDEO

Y 2 L& s3I NCHAR 0051")2 I2Z+vCIvNNR1348B3.00, T AT 2 Th kL, JR.HZ2,HI,
e b HGCH 03,0030, 3, Q0 AR, A0 F3,CAETL3,H4 101\3315'3!&“IENCUTtKaALﬁ‘s&EsG,ﬁm_

INTEGER LINE(&6)
UNTICA = TRUE,
QA = L FALSE.

= «FLL5E.
GC = JEALSC.
QN = JFALSFE.
DAGALP = JTRUE,

CCTAY & o TRUES
ARBAP = L TRUE.
P2A ® LFALSE.
Ok ™ JFALSE._
H
1 } EMA’E‘LE-ST‘?:CL

1
FlaxLyr ) -
EEMING TF O INPUTS

«h3T s ENASLF

v 10
i 7} RIDLRIC.RIEB.RIA
TolelaXiyny 0 ———l
qa 1 g s42 .
= F CRaF2
3 5 FlaORaF2Z
I L L e AND R e e - o~ = —
KE o ¥ AT KE
T4 = 1 5""') I2,ANDLIZ
Jio= o) AN, g2
st o PR3 = HI-CQ H2
[ GENLRATE CLCCK TRULSF—am——"
ICK & —1=[CK+}
IF {ICK.®5.1) GO T4 2
it e O B W F AL S e e ——
GO TO 3
2 CK = ,TeUT. . .
3 CONT INUL

C~——~“'“—*LCA“IMG ENGE 0@ CY, TOIGGERS,, FFLORS=—mwm
CALL TFF ({CA.PRA;GAs TAVOA,CARAR)
CALL TEF (CR.P0.GR{T0R.08,0R8AR)
CharLl TEFT {CC:PFPCsGL.TCHOC,SCBARY
CALL, TEF {(CD,PRU, 68, TD 00, C0RAR)
———————————— NETERPMIMNE QUTOUT e s = -
NCK = anT.CK .

MA = JNCT (M. 2D, ¥2LAND M3

Da_ = N1, ANR G2 AND W3

Ca = CLVANDSCE W ANDLJC3

8BS = S1.8N0.92  ANDLNRILAND 04

AR = A JALD,AZ JARD LAZ JANT . A8

MNE =_.NﬂTa(h1,u aNFe C«.NB.CR.N&)
. D3 = (WO (01 LAND 02

IF £F«FQa1) POINTY WRIPSRICHIB«RIA

IF {1JRT«17 PSINT &
] FARMAT (230 e PO, Ty VYR B, VOAR SR EOR 4 AR Y NCY o S X YO0 B X
AT IX, PENCUT Y 14X 2 TQ0SAPY )
CALL 2L0TY {I.J s JCK S ICKsCH A Y+ QA 2 A QC . TD»ENABLESENCUT - GDBARS

3 CONT T RUT w
et B LETNTINUS o e ——
TP
ENO
ECUIVALENCTE DATA MAP
LACTATION Swaniy, tLECRY I JyaaoL LOCATION SYMB0oL LOCAYION
JSGORG TA SLar e TE “Gu("’“‘ TC jadeds Pakiied
DLGOD 1 MR TERE Lo K1 008D il QOoGED

ORIGINAL PAGE i)
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IVERSITY D

(520 R A | SYSTEM FORTRAN [V G-LEVEL COMRILER DECEMBER ¢

SUBROUTINTS PLATE (11,3 RK MP Ll 3P ah3sb & LS sl Bal ToLBaL )
LOGICAL®] LisUL2sL3c 6Ll Sal sl 7sLB,4LO

INTFGFR LINEIESR)

IMTEGER FLK/Y A/ VLINRE/ 2 [ty

A s e m—t e . ¢ e

Gl 1 J = 1,04
LINDISY = LK
CONT INUF

CINELL ) & VLINE

PO 2 XK = 1.8

2 COMNT INUE .
IS {WNOT.L1Y GO T 2
LINE(TS)Y = VLINE
LINE (1) = BLK
3 IF («NOT.L2) S0 TO 4
LING {10 = VLINE o
LIRE {R] = BLX '
& IF { «NOT.L3) GO YO &
LIME(LS)= VLINS
LINE (16)s BLK
5 IF {+NOTWLL4) GO T80 &
LINE{26)s Vi IND
RINE (24)% ALK B
& IEWL.NGI.LJL GQWIO T
LINC{34)= Vi
LINE (3231= RLK
Kd IF (.NOTW.LEY GO TO 8
; LIN 423w VEINE
LINE {430)7% ALK
3] I [ «NOTLL7) GT 70 9
LINE{S0}= VLINE
LING {483= 80 . .
9 I= [.MCT.LA)Y GT 7O 10
LINE(S8)= VLINE
LINE (S6)w BLK
12 IF {«NOT.L2Y GC_T0 13} —
LINE{E8) DLINE
LINE {H4)m SLK
11 WRITE {3.12) T oI sKKMFLINE
12 FORMAT_ (1X.2 ’)r&,xsﬂﬁx GEALY
RTTURN .
END -
. SCALAR MAR
EOQCATIGN SY MR, TLOCATION SYMB3OL LOCATION SYMBOL LOCATION
VGOGES VE INT NG ooES J CQOOEC [ ooDeFo
e aoFEs KK [ptalite) 2l M (1ol ¥11s] L3 o0Q184
$2€19n L4 [T s o S 1.5 060104 LB Gaoo109_
001 0B e aQo01QC
N ARRAY MAP -
___ﬁ%%gagégM SYMENL_ . LOCATION sY#auL, Locayiey RYMEGEL ... 1 OCATIQN |
1
SUBPROGRANMS CALLED
LOCATION SYMBNL. LOCATION SYMBOL, LOCATION Sysent LOCATION
foo2is
LABEL -MAP
LOCATION LAREL LOCATION LABEL LUCRTIQuum____LAﬂﬁL_mm_L£CAIU3L~
QA 03BC a2 QU oaF2 . 3 COC4RG 33374
94,0482 ¥ 0C Ca eF & CeC4BC 9 J00a04A
Po0S516 3 3G OSEC " .
= MEMDRY REQUIREMENTS CO0SBA BYTES PLOT1

S . [y
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GHIO univeERsITY D U 2 SYSYHEN FORTIAM IV G6-LEVEL COMPILER o
GCOl SUAZNOUTINFG TFF {(CePR, G T+ CaGRAR)
cooz LDGICAL*] CaPP o T+L 20QBAT 4G
QO3 IF { JHOT L ,.3R2,4)) G TG )
agna I (w2} gC Y8 2 ... .
Lros ®eF AL G .
QU o GC 1 3
con? 2 CONT I RUF
i BLOB BT TRUE . L
009 GBAR= . NOTLG
cCio IF (JNOTLIPR LANNLG) ) GETURN
crll 0=, TR,
oo QHAF=, TRUS U
[l I RE TUE~N
QD34 i IF { «NOTLG) RETUBN
Ce1s IF (T} =BT
COVE_ e GRAR= NOY . QL - -
oLiv " #ETUAN
LteR B FND
SCALAR MAP
SY¥EOL COCATION SYMBOL LOCATION SYMBOL LOCATION SYmpoL L
PR 0QOGBe C Q2005 Q QLogR2 GBAR Q
T ACO0nS
LAREL_MAP
LABEL, LOCATION LABEL LOGCATION LABEL LOCAT (DN LABEY, L
2 000158 . 3 ca0sce N 1 Q00208
m,‘_XQTAL_H?MQFY_PﬁQyIRﬁﬁﬁhTﬁ_chaﬂgmﬁijS L TER
FOATA -
MODULE ADDEY  LENGTw ENTRY POINTS (E). TATERRAL {X) AND COMMON.{C} QFFF
MATHNGGE OF0I0C OCaa4 E=MAa IMad OFQ0G X+ TBCOM# X~ TFF

LELCTI Y QFEAR GRSE4... 5-PLOCTL___ 9F6AT_
T QFCAC 00234
MCDLLE SULCESSFULLY LCACED

FF#

E-TFm& DFC AT

e e K IBCOME e

——~— ZP0D0Q EYTFE OF STORAGE REMAINING /A EXTCUTION BEGUN

. WF F £ oo i e = w5 hone e e e g g e .
- . [V e TUTOA a8 GC an EN ENQUT
.ot G fa) 1 i i
2 1 1 H i ‘ j
RO SOV SN * SRR, I U CUUIRNIRI [URURS Y FUNS S R - .
4 1 1 1 i
g 1 o ¢ { .
& 1 1 1 ] {
7 1 Q a i T b
] 1 1 1 T
< 1 o 5] [ .
12 1 1 1 {
%%%%% 134 . .&_ .0 _ __L .- I PO I P —
12 1 1 1 |
13 1 0 o} [
14 1 1 3 i ! ; .
ic i O [3] i
1€ 1 1 1 i
17 1 o i} i
18 1 1 1 f ¥ ! ¥
VIR 5. SO SN, : RN IR JHNUE SUUP R I
29771 1 1 ] ,
21 1 Q 0 I
22 1 3 i f ! {
R S, ¢ g £ } — ot L
24 3 1 1 i
2S 1 [ o} 1
ZE 1 1 1 | 1 !
. 271 b o } S D D —_
28 1 1 1 i 1 f
2g 1 o ol 1
ap 1 1 1 |
31 L g 2 i UV ST, SR J
3z ¥ H 1 1 i '{
33 i ¢ ¢ i -
34 1 1- 1 {
3 1 ..o e .} RN I SIS SRR SUNNPUNPINE SV NS
O i i N
N S O N |
a¢ YT Y 1 R B i i i
F F F . T
e b oA (]3] oc ab EN ERQUT
e o2 0w I o . . e b e j—
2 2 1 1 H
3 2 o a3 i
4 2 1 1 H l i
s 2 2 & I . i ] .
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TWERSITY O U I a0 I SYSTEM 10215327 FEBRUARY 14, 1

RAMMER ACCOUNT  IDENT  TIME  RECORDS . CONP LIST EXEC O
IERLIN K NZ54s 160 1500 . F ¥ F
LE HISTG -

LOGICAL#%:] SYN1 SYNZ2,SYNI»SYNAsSYNS; SYNsENASLE
INTEGER PREV .
OIMENSION TITLE (20).DIF{EOCQ}.IDIF( L2000} v

PREV = ©§
M = g
e S =g
e 2 2 g -
KK = @
GQ Q‘II = 1410
N o=

xF—(II-NE-*) PREYV = PREV —~ 18000 ~©
D3 8 ICK = 1,10000
B Co—rmmmm—F IRET DRM 1S PREGRANFPED T S————rborr e ’ -

- w~¢u_C-"““"**-SUCCEEDIﬁG STAGES ARE EN&QLED WHREN ENABLE = LFALSE owmewermim——

I = MOD (ICK.10}

GYNL = ((14ECe2)aORo{l eEC28sRa{IEQaB)oORlI.EQ.7)0R, {I+.EQ.9)}

ENABLE ={I .NE ]
L= S ECONC ORM IS PROGRAMHED T 3'-"
IF (ENABLE) GO TC 4 N
M= Mpi
I = rFOD{N,.10)
SYNZ = ((onc~3)-ﬂﬁo(IcE998}]
EMABLE =({] NE.O} ) )

o ettt THIRD CRM 1S FROGRAMMED TQ Z=ca—wm
4 EF {(ENABLE) GO TO & '
= J + 1 .

I = MOOL J:10)
SYN 3 = {{1+EQu3}elRe{IFCB}}
* EMABLE ={I.KE.Q)
Com—mssw wEOURTH DR¥ IS PROGRANRED TT Z2=a-—w
5 IF (EMNABLEY GO TQ & T
I = MOD {(K«10)
SYN 4 = {{J«EQe332lR+{T+EQ.8})
ENABLE =(TeNED)
Co—sw FIETH DRM IS PROGRANMNED YU f——-=——
& IF (ENABLE)Y GO TC 7
K = KK +1 | .
I = MOD{KKs10)
SYNS = ([1eEQe2)elRufIeECos)fIRS (1+EQa7)0Ra{T +EQ-G)}
7 CONTINUE
Co——ee (L GCK CUTPUTY IS SYNTHESIZED WITH OR*GATE——“*”-‘:”“"”"_u‘
SYN = SYNI+ORSYRZ40ReSYMI+OR(SYNEG2ORLEYNS
T NORMAL T ZED PHASE LIFFERENCE IS CALCULATED—————wmw
IF £ «NOT.SYN) GO T 8

. e N = N¥ 1
- IDIF{N) = ICK—PREV °©
PREV = ICK | ==
SYN1 = «FALSE.
et v oo .. SYN2 = JFALSE. .
BYN3 = LFALSE.
SYN& = .FALSE.
SYNS = ,FALSE.
U - _CONTINUE
TOO 30T = 14N
DIF{I) = FLOAT(IEIFL{I))
10 CONTEINUE

DATA AST svevys

READ {1,2) TITLE

FORMAT {(20A4) -

CALL HISTG (N+OIFyTITLE,1,A5T)

CONTINUE
. S$ToP
END
h SCALAR MAP
LOCATION SYHBOL LOCATIQON SYMBOL LOCATION T SyMBOL, LOCATION
eledelels M 436208 3 0HO00C X 00000
QGOOES I COQUEC 1CK COGOFD 1 CO0QF 4
OJOCFC ENABL.E GROOFD SYNZ 0OQOFE SYN3 QUOOFF
QaQQlol SYN GoQl02
ARRAY MAP
LOCATION SY MBI, LOCATION SYMBOL LOCATION SyYmRoGL, LOCATION
GO0104 DIF Q001 54 IDIF CO7ESS

GRIGEY mﬂ e

@ﬁ‘?()@ﬁ


http:I.EC.2).OflII.E.4)OR.(I..sy5oOR(IIo.7}.o(z.Eo
http:IF-(II.NE

1938

[+)]
[= -]
MmN

NEOOpolsIG
al

N OO NN~

. | | |

H | I t i
n»nﬂnwhuhﬂ)—lo-:o—ur—uunluuu
COrmNOMNWWPL LN HRGO~d~(DD

W~ op0

NORMAL IZED FREQUENCY SPECTRLM PLCT 1
*
- . . . - .
* .
*
L L I + + + + + + + * + *
* PR, U - - *. . U U SV _ -
*
E
&
I T S S O ) + + 7 + FOUURTTTTETT T T 4 [ e
*
*
=
- - - PR
* + + + + + % + + + * + + +
*
4
U ——— - e m e . e w e = . . - -
*
* % + $ + + + + + + + + + + +
* R
—i ——— - © mmee e N PO
*
*
* 4 + + + + + + + + + + + + +
* - [
*
ES
* .
* o+ + + + + + + M BT + + +
x
*
* .
by - . .- P S,
* ¢ + + + + + + + + + + + + +
*
*x
x - . .- - .
* .
* o+ + + + + + + + + + + + + +
* . . .
* - . O,
*
*
* ¥ + + + + + + ___* + + + + + +
x - I R T
¥
*%
E -
*% 3 B + + +7 T ¢ T TT e T + + + +
% .
*% -
*% .
*k Tt T e T o R
*x ¥ * + + + + + + + * 4 + + +
£ 3
k¥
EE 3 TrmAmerme st ) : TooTrTTTmE Em T T o e e
xxk
kXK 4 + £ + + + + + + + + + + +
* ¥k
* kK - o N e oo
ok
EE 3
¥k + + + + + + + + + + + * +
*xk . - -
E 2 2] -
*k%
*xrk -
TkE + + + + + + + + + T + + + +
ok -
* K -
EE T -
£33
i ! | ] | ! | ] ; | ] ] ] } ]-
1 6 11 16 21 26 3t 36 41 46 51 55 Gl 66 1.
NUMBER OF POINTS, REPRESENTED IS 5223 MNUMBER OF PI(
TQ 3

ACTUAL PLOCTTED DATA LIMITS ARE FROM 1 INTERVAL FOF
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09U 1 J 1  SYsic

ATCIHUNT
LeR46

IDENT RECQFDS

1
G 2300 __

TTTiiiasd1a

TMARCH 31, 1675

coMP  LIST EXEC @
E e £

Cummmm—— e SYNTHESIZED
LaSICAL SYNL s HYN2.
INTECER_POFV_

L alTH PIOST-DIVISION BY 4

<
on
MODT
SYNI,SYNG2»SYNS.SYNSENABLE OUT

T 14 .

ICNT (20)
1450

9

DIMFNS ION
DO 10 1

10

176 C0000
BM IS PROGRAMMED TQ SGmw—m-——m—————n
4G STAGES ARE FNABLED WHEN ENABILE

«FALSE.

R (1 cEQ8) cDRe{I+EQaS) +ORe {1 +EQ

BPROGRANMED TQ 2-—-——
0 4

a7} eOR{[+EQeS)} )

.

Sy Mz 2ORe (1 .EGeB})

S PROGRAMMED TO 2
TG S

2
I

SvN 2 CRa{leEVe8))

DROGRAMNMEEL TOD 2

3)
EN.3)sCR-{ILEC.8))
=l aMELD)

1
.

T~ OV IS PRUGRAMPEE 10 4
(LN;ﬂL£> GO TQ 7

®iK +1
MANL KK ,10)

SYNS = (([+4C0e2) aURS{I+EVe4)eCRa{ s
CONT INUE

CLLCCK QUTPUT IS SYNTHESIZEC wITH OR-GATE
SYN SYNY oUP ¢ SYNE + TR s SYNI OB SYNA0Re SYNS

FGe7) sORe{I+EQa

Y

T QUTEJIT 15 DIVIDED 8Y 4————w——m——==—
IF (#NOT.SYN)} GO TC I1
NN NNF¥ 1
M =MD (NNsa)

ouT = (MNL.E0,.,0)
C==—m==NDEMALIZED PHASE CIFF
EF (GUTY IDIF
IF (0T ) TCMT_ ¢

ERENCE IS -CALCULATED
FREV
ICNT (IRI=Y + %

Ic
et
= I

am A

)
17 {(rUT1  BREY K
SYM1 + FALSE.
SYN2 +FALSE.

S¥i.d +FALSE .

SYNS «FALSE »
SY NS oFa
CONTINUL

Wt W

Lo
-

1.50
BOINT SU0.1.ICNTL{]}
CONT [HUF

AT {1 Xs217)

J1 W0

H
1
o

STOF
EnNC

SCALAR MAPR

LOCATION

0000DC
coQoFo
. 000104
00118

B3
OREV
N
SY~3
QUT

LOCATI DN
plaRelslnl:]
NJICOEC
CCa100
cTDlla

Sy ML
IDIF
KK
Sy
M

aM

U=
(=¥t P

[ R ¢ Lid

ool
DWW
(=R T R4 YA o
[l N XS ¥
Lot 1}

=51 -~

SYMEOL LOCATION
M CO00EC

ICK Q000F &
_LW3YNG_ 0008 .o


http:MJO(M.10
http:OR.(IEO.7.OR.(I.EO

TTTTORIE UNIVESSTTY T € 9§ J 1 5YSTSEY T FCORTRAN IV G-LEVEL COMPILER

AIRAY Map

Sy MRNAL LycaTlon SYnUnL LoCaTICN LSyqPaL_ LOcaTionN _SyManL .
TCRT AOLU1C
. SUBPROGRAMS CALLEC
SYMBEOL LIOCATI N SYMBNL LACATION  _ __ _SYMBOL  _ _ LOCATION.. . __SyYMBal ..
IECO4# Q001FEE R
LABEL ™A@
LAHEL LACATION LAKEL LOGaTION LATBFL ___  LODCATION LASEL
10 gvoz 3g 4. s k-1 5 0900410 . &
11 023050C 8 30059¢ 9 00062¢ 500
TOTAL MEMORY REQUIRSEMENTS ON0SBA 3YTES MATNG4
— . L0ATA e e i
MOOUL E ACOR  LENGTH ENTRY BCINTS (E). EXTERNAL (X) AND COMMGON {(C) R}
MAIN44# Q5090 00394 E~MAINGS 0F200 X=-1BCCM e

MUDULE SUCCESSFULLY LCADEDR —--——

20600 BYTES CF STORAGE REMAINING / EXECUTION BEGL

P
!
J
|
1
1
|

RN i I ST

W DoENGDEWRMN-O )

YLV IRV R e e ey o

23"

SRR il Y o kol ol ateTel o TR N Yo YiTol oY e X Rulla oo ol o Ya Rl ol o aRala]aY o X o

-32-



Y R TUTTE TR VE TR TRaRtH 31T 19YE

ACCEUNT
L25be

IDENMT TIME

50n

RECORDS
309

HODEL wWITH DOST-DIVISION 3y 8
TOYNI A SYNG, SYNS, BYNyENABLE, QUT

COMP LIST EXEC Of
= Y

bt sty "t portt s e

SVLTRES T ZED
SYN!-SYN
REV

& e
IR WL Pl

-
-

3
r.
)
4
2

pid BV,
L -3
FH ]
G T

i

KR Qe (¥
< Q’D

CHOHTH e

NN w0 .

0 8 YA = L B00000

Commomwamf (07 DRKE I3 PRCGRAMNMED T8 Swwwmmmmmran——

Lot SUCCRED ING STAGES ARE ENABLED YHEN EMNAGLE =
o= MO {104,103 -
SYNT % ({10 0eZ2} aCFRe(10RGCetl eOR¢{1wEReS)40Rs L [4EGoT7 JeORalIsEQGeT) )

ENADLLE = {l«NTL.01
T Cmm—— B CNND R IS5 CROGRAMMED TO 2w +
- 1F (Es31LE) GO TC 4

A
F
<3

CFALSE g~ e e

Re(IeECo8))

G FPRLCGRANNED TQ 2 e
0 TQ E

=M
.
X ]
—

CD TR &

S i (E"\M‘

e,

{is FOelle CRO{I'FC.E;} - ’
ENAELE =l].NTe D) .
———===< FIRYE OIS PRIGUANMED 10 Geo-oom
5 IF {£MaAMTY 63 T 7
KK = KK +1
= vmr(xr.%ea
EYRE  m {{T1.580a27a
rd COT IMs
O CLOCK OUTPUT IS SYMTHESIZFD WITH OR«GATE~—=——wa————
SYN = GYN1aD9, SVAD LOR SYAT DR EYNG IR L SYNS
TS DIVIDED BY G mm— oo oo
I («NOTWSYN) 60 TC 11
N o= NN 1 :
MM = M (NN £ )
OUT = {[MhaEQaQ}
CmmwmwatfIMAL T2FD DHASE
‘ I¥ {ryuT) I0IF = IC
N IF frury 1T (1]
. I (UTY  PREV = 1

CR {IaEC ) aDR e { T 2EQeT7)+0P L {ILEG.T))
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