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SUMMARY

Realistic simulation of doppler and range time delay for the USB
ranging system can be accomplished. This paper describes a technique
using frequency tiranslation for simulation of RF and clock doppler, and
digital delay of the subcode components for range time delay simulatica.
The resulting test signals are shown to possess the characteristics
which would actually be present due to the doppler phenomenon and »ange
time delay. The techniques described deal mainly with simulation of
signals applicable to the ranging subsystem. However, extension of
these techniques to the up-data, PCM telemetry, T.V., voice (up and
down) and emergency voice signals seems quite feasible. This would in-
volve shifting or translation of the individual subcarriers. In most
cases, however, telemetry and up-data spectrum distortion could also
be simulated by translation of the data bit rate.

There are several possible approaches to this simulation problem;
however, the techniques described here are felt to be the most practi-
c¢~l for providing a truly realistic simulation of the doppler phenomenon.

INTRODUCTION

During the Electronic Systems Test Program it is necessary to ver-
ify, with a high degree of confidence, that the Apollo Systems (remote-
site, spacecraft, and IMCC) will be compatible during operational
missiocns. To provide this high degree of confidence, characteristics
of test signals must be made as realistic as possible. 1ldeally, this
means 5hat the operation of all systems and their respective signal char-
acteristics will be identical to the conditions encountered during an
actual mission. To this end, an investigation of the requirements for
sinulation of a dynamic spacecrai't was undertaken. Three effects are
to be crnsidered:

1. Doppler phenomenon,
2. Range time delay,
3, Spacecraft position (ingle tracking).
Only “he iirst tv. effects (doppler and range delay) will be discussed.

The requircments 1or simulation of spacecraft position will be investi-
gated separately and presented at a later date.
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PURPOSE

The purpose of this paper is to describe the signal characteristics
due to doppler and range delay, and to indicate one possible approach
to simulating these effects, It is not intended that thie paper consti-
tute a final design for mechanization of the required simulation equip-
ment.

SIGNAL CHARACTERISTICS

The effects due to the relative motion between the spacecraft and
ground station, which is essentially a doppler frequency shift, can
best be visualized by illustration. For simplicity let ue assume that
the spacecraft is moving directly away from the ground station with a

constant velocity Vge let the S-band signal be ft and the transmitter

clock associated with the range code be fc. Sirce the various subccde

elements in the range code are perlodic every 11, 31, 63, and 127 micro-
seconds, and the clock is a 500 ke square wave, the elements produce

nfc nf nfc nfc
spectral components at frequencies of 11 EI-’ z3 and o7

respectively, where n is an odd integer (n =1, 3, 5, 7)1.

Figure 1 shows the transmitted signal power spectrum resulting from
modulating the S-band carrier with the range code. Note that only the

X subcode component and its harmonics are shown; again this is for sim-
plicity, realizing that components are present due to the other subcode
elements. This spectrum is transmitted to the spacecraft, where it is
coherently detected, multiplied by a constant K = %%%, and retranemitted
tn the ground station. Since the constant K merely introduces an addi-
tional multiplying constant into the doppler equations, it is neglected
in the following discussion. The received signal thus containg the two-
way doppler shift. The received spectrum is shown in figure 2. It is
seen that the S-band frequency ft has been shifted in frequency by an

ev T

amount, f_ = , which is the two-way doppler frequency. There-

d
fore, the entire spectrum has been tranclated in frequency by this
amount. In addition to fd each spectral component contains its spec-

tral frequency doppler shift. Since each spectral component occurs at
a slightly different RF frequency, these doppler shifts are not equal in
f

magnitude. Therefore, the component T% away from the S-band carrier



W f
will be translated an additional fdl = [;;%](;: the component at

5fc ev f
g will be translated an additional f o |t ilovs , &and so on

d2 ¢ 1
for each spectral component. The clock component then will be shifted
2v
by fdc = -:5 fc in addition to the doppler component fd. These

characteristics are shown in the spectrum of figure 2.

Now let us consider the generalized case. The effective doppler
velocily, which is the radial component of velocity between the space-
craft and ground station, will vary with time. The rate and magnitude
of this variation 18 a function of such parameters as the spacecraft's
instantaneous pesition with respect to the ground station, and the
earth's rotational velccity. The effects of this will be to smear tle
returned spectrum; that is, the doppler frequencies will vary w’:h time,
proportional to the variations in radiel velocity. Therefore, che
returned spectrum will be different at any instant of time depending on
the instantaneous doppler frequency.

e returned signal will also be delayed in time by an amount
proportional to the spacecraft's range. Since the power spectrum of a
periodic function is not dependent on the phase eangles of its harmonics,
the time delay which effectively introduces a phase shift does not alter
the received power spectrum as seen in figure 2. However, the ranging
system must extract this time delay or phase information for measurement
of initial range. Therefore, it is of interest to consider the trans-
mitted and returned signals in the time domain, and the technique for
making the actual range measurement. Since the transmitter code, o(t),
is phase modulated onto the RF (S-band) carrier, we can designate the
transmitted signal as f‘[C(t)]. Then the received signal will be delayed
in time by an amount T depending on the spacecraft's range. Thus the

received signal can be designated f[C(t + rc)]. In the ranging system

the received signal is multiplied by a logically programed sequence of
subcode combinatione. This multiplication yields a correlation function

The receiver subcodes bitse are then shifted one bit at a time until a
maximum correlation is obtained for each program state. The entire
code shift is determined from the individual subcode shifts by appli-
cation of the Chinese remainder theorem. The total phase shift of the
received code ie & measure of the round trip time delay 7 , and hence
a measure of range at time zero. g

As the spacecraft moves away from the ground station, the range
time varies as a function of the velocity. This produces the doppler
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phenomencn discussed earlier. In the renge code acquisition .oop *t.
doppler effect is essentially canceled. This ‘s achleved by slaving
the receiver codae generator to the returned clock signal ..ich rontains
the doppler information. Thus, the rec lver code runs at the same rate
and has the same bit widths as the returned ~ode, so no phuse shifts or
delay time is observed due to donpler.

The doppler information is required, however, and is obtained by
comparing the returned clock with the iransmi.ter clock. The result of
this comparison is the difference frejuency between these two cigrals
which is in fact the desired Jdoppler signa) ine doppler information

is then counted every % cycle and provides data to continuously up-date

the initial range measurement, After complete code acquisition, the
range up-dating is switched from clock doppler to RF doppler. This
provides more accuracy due to the higher RF doppler frequency.

In summary, we will list the desired characteristics to realisti-
cally simulate the returred range code signal.

1. The returned code must be delayed in time by an amount propor-
tional to the spacecraft's range.

2. The range time delay will be different each time the acquisition
p.ocess is initiated. Therefore, the delay time must be variable.

3. The returned spectrum will contair doppler frequency informa-

tion. This effect will producre a different frequency shift on each spec-
tral component &nd the clock component.

L, The doppler frequency will vary with time as a function of
ithe spacecraft to ground ste*ion radial velocity.

5. The entire spectrum will be exy:.nded or compressed due to the
doppler effects.

SIMULATION TECHNIQUE

Now let us consider a possible technique to produce the desired
range code signal characteristics. First, the problem may be simplified
if separated into three areas.

1. RF doppler simulation.



2. Code doppler simulation.
3. Range time delay.

A discussion of each of these arces follows.

RF Doppler Simulation

To produce the RI" doppler component fd in the received spectrum,

a stable voltage controlled oscillator and frequency translation system
is required. A block diagram of such a system is shown in figure 3.

To provide a phase coherent signal a portion of the transmitter master
VCO is coupled from the ground system to the simulator. This signal is
fed to an isolation and distribution amplifier which provides thiee out-
puts at the master VCO frequency which is denoted fo. One of the sig-

f
nals is Aivided in frequency by 16 yielding T%u and then mixed with a

second output of the isolation amplifier. By incorporating a balanced
mixer, the carrier is suppressed and two side bands are produced. The
unper side band is selected by filtering which provides a signal whose

frequency is %% fo.

The third output of the isolation amplifier is mixed with the S-band
transmitter signal ft’ which is obtained from the ground station RF

circuitry. The output of this mixer is filtered to select the lower side
hand component (ft - fo). To produce the desired amount of doppler

shift a stable voltage-controlled oscillator, which is centered nominally
f

at a frequency of T%’ is controlled by a doppler analog signal. This

f
signal drives the oscillator to a frequency of T% + fd to simulate
the RF doppler shift. The fd then varies proportionally to the doppler

3
control signal. The output of the VCO (Tg + fd) is mixed with the

% £, ®signal and the lover side band (f_ - f,) is selected by filter-

ing. Notice here that a frequency inversion is obtained due to selecting
the lower side band. Thus a negative doppler, as desired for simulating
an opening velocity, is obtained. Either opening or closing doppler
shifts may be obtained depending on the sign of the frequency shift at
the VCO. The filtered output signal (fo ~ fd) is then mixed with the
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signal (ft - fo) and the upper side bend is selected. This yields the

signal (ft - rd) which contains tne desir~d RF doppler component fd

and i{s at the transmitier S-band frequency ft' It is ascsumed here that

the S-band signal from the ground station contains ell of the phase mod-
ulation information when used in this procese of RF doppler simulation.
Therefore, the FRN range code spectrum ie centered at the S-band carrier
and each of the spectral components are translated in frequency by the
same amount rd. The additional doppler shifts for each of the spectral

components and the clock component are simulated separately prior to the
addition of the RF doppler. Also, the range time delay is simulated

prior to the RF doppler addition. These processes are discussed in the
folliowing sections.

Code Doppler Simulation

In orier to provide thz doppler shifts for each subcode's spectral
components, it appears tha® a feasible approac'. is to operate on the
clock glznal pricr to code generation. A block diagram for such a
teehnique 135 shown in figure 4, The transmitter code clock signal is
interrupted and coupled to an isolation amplifier. The transmitter clock
.5 still made evailable to "he receiver clock transfer loop for clearing
an’ zeraing of the range tally unit, The master VCO signal fo is

obtained from the RF simulator unit and frequency divided by n. Also,
the dopple: signal (fo - fd) is obtained from the RF doppler simu-

lator and divid=d by the same amoun®, n. The transmitter clock fc

f f
is mixed with — and the lower side band f_ - = is selected. The
¥ «f
frequenc, divided doppler sigual ° = s is tnen mixed with this
signal and the upper side band selected. This yields the desired clock
f

frequency fc - ;Q which is then shaped to provide the desired clock

square wave. Since the clock doppler shift is related to the RF doppler
shift as a funct.on of the frequency difference between the RF signal
and the clock signal the value of n can be determined. Since

ev f v fc

t
fd - - and fdc =

?ﬁ : v ft/2v fC : f
e ] ¢

o
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6
2000 %
n = -%.0000
500 x 10

There are sevcral apparent advantages to ieriving the clock doppler
direct. * from the RF doppler si;mnal.

1. The RF and clo:k doppler must be phase coherent which is
jnsured by tais techniqu-=.

2. The clock dorpples and RF doppler always vary as a direct ratio
{

of their frequencies, l.e., 7= = _rll.
t

3, The rate of variations in clock an? RF doppler is ' lentical,
which will be insurcd by this technique.

L, A single doppler control and VCO system can provide both of
the doppler signals.

When the transmitter code generator i: operated from the nominal clock
frequency f , an KV gpectrum as shown in figure 1 is produced. Since

f
the clock frequency is now chifted by an amount fdc = —% the RF

cpectrum will appear as shown in figure 5. Therefore, it is seen that
a change in clock frequency by an amount fdc produces a code spectrum

in which each spectral component is shifted in frequency by the desired
amount. When the RF doppler is added to this S-band spectrum, the

entire spectrum shown in figure 5 is shifted in frequency by fd. This
process will then provide & spectrum as shown in figure 2. Thus operat-
ing on the code clock prior to generation of the code signal provides a

reallstic simulation of the returned spectrum. Since an effect of this
doppler shif't is to ccmpress or expand the entire spectrum, it is of
interest to ~how 'hat this condition is obtained by varying the ~lock
simanl. ™ 1lineteate thic phenomenon figure € shows the code spectrum

X
occur at % where T 1is the bit width. In the code generator the

e
envelope (SIN X) for the nominal clock rate. It is seen that the nulls

1
slock signal, which is nominally a square wave of period T o
c

is operated on to provide the code generating pulses. This is shown
T
in figure 7A and B, Thus it is seen that the bit width = 3 for the
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nominal case. When the clock doppler is added, the clock period T

: 1 . .
increases or decreases by an amount - Now the wave forms shown in
de
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figure TA and B will appear as seen in figure 8A and B. From figure 8B

1
it is seen that the new bit width due to doppler is Tl = T = Tdc
2
| Lind A ¥
Clock and v
Doppler A
fo - fdc
T- “fac
| fj""i"’
Code Gen-
erating B
Pulses

7igure 8

The envelope of the spzctrum for this case is shown in figure 9.
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Let us now summarize Lhe results obtained by this technique of simula-
tion.

1. Each of the subcode's spectral components are shifted in fre-
quency by an amount proportional to their respective frequencies, i.e.,

T
1 de
the 11 X fc component is shifted by -1’ the T% fc component is
3 fdc
shifted by . ete,
2. The bit width varies proportional to the doppler f. . Thus

de
the entire spectrum is expanded or compressed.

2+ The clock doppler is phase coherent with the RF doppler.
Therefor:, variations in the RF doppler signal are precisely reproduced
in the clock doppler signal.

4. The clock doppler can be precisely maintained at the ratio of

. 1 : |
lock t f 2 = o .
cloc o RF frequencies - v,

9. Tuhe doppler signals are phase coherent with the transmitter
clock since they are derived from the same master VCO.

Range Time Delay

Let us now consider the final phase of simulation. A time delay
must be imparted to the transmitter code before it is returned to the
ground station receiver. At lunar distance the round trip delay will
approach three seconds. Each time the range code acquisition is ini-
tiated the time delay is different due to spacecraft velocity. Thus a
variable delay time is desired. Due to the signal characteristics and
the magnitude of the delay, conventional techniques are inadequate.
However, it appears feasible that such a delay might be obtained using
delay lines or digital techniques and operating on the individual sub-
code elements, A discussion of a technique, using delay lines, as shown
in figures 4 and 10 follows. Upon initiation of the ranging process
each of the subcodes are coupled from the transmitter code generator to
the delay system. The subcodes are delayed in individual tapped delay
lines, the appropriate number of microseconds to simulate the entire
code delay desired. The delay lines will be tapped each microsecond to
allow selecting any number of bit delays from zero (0) to the entire
number of bits in the subcode element. For example, the X component
will pass through an eleven (11) microsecond delay line with taps at
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1, 2, «svss 11 microseconds. The tap selected is dependent upon the
total code delay that is to be simulated.

Now assume that it is desired to sim:late a range time delay of
.75 seconds, The time delay for each subcomponent will be as shown

bplow.2
Time delay of "X" component 9 bits = G microseconds
Time delay of "A" component 19 bits = 19 microseconds
Time delay of "B" component 48 bits = 48 microseconds
Time delay of "C" component 65 bits = 65 microseconds

Therefore, delaying each of the subcodes the amount indicated
above, and then logically combining these delayed components into the
combined code, will simulate the desired time delay of .75 seconds for
the combined code.

Since the receiver and transmitter code generator must be syn-
chronized during state P2 of the receiver programed states, both the
transmitter and receiver code generator must operate from the shifted

f

clock signal, i.e., fc - -% . During this state it is also necessary

to reset the range tally to zero. This requires that the transrmitter

clock reference to the clock doppler detector and the transfer loop VCO
be identical in frequency.

Since the transfer loop is initially locked to the transmitter
clock, this provides zero doppler from the clcck doppler extractor.
However, since the transmitter code generator is running at the (elock-
clock doppler) rate, it is necessary to provide a means for synchroniz-
ing the receiver and transmitter code generators. This is done by
switching the receiver code generator clock input from the transfer loop
VCO to the (fc - fdc) signal.

The last operation in state P2 1is to connect the clock transfer
loop to the receiver clock. A7 this time the receiver code generator
clock input is switched back to the transfer loop VCO, and counting of
clock doppler begins.

For automatic operation a timing unit can sense the doppler being
simulated and supply a signal tc the subcode delay programer to change
the various delays the appropriate amount. The timing system can be
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synchronized with the start acquisition signal to provide the proper
delay each time the ranging process is initiated.

We have now provided the required time delay and doppler shifts to
realistically simulate the returned signal.

CONCLUSIONS

Based on present knowledge it appears that realistic simulation of
doppler and range time delay can be accomplished. However, this will
require sophi. icated special test equipment. The cost of such equip-
ment must be considered with respect to the additional capabilities and
confidence which would be obtained. ©Such a similation system might

accomplish:

1. The confidence which can be provided by a test program, such
as that undertaken by MSC/ISD, is entirely dependent upon the realism
which can be accomplished in simuwlating actual flight parameters. This
fact alone makes dynamic spacecralt simulation extremely desirable.

f 2. The entire ranging system can be completely exercised. This
will allow verification of all pertinent parameters, such as accuracy,
acquisition time, doppler thresholds, loop tracking capabilities, effects
! of loss of lock, etc.

5. The effects of the data and commnication channels on the sys-
tem's ability to accurately extract and measure doppler can be verified.

O B W e e

4. The capability of the receiver to acquire the doppler shifted
carrier and its ability to track the signal for realistic doppler rates
can be verified.

5. The effects of carrier doppler variations on information and
communication channels can be studied and verified.

T AR~ i

6. The capability of the ranging system to acquire after loss of
lock and provide the correct range data can be verified.

T. Dynamic spacecraft simulation provides a means for realistically
simulating missions. This can provide valuable training and experience
for flight operations personnel.

8. To effectively verify compatibiiity and accuracy of data trans-
fer between remote-site ground stations and IMCC, realistic simulation
of such data is extremely desirable.

)
2

4
L
*
£
3
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9. It appears that such a simulation technique could be extended
to include shifting of information subcarriers, and data rates to
effectively simulate doppler effects on the information handling cape~-
bility of the system. However, additional investigation in this area

will be necessary.

10. Due to frequency limitations of the USE transponder up and
down link doppler will have to be simulated separately. This would
require an additional RF doppler simulator for use with the spacecraft

output signal.
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APPENDIX

For the practical case, it has been shown that the range code can
be represented in the time domain as a Fourier series cxpansion of the
form:

r(t) = Jz bJ cos (th + 91)
wa'%x'fcx, Vaere Jen

setting the arbitrary phase angle Oi to zero

r(t) = J? bJ cos th

The signal r(t) 4is then phase modulated on the S-band carrier
frequency, fo, yielding the expression

fT(t) s Ao cos [n t + JT& bJ cos wJ%]

Taxing only k terms for the Fourier series expansion of the
range code

fT(t) = Ao cos [? t + 2 b, cos @ #]

o B
such that

Kk

11 tor © Mo
or

k 2 33(k odd)

rT(t) can be expanded to

&l wi ¥ > . 3 (by)erend (b))
T °n1-o ne-o n.k-a nl nk k

(1)
cos (wo + Jz nJ J)t]
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This signal is transmitted to a spacecraft moving at a radial
velocity, relative to the ground station, of vr. Therefore the re-
ceived signal will be of the form

@ o} o
= z ’: LR . B 3 3
fp(t) = AK S 2.:- Jnl(bl) J%(‘ok)
g Wy . B
k
~08 [(w + % nw +o0)(t- T)] (2)
0 g 3 d
J=1 -
where T = %5 K = attenuation constant R = range

2v
r k k
and wd = TE”O + JZ nJ J] = [‘”o + JZ‘ nJ J]

where D is used to denote the doppler constant assuming a constant
velocity spacecraft.

Equation (2) can be rewritten as

f(t) =AK ; % LA % J (b )oooJ b
R ° nla-m naa-g nk-:-m nl 1 nk( k)
[(1 4 D)w + (1 + D) z n,w ](t - T (3)
a1 JJ

Equation (3) shows that both the carrier frequency, fo’ and

each frequency of the range code, is multiplied by the factor (1 + D),
and that the modulated spectrum is symetrical about (1 + D)wo. Since

the received base band code spectrum is derived by means of coherent
demodulaticn, the process of "folding over" the lower side band on to
the upper side band appears to be no problem.

The effect of the factor (1 + D) on the range code clock signal.
iz to shorten the bit width of the code components. That is to say,
originally the bit period of the code components was equal to

Tt = 5%—~ . the bit width period of the received code components is
CL
” 1

. B 2% (1+D) ° Since the receiver code generator is driven by

pulses which are coherently related to the received clock signal, the
problem of matching bit widths of received code and receiver code does
not arise.
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Suppose nuw that instead of transmitting the signal :r(t) of

equation (1), some modifications were made on the carrier frequency,
fo, and the transmitter code generator sync pulses. That is, let,

W, = (1 + D)wo

and G = (1 + D)wCL

r(t) would now equal

r,(t) = %1 by co L(1 + D)ot + 91]

t) = u

ry g

cos |(1 + D)w t'] for k summations 6, = O
=1 J J

=

Phase modulating the carrier with this modified signal results in

f(t) = A cos [9 t' + 2 b, cos (1 + D)w-t] (4)
sad J J

Expanding (4) yields
£(t) = A b E.... (bl)....J (bk)

nl-e nzn.m nkn-ﬂ n]_ nk

Kk
cos |w t' + I n(1+D)wt']
[t + 2 nja v o,

Substituting (1 + 1))wo =0

£(t) =A 3 S .. F (b)evnd (b))
nla.co n2-ao nka-co n:L n'k
cos [(1+D) w t'+ - J’l+D)‘1J t] (5)

Equation (5) is identical to equation (3) for the substitution
t' =+t - T. Therefore it appears possible that RF doppler and range
code doppler simulation can be achieved by methods proposed in tlis
paper.
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