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The feasibility of studying Venus by radar v

on the tenth of March, 1961, when an echo from Venus was first detected

in real time.

The spectrum of the echo msy be expected to be broadened

o

the doppler shifts produced by any rotation Venus might have. In order

a novel teck

correlation technigue. 'These, compared with
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2.6
where Rk = Rx(kT@)ﬂ the true autocorrelation funmction at x, figure 4.1.
Differentiating I with respect to each of the Ci and equating the

derivatives to zerc will define the best Gi (and therefore the best window)

in the sense described above;

'W/TO
-3%-; = =4 B Glw) cos i T d w (4.18)
1 0
v o 2
: S
+ 2( kzcl 2R_C, cos w kTO) (2Ri cos w ﬂg) dw + = T 2, .

The first integral can be recognized as the Fourier series expression
for Rig times a constant. The second integral produces zero for each term

of the sum except for k = 1. Thus equation 4.18 becomes:

2
A n G,

o I - 2 qr 2 1r i yis
3c, = < 4B T+ 4R G+ Ty 7 = O

i o o o

and therefore,
Biz
Ci = TS . (4el§)
i 4N

Eguation 4.19 must be interpreted. Taken literally, it gives the
optimum value for the window, Cio However, one must first know the Ri,
which are the guantities that the experiment is designed to measure. Another
practical problem arises. BEquation 4.19 defines an infinite set of ('s,
but in practice only a finite number of points on the correlation function
can be measured. This number was 63 for the Venus correlator.

These considerations combine to make the following procedure appear

reasonable: So long as the square of the estimator for the autocorrelation

2
A .
function at x, (RX)E, is much greater than §%=°, choose the corresponding
C. = 1. This condition was satisfied by the Venus measurements for all i.

1
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. 3‘
A A
I kZl Zl o 8 Ry(k ) Ry(g T )

Substitute for ﬁ its valve from equation 4.4

K K N N
>L. E: jz% >_ L.
& B Ty Ip 7 5 .
€51 mel =l x %8 Im Tmak n+k 2

N

k=1
The argument leading to equation 4.10a shows that four~fold expectation

yields zero unless % =k and m = n, in which case it equals one., Then
? 9

2 1 z 2 -
I = x ak‘ (:’05)

From this result and equation 5.5

X 2
s
2 2 2 (;—‘1 o By (T,
¢C = N T - , (5.6)
k=1 €

and we must now maximize equation 5.6. Multiply the right side of

equation 5.6 by unity:

1
2
]

D
o
o
~~
/K
3
N
=

n L= "k "x 2
¢c = N ~——-—%——— %1 - ZE%S(MO} .
TR (0) . - 2| k=1L "

The Schwarz inequality states that the mayimuw value that the
bracketed expression can have is one., It actually attains this value
if:

8 = R (kT ). (5.7)

Then we have for G:
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¢ = = \/ 12:1 ‘R S(k D )] . (5.8)

Equations 5.5 and 5,7 show how the questions at the beginning of
this section may bte aznswered. Simply choose the 8y by taking points

on the autocorrelation funcition of the signal which is to be tested
(normalize, of course, so tha }: ak = l). Construct I according to

equation 5,1. If I2> L , then the signal was surely present. To
IT

decide between two rival hypotheses, subtract their corresponding I's.

1 .
If the difference is >;\/Cf_ y» & clear choice msy be made.
X

Bquation 5.8, which gives the "signal-to-noise" ratio of this

2

process, snhows several interesting features, Cne is the factor 77 ’

which does not appesr in a parallel analysis in which the system has

no limiter. That factor is the cost in detectability which must be paid
for the simplicity that is offered. Second, is the fact that gignals
whose autocorrelation function take a long time to die away (e.g., narrow

band signals) are more detectable.
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Chapter VI

The PFirst Correlator

The task of thp correlator is to conpute sums of the form

R’T’ = Z‘- 1 ’1+’T
th

where ¥, is the value of y at the n sample and is always +1 or -l.

The logical circuitry available to this project consists of the so=-called
AND=QOR dynamic logice The basic module is shown in figure 6.1. In this
type of circuitry, first introduced as SEAC by the National Buresu

of Standards, the state ONE is represented by a pulse on the line in
question, and the state ZERC by the absence of a pulse. An AND gate is
activated if pulses arrive at 21l four of its inputs simultanecusly. The
OR gate iz activated if any AND gate "fires". The clock pulse is used

to fix precisely the timing of pulses from the OR gate, and the amplifier
regenerates the pulse to a standard shapes. An output appears one microsecond
after the set of inputs that caused it., Two outputs are available from

each module. One is the Boolean function F of the inputs, and the other

i-;jl

is ite compliment Fo This combination of AND=OR and of complimentation
allows one module bto compute any Boolean function of three variables,
and many functions of four variables.

A second basic module is composed of delay lines (1 nicrosacond

duration). An advantage of this dynamic logic is that often s delay line

can be used as the equivalent of an sctive module.

An exemple, shown in figure 6.2, will demonstrate some of the pr
of these devices, Here we have an active medule driving 3 delsay lines

(plus three more for camplimemtation}o The Boolean function generated is
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4) is removed, each sanmy

and the new sanple is inserted. The

4 . .
comparator cutput repeats R(O), r{24 TO>, ceoy RAT \, ; but this time the

products are based on the latsst piece of input data. These

cutputs arrive just in time to be accepted by all 15 charnels of the
accumilator.
The Venus project correlator sets

identical to those illustrated in Tigures 6.5 and 6.6 in order to compute

on the autocorrelation funciion,
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the result is the

sured,

but it appears implicitly in the s ectrogram. iquation 7.7 shows that in

addition To the echo, a diminished and inverted im

5

by the pe sand of the receiver It ig diminished

.

S8

(‘

by the factor a sgo that the total power as portrayed by the spectrogran is

zero. Thie explains the vhenomencn of the negative excursions.

’
=y / o 2 . o C o
The factor v 1 - RF was measured separately, with the receiver picking
: :

up noige only. Creat precision is not necessary for that measurcment, since

o

it does not involve the subtraction of two nearly equal quantities. It i

w

. . . o s~ (1 \ .
interesting to note that, for the Venus experiment, PW(K TO/ was nearly zero
L

for ¢ 11 values of k except the first four
Es }

that for the worst case,
\fl ~ R was never less than 0.95.

It is now necessary to describe the procedure by which ARV can be
measured by a correlator which has accumulators which can have their

contents increased but not decreased. From the definitiors:

SO S O Lo~ .
ARy = % (5 v Ve Jewe - (. vy

s (7.4)

g
bt

Lt 1 Y14t T o )
i=1 i=1

where the subscript S+l refers to the condition of signal plus noise and

W refers to noise only. Let:

A = number of times y, = y. (agreements)

1 1+T

D = number of times J % Yy (ulvowreememu )
Then
AR = “l: (A. N - A+ D.). (7.5;)
y NS 52 i ¥ d
The two negetive quantities in (7.5} can be replaced by vositive ones
by making uge of the Tacts that:
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Dyyw = ¥ = Aqy and
Hence:
AR:-I—(A - N + A - N + D, + D)
N N S+N S+N N N
2
AR = & (g + D) = 2. (7.6)

N is, of course, only half of the total number of counts, a number which
is stored in one of the accumulators,

Equation (7.6) shows what the proper strategy must be, During the
time the signal is being received, accumulate the number of agreements

between vy and y » and during the noise only period, accumulate the

i+T
disagreements. This strategy was instrumented easily by switching the
logic of one flip-flop in the correlator,

These considerations show the desirability of having two computer
modes to calculate the power spectrum from the correlator outputs. In

the first, or direct, mode the total number of agreements, Ak, of yi

with Vi is noted, Then the autocorrelation function at y is calculated

as
, 24 = A
k"o
Ry(k T,) = . . (7.7)

The autocorrelation function at x is then calculated:
’~ i
S — 1,
Rx (k ’FO) = sin I‘g Ry (& 1_0)] e

Finally, the power spectrum is calculated:

A X A
P£) = > 2 R(kT ) cos (Tk £) . (7.8)
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The second mode takes account of the subtraction process
described above, The correlator output, Bk, is then the number of

agreements during the signal on condition plus the number of disagreements

during the noise only period, The following calculations are made:

A 4B
JAN Ry(k T'O) = E;JS.* 2, where B = the total number of counts,
o
(7.9)
A
Then the power spectrum, W(f), is calculated as:
A 4 2 £
W(E) = > TI{1-Bg OR (kT ) cos (fTk T). (7.10)
k=1 y ° o

As discussed above, %(f) contains the spectrum of the Verus echo
superimposed upon an inverted and diminished noise spectrum. Thie is not
Jjust a result of the particular process described above as the second
mode, but is an inherent phenomenon of the subtraction process. This
is true because of the action of the limiter, which produces an output
of the same total power regardless of what the input level might be. Hence
the noise part of the signal plus noise spectrum is somewhat smaller than

the spectrum of the noise only.
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Chapter VII

Appendix I

There is a question which arises regarding the subtraction process
described in Chapter VII which properly belongs in an appendix. That
question concerns the results of switching from the signal plus noise
condition to noise only (or vice versa), Immediately after switching,
the input storage still has data from the previous condition,

Figure Tol is a diagram of the situation. Notice that the noise
during the noise~only condition is slightly larger than it is during the
signal plus noise period. As mentioned before, this is a result of the
normalization caused by the limiter,

Consider time broken up into four parts, as indicated in figure 7.l.
The correlator produces the following results in each interval:

- (bRNN + bRNS) for the interval t,

o i )
+ (P -1 )(RSS + RNN) for the interval t2

+ T (bRNS + bRNN) for the interval t; and

- P - T RNN) for the interval t

where: RNN

RSS = gignal correlated with signal and

4?

noise correlated with noise

RNS

signal correlated with noise,

The sum of these, A R, equals:

AR = Ry P -« 17) - ENN P+ T )% - 1). (7.9)

Two things are made evident by this result., One is the appearance

of an inverted and diminished noise spectrum in the final spectrogram.
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Chapter VIII
Radiometer Analysis

A. Radiometer Description

A method for detecting weak signals masked by receiver noise has long
been used by radio astronomers(lo). Called a switched radiometer, the
system continuously switches the receiver input off and on detects the
small resulting change of signal noise level., This method makes signal
detection independent (to first order) of changes or drifts in the gain
of the receiver. A serious problem which arises in this type of receiver
is the changes of gain which are caused by physical imperfections of the
switch. Such changes appear as signals at the receiver's output.

Radar astronomy offers the possibility of avoiding that problem
altogether by the simple expedient of switching the transmitter off
and on instead of the receiver input., Such a radiometer was constructed
for the Venus experiment., Figure 8,1 is a simplified block diagram of
the system.

The entire maser, programmed-local-oscillator, receiver complex
has been replaced by one block labelled "band pass filter"., The signal
produces a small square wave at the detector output which is accompanied
by relatively strong noise. A multiplier compares this square wave to
the locally generated one which has been shifted in phase by just the
amount necessary to account for the time of flight. The multiplier
leaves the noise essentially unchanged, but converts the signal to DC
of a magnitude and polarity which depends upon the relative phases
of the two square waves. An RC circuit (é 68 second time constant proved

most convenient) allows the DC to pass but removes much of the noise.
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A brief description of the blocks of figure 8.1 is in order. The
operation of the square wave generator is digital, counting down pulses
from a megacycle crystal clock., Output frequencies from'% to 128 cycles
per second are available in octave steps. The phase shifter is also
digital, It operates by recognizing any pre-set count in the square wave
generator, and controls a flip~flop accordingly. This produces a square
wave output with a very accurately known phase relationship to the
original one.

The square law detector is simply a diode with a small forward bias,
The approximation to square law at the low levels that were used was quite
good.,

Since one of the inputs to the multiplier is always either plus one
or minus one, the multiplier may be realized guite simply with a relay;
the coil being one input and a phase inverter supplying the other.

Two modes of operation were used. TFor the first mode, the phase
shifter was programmed in order to keep the two square’waves in phase,
Programming was necessary because the time delay from the transmitter
to Venus to the receiver was continuously changing, due to the relative
motion between the Barth and Venus. This time delay can be computed from
the astronomical ephemerides, but only to the accuracy of the AU
(Astronomical Unit, the yardstick for the solar system) that is used.

In this first mode of operation, the square wave generator was set
to %'cps. This low frequency was chosen to render negligible & possible
error in the accepted AU of as much as one part in a thousand.

Several channels were used, each with a different pre-~detection

filter, Thus it was possible to compare the signal power through filters
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of different bandwidths and infer spectral features of the signal,
Figure 8.2 shows a sample of such a recording.
At the end of each observation the channels were calibrated by
injecting a known amount of excess noise into the system. The calibration
applied to the measurement of figure 8.2 showed that the signal power

)"20 watts,

was essentially the same through all of the filters, 1.7 (10
referred to the antenna terminals, Similar measurements made throughout
the experiment indicate a radar cross-section for Venus of 11% of its
geometric cross-section.

B, Signal to Noise Ratio Analysis

The output deflection of the radiometer divided by its standard
deviation may be calculated with the aid of an analysis which follows.

Let S be the signal power at the output of the filter, the filter
bandwidth being B. Let the noise power density be N,. Assume that both
the signal and the noise are sample functions of a gauss1an process, Then
the DC at the detector output 1s( 6) 2BN, when there is no signal and 2BN,+
2S when the signal is on. Hence the magnitude of the square wave at the
detector output is 2S5 and the DC out of the multiplier is S.

The noise power density at the detector output is<6) 4N§B for low
frequencies., This may be assumed flat since the square wave frequency
and the RC cut off frequency are both small compared to B. Thus the

noise density at the multiplier output is also 4 NEB and at the RC filter

output the noise power is

o
: 2
2 2 gw _ lL__|° 4w
4N7B *l )F(w)\ Ld 4 1B ~l)ijC+l| 21

A
- 4 §B Z2RC .
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e e . . oy B s
The standard deviation is therefore 2mo \ iR Combining these
al

o3

; . R . , . . s D
two results ylelds for the device output signal to noise ratio, T ’
“out
S __S =~/ 2RC
i 20 \ B
out o}
Using the following tyrical numbers in the above formula,

1.7(10)‘20 watts

1l

T = 8.97(10)™°° watts/cps (65° K)
B = 25 cps

RC

68 seconds, then

lwe

= 22 = 13%.4 db.

D
=

4.

ouw
This is verified in figure 8.2.
An interesting feature of figure 8.2 is the delay from the start of

the record to the beginning of the deflection. This delay was about five

minutes and corresponds to the time of flight,

C. Ranging

The second mode of operation utiligzes only two channels. Cne has its
reference square wave exactly in phase with the transmitter and the other
lags by ninety degrees. Comparing the outouts of the two channels then

allows one to determine (to an accuracy limited by the signal to noise

ratio) the phase shift of the transmitted square wave caused by the round
trip time delay. The DC compornent of the product of two square waves is a

triangular function of the phase difference. Therefore, the output of the

first channel, X1 is a triangular function of the time of fl1i

is illustrated in figure 8.3 for a square wave of periocd P. The

curve shows the output of the 2nd channel, X,. Hnowing Xl and x

find T as follows:
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X, (T) AND X, (T)

RADIOMETER OUTPUT
VS

TIME DELAY

FIG &.3
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Chapter IX

Preliminary Results

The first contact with Venus was made on the evening of March
tenth, 1961. The signal was detected by the keyed radiometer, which
alone of all of the instrumentation produced an output in real time,
Experimentation for the next few days was designed to verify the reality
of the echoes. This was done by letting Venus drift out of the beam of
the transmitting antenna (but with the transmitter continuing to
operatej. Six and a half minutes later (the round trip time of flight),
the radiometer's output fell to zero. The output was observed for over
thirty minutes in this condition, verifying that the signal really was
zero, and not the result of some chance burst of noise., The transmitter
antenna was again correctly aimed at Venus; and after the proper interval
of time, an output was registered by the radiometer.

The seven channels of the radiometer were fitted with different
filters, each with a bandwidth of 200 C.P.S., but each tuned to a
different frequency, The spacing between filters was also 200 C.P.S, A
most remarkable fact brought to light by these early contacts is that the
bandwidth of the signal was considerably less than 200 cycles. Only one
of the channels of the radiometer contained a measurable amount of signal
power. The local oscillator was detuned by systematic twenty-cycle steps,
and the signal would appear in an adjacent channel only after it started
decreasing in the initial channel. Subsequent analysis showed that
eighty percent of the signal's power was concentrated into a band of
only ten cycles per second,

This fact is all the more remarkable when one considers that
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Venerians performing an analogous experiment using the earth for a
target might find a spectral spreading (1imb-to-limb reflection) of over
14 kilocycles.

Those early results showed that the original wide band (33 kilo-
cycle) design for the experiment was somewhat extravagant.

Two crash programs were initiated. One was to obtain satisfactory
filters of narrower bandwidth for the radiometer., A set of filters of
50 cycle and 25 cycle bandwidth were obtained and installed by March 21.
These filters provided a five db increase in the signal-to-noise ratio
at the radiometer output. They also provided the surprising result that
the local oscillator was tuned 80 cycles off of the correct frequency
(the computed doppler shift on the twenty-first of March was about 130
kilocycles)° This error corresponded to the incorrect value of the AU
that was used in the calculation of the ephemeris for the local oscilla-
tor.

The second program was the modification of the digital spectrometer,
It was clear that the original model did not have enough resolution te
give significant information about the detailed shape of a spectrum so
concentrated, This may be seen by recalling Chapter Four, where it is
shown (eq. 4.7) that the device produces an output which approximates

the true spectrum of the signal convolved with an F(w), where
F(W) = —2 sin WKT (9.1)
w o *

Using the value of 44 for the parameter K (the number of points computed
on the autocorrelation function) and 15 (10)"6 for TO (the time between

successive samples), one sees that the minimum resolution that F(&))
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allows is about 750 cycles per second., Thus it was necessary to revise
the correlator so that it could handle samples at a much slower rate.

The emphasis on the design of the first correlator (Mod. 1) was
high speed and large capacity. Those aims were achieved by the fan-out
principle explained in Chapter Six. But a price had to be paid for such
speed, and that price was a measure of inflexibility in the timing
involved. Each new bit of input data had to be utilized to up-date a
given sum at the instant that sum was in the proper position in its
recirculating delay line, and at no other time. Slowing down the input
rate would upset this timing, so a new design (MOd. II) was needed,

The design of Mod. II was severely constrained by the small amount
of time which was left. Venus was almost at conjunction. The constraints
were:

1. Mod. II had to be built at Goldstone, a place were construction
difficulties appear to be many times larger than at the relatively
calm environment of JPL,

2, Mod, II had to be constructed of parts from Mod. I, a require~
ment which was especially difficult as it pertained to the delay
lines, The lines were of the sonic type and could not be
shortened or lengthened,

3. Mod., II had to be completed and made to operate correctly
before the signal was too weak to be usable,

The design philosophy for Mod. II was easier than Mod. I because
high speed was no longer required., Consequently, all of the digits for
all of the accumulators were stored in one recirculating delay line of
1449 microsecond length (formed by connecting the lines of Mod. I in

series), Each group of 23 successive digits was reserved for one
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accumulator, hence there were 1449/2% = 63 points calculated on the
autocorrelation function., The sampling rate was chosen to be 600 C.P,S.

23, could operate over 3.7

Thus the accumulators, which could count up to 2
hours before an overflow would be possible,

Substituting 63 for X and 1/600 for TO in equation 9.1 produces a
much "narrower" F(w ) which yields a frequency resclution of better than
4.8 C.P.S.

Mod., II differed from its predecessor in that it was asynchronous.,
That is, its sampling rate was not rationally related to its internal
clock, Whenever a new data sample would arrive, it would be stored in
the machine until it was time to utilize it (when the delay line was
properly aligned). Then each sum would be up-dated as the corresponding
accumulator was accessible to the line input, After that operation was
completed, the machine would wait quiescently (recirculating) until
another input sample would arrive,

The next chapter is devoted to a complete description of the logical

design of correlator Mod. II,
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Chapter X

Mod. II Correlator

The second correlator was divided into twe parts, one which performed
the actual calculations required, and one which contrived to print the
numbers so calculated on to a paper tape; Figure 10.1 is a block diagram
representing the first part,

Two timing generators are needed; one to produce a pulse every 63
bit times (microseconds) and the other every 23 us, The first one consists
of a flip~flop (labelled "A" in Figure 10.1) driving 5 unit delay lines,

The logic of A is such that the device produces a sequence of cnels and
zeros which repeats every 63 us. The logic is sxpressed by the Boolean dife-

ference equation:

A = AA  + A (10,1

475 475"

Egquation (1001) is a difference equation because it expresses the next
state A will assume as a fTunction of its present and past states, The
symbol Ai indicates the state of A at i ps in the past, As usual, the
product notation indicates intersection ("and"), the plus notation indicates
union ("inclusive or") and the bar indicates complementation ("not").

C is an and-~gate set to recognize a particular state of the generator
and produce an ocutput pulse. Since the sequence generated is periocdie, C

fal

produces a pulse every period (63 gs)e The logic for C is:

= A BA AR A (10.2)

el
W
The other gensrator consists of a flip~flop (D in Figure 10.1) driving

4 delays. Normally, this would produce a pulse patiern of period 27-1 = 31,

but the output pulse (from E) is fed back into D and alters the pericd to
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23 ps., It is generally possible, by choosing the right logic for the

output gate E, to produce any period up to the maximum (2m ~1) where

m is the number of stages). The logic for D and E is:

D = DD, + DD, + E (10.3)
E = EDDEBo (10.4)

Now we will proceed with the operation of the correlator itself.
The input is designated H in Figure 10,1. It has been quantized,
so that it is either one or zero. G is an external oscillator which
produces one pulse whenever the input is to be sampled. This sample is
stored in flip-flop I.
I = GH+ IG. (10.5)
The output of I is not used directly for computation because a
computation may still be in progress from a previous sample., When the
two timing generators (C and E) align, the system is ready to utilize
the latest sample., It is then transferred to flip-flop J.
J = CEI + CJ+ EJ (10.6)
The output of J goes to the comparator S where it is compared with the
last 63 samples of the input., To do this, the circulating delay line
containing the 0ld samples must be updated. That is done as follows.
Immediately after a sample, flip-flop K remembers that a sample has arrived,
and allows the next alignment of the timing generators to set flip~flop L.

K G + KO + KE (10.7)

L = KCE + IC. (10.8)
L stays set for exactly 63 us, at which time C resets it, Thus L produces

a burst of 63 pulses, These pulses are used to lengthen the circulating
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If, in addition, flip flop N is set (control of ¥ allows the machine 4o

be started and stopped manually), © delivers its ensbling signal to the

M o= KCE + MC + ME {10.12)
" PO - { o -

N = Start + N Stop (10,13}

o} . WA g/ h¥e}

I = W LAle 14

(>

The output of the comparator is fed to the long delay line driver T,

-

as & standard serial binary adder. That is, the cutput

(')
o
D
o

which is conn
of T Is the modulo two sum of the signal from S and the digit from the

end of the delay line., Whenever there is a carry, that fact is remembered
by one unit of delay and a "one" is added in at the next us. The
simultansous arrival of a "one" from S and a carry constitutes an overflow,

. - 2% .
which can happen only after 277 pulses from S (3.7 hours of observation).

i = - = = = ow
o= STuus * Sy STyags Trggg + STyug” Tiguge

(10.15)

At the end of an observation, computation is stopped by re-setting N,
Then the comparator can produce no more output pulses, The contents of
the long delay line are then 63 words, each of 2% digits, and each records
the total number of agreements during the signal plus noise condition plus
the total nmumber of diagreeements during the noise only pericds for one
value of the argument of the correlation functisn. One exception to this
is the word for T= o. That word records only "agreements"; and since

there are only agreements at T = o, that word records the total number

of samples. That operation is accomplished by over-riding the reference



76

sguare wave with one pulse at the time that the data for T = 0 is
being examined by the comparator.

The words in the deley line re-circulate, and the second part of the
rachine transfers them to paper tape for further processing. The print-
out routine is accomplished by generating a timing pulse every 1449 ps

which is in phase with the most significant bit of the first word in the

P

long delay line., The pulse transfers that bit into a £lip flop an
gives the command to print. The printer then prints out a one or a zero,
depending on the state of the flip flep. The timing generator is
simultaneously advanced in phase by one us =o that its output pulse is
in phase with the second most significant digit. This action ocecurs
far tos fast for the print out to follow, so the print commands are gated
out until the printer is ready again. A4n external oscillator suppliss
this timing. After 23 print-cuts bave occurred, the timing pulse is in
vhase with the pulse from B (Figure 10,1). This signals the print out to
mark the event with an asterisk, in order to identify the most significant
digit of each word., The process continues until all 1449 digits have
beer: printed. Then coincidence is observed between the timing pulses
and C and B of Figure 10.1, This coincidence halts the print out routine.

The components that produce this operation are shown in Figure 10.2,
Flip flop e controls the print out operation, which starts at the first

™

. < m o A N .
alignment of C and E (Flgure 10,1} after the start buti-n is pushed. The

logic for e is:

e = CE Start + ex, (10.16)

% is the gate which reseis e ard halts the operation.
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In the notation utilized here, capital letters are used to indicate
amplifiers and flip flops in Figure 10.1, while lower case letters are
used for those in Figure 10.2.

The timing generator is divided inte two parts, The first part is
gimilar to A of Figure 10.1, Flip flop f drives five unit delays and the
logic is such that the pattern generated has a period of 63 us, Gate i
produces an output pulse at that rate. However, when flip flop b is set,
the gate s allows an additional pulse to enter into the logic of f. This
pulse reduces the periocd between outputs of i by exactly one ps, and
resets h, so that successive outputs of i are again 63 us apart. The logic

which accomplishes this is:

f = (f4f5 + f4f5 + s)e (10.17)
i o= f5f4f3f2f1f (10,18)
s = Wi f, 5T (10.19)
n = o + hs (10.20)

where o is the pulse which commands the printer to print, Bguation 10,17
shows that there will be no output at all from £ until that amplifier is
"enabled" by e,

The second part of the timing generator is a device which counts
pulses froa 1 and produces an output after every 23 such pulses. The
device is essentially a shift register, where pulses from i do the
shifting, which generates a segquence of period 23. The equations are:

3 0= (15 + ilm + ilm + mkjle (10.21)

k = ik + ij + e (10.22)
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1 = il + ik + e (10.23)
m o= im + il + e (10,24)
n = in + im + e (10.25)

The presence of the variable e in these equations ensures that the
shift register will start out at the proper phase,

Gate o produces an output whenever i, j, k, 1, m and n cycle
around to the proper phase and if flip flop q is set.

o = immlkjq, (10.26)
The pulse from o then loads the proper bit from the delay line into a
flip flop, signals the printer to print that bit, resets q so no
further print commands will be given, and sets flip flop h so that the
phase of i may be advanced by one us.

A print-cut rate generator then sets q so that the cycle may
continue, bul only after enough time has elapsed to ensure that the
printer is ready. The equation for q is

g = re -+ QSé (10,27)
Again, e is used to ensure the correct starting phase for q.

Gate x senses the phase of o compared to the two timing generators
of Figure 10.1 and is thus able to halt the print-out routine after
all digits have been recorded.

e a p— -

= AAA J o 28
x A 7 2A3A4AED D.D, 9334 (10,28)

The digital equipment just described used up 15 inches of standard
rack space to a depth of 7 inches. The necessary power supply, printing

mechanism and external oscillator is not included in those dimensions.
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Chapter X1

Data

This chapter is devoted to the results of power spectra measurements
made by the correlator described in Chapter X,

The first measurement was a calibration, made in the laboratory, to
establish the validity of the formulas derived in Chapter IV and the
assumptions on which they depend. The experimental configuration was
that presented in figure 4,1 of Chapter IV, but with a noise generator
connected to the input. The correlator was operated in the first mode,
as described in Chapter VII, The result of this measurement is displayed
in figure 11.1, which shows the shape of the pass-band of the filter., The
sampling rate of 600 cps - suits a spectrum which covers a 300 cps range,
Figure 11.1 shows that the pass band is 200 cps wide at the half power
points., The same filter was used for all subsequent measurements, The
integration time for figure 11.1 was .8 hours,

The second laboratory measurement was the same as above, except the
correlator was operated in mode II, The effect of this was to produce
the difference between two independent measurements of the spectrum of
figure 11.1. The resulting spectrum is shown in figure 11.2, The shape
of the bandpass is obliterated because of the subtraction process, but the
variation between measurements remains., It is important to calculate the
standard deviation from the formulas derived in Chapter IV and to compare
it with the value measured from figure 11,2. Equation 4.13 of that

chapter is the one which applies. It is repeated here for convenience.

a =97 —2%— . (11.1)
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Each of the two component spectra of figure 11.2 was produced with one half
of the total number N of signal samples. Also, upon subtracting two inde-
pendent measurements, 0 must be multiplied by Wf?} Taking account of
these two factors, the correct formula for ¢ for operation of the

correlator in the second mode is:
& = X
2Tl (11,2)

K, for the correlator under discussion, is 62, N, for the experiment of
figure 11.2, is 2,367,684 (the result of integrating for 1.1 hours). Thus

the theoretical value for ¢ is:

o = .0227

The value of ¢ found by squaring each of the one hundred numbers from the

computer print out, averaging, and extracting the square root is:

g = L0220,

These two numbers are in splendid agreement,

The next laboratory test of the spectrometer is portrayed in figure
11.3., A sine wave generator simulates a signal which is keyed on and
off by the square wave generator. Noise, from & separate generator, is
added, and the relative amounts of signal and noise power are monitored
by an RMS meter. Figure 11.4 is the resulting spectrogram, the integra-
tion time being one hour. The sin x/x form predicted in Chapter IV
(equation 4.7) shows up clearly in this figure.

Both the bandwidth and the amplitude of figure 11.4 will be compared
with their values as calculated from the analysis of Chapter IV, so that

the accuracy of the latter may be tested. From equation 4,7, the
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bandwidth, B, between zero crossings is:

B = CpS.

KTO

Substituting K = 62 and T. = 1/600 yields:

0
B = 9,68 cps.
The value scaled from figure 1l.4 is: B = 9.3 cps.
The next step is to calculate the amplitude as predicted by Chapter
IV. Let £ be the estimate of the total signal power, and Py . that of
signal plus noise. Let PS and PS+N be the true values as measured with
the RMS meter. Since the spectrograms produced by this device are

normalized to unit power density, the total integrated power equals the

bandwidth, 1/2 T.,. Thus

4 1
s« = 2r 0 &
(o)
P P
po- S 1 _ S 1
—1 N - -
S Pon 21 Poy 2T,

Since the true signal spectrum for this measurement is an impulse,
A
the estimated spectrum is an impulse of magnitude PS convolved with the

function of equation 4.7,

—%r sin w KTO .

Hence the peak power density, Pmax’ is:
P P
3 1 S
= - 2KT. = K.
max PS+N 2TO 0 PS+N

The RMS metfer, for signal only, read .165 volts and for signal plus noise

1.09 volts. Hence



87

_ 0.165 2 B
Poe = ( 1.09) 62 = 1.42.

Pﬁax scaled from figure 11.4 is
Pmax = 1.34.
The agreement between these three pairs of numbers is quite gratifying.

The nine figures that follow are all spectrograms of the Venus echo,
made in the field with the second model of the correlator. Except for
figure 11.13 they were taken in the second mode; that is, the subtraction
process described in chapter VII was used. Figure 11.13 was tsken in the
first mode, and that spectrogram shows the entire signal plus noise
spectrum. The bandwidth marked on the figures indicates the maximum
doppler spread possible under the assumption that Venus keeps one face turned
toward the sun, ¢ indicates the calculated RMS error. For neatness, only
the data points on the first curve are shown.

The most striking fact observable from these spectrograms, aside
from a truly remarkable signal-to-noise ratio, is the very narrow band-
width of the echoes. One is forced to conclude from this data that either
Venus is very shiny or else she must rotate very slowly.

In order to investigate the roughness of Vemus, a polarization
experiment was performed. Circular polarization was transmitted, and the
receiver was set up for circular polarization of the same sense, If
the target were a perfect reflector, the signal would drop 28 db (not the
theoretical infinite drop because of the measured ellipticity of the
polarization). The signal actually dropped only 12 db. A similar
experiment using the moon for a target produced a change of 12 db also,
hence Venus is as rough (in this sense) as the moon. Since reflections

are detected from the limbs of the moon, it is possible that reflections
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were also obtained from the limbs of Venus.

These considerations suggest the possibility that Venus spins in
"trapped rotation," where one hemisphere continuously faces the sun,
Trapped rotation is not a rare phenomenon in our solar system, as Mercury
always keeps one face turned toward the sun, and the moon exhibits trapped
rotation with respect to the earth,

It is interesting to calculate the spectral broadening that would
occur in this mode of rotation., The bandwidth would change from day to
day as a consequence of the orbital motion of both Venus and Earth,
Figure 11.14 shows the situation, The orbits of Earth and Venus are
assumed co-planar., Actually, their orbital planes intersect at an angle
of only 3 degrees. The orbits are also assumed circular, which is a
good approximation for Earth, and an even better one for Venus whose
eccentricity is only ,0068,

Under these assumptions the apparent rotation of Venus as seen from
Earth is simply d4g / dt.

Using the law of sines on the triangle of figure 11,14, one sees

that:

sin Q _ sin ﬂu)+ Q} (11 l)
X 4

cos @ _ cos (w+ @) de+ d¢]

X

aw cos(W+ @)

g = z (11.2)
cos §  cos (wW+ P)
X Z

Eliminating ¢ reduces equation 11.2 to:
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g = - —— 4 (11.3)
;—‘COSW

+ 1

M e

1 -Z-cosw
X

The frequency separation between echoes from opposite limbs is found from

the formula

Af = % = 195 (10)6 %% cps (11.4)

where v is the rotational velocity of the limb and A is the wavelength,
Values of ATf are listed in Table 1 for various days after conjunction.
Recall that Af is the maximum spectral broadening possible, under the
assumptions made above, and corresponds to echoes all the way to the
limbs,
The value of Af is indicated on each spectrogram of figures 11,5
through 11.13, As can be seen, trapped rotation is not inconsistent with

the data,
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TABLE I

No, of Days
Date from fpg

Conjunction
4/11 0 92,3
4/16 5 90.0
4/21 10 84.4
4/26 15 76,7
5/1 20 68.1
5/6 25 60,1
5/11 30 53.1
5/16 35 47.0
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Chapter XII

Summary and Conclusions

A technique has been presented which makes it practical to analyze
many hours of a signal and hence to produce a very accurate measurement of
the power spectrum of the signal., The basis of the technique is the
quantization of the signal into only two levels, thereby enabling the
autocorrelation function of the signal to be measured with relatively simple
digital equipment. The autocorrelation function is then corrected for the
effect of the quantization and Fourier transformed to yield the power
spectrum,

A mathematical analysis of this technique has also been presented which
predicts the quality of the spectrograms which are obtained in the special,
but interesting, case of a weak signal immersed in strong noise. The
accuracy of the predictions was confirmed by direct measurement in the
laboratory on the completed éystem.

A realization of the special purpose computer to calculate the auto-
correlation function of the signal was presented. This realization utilizes
the standard digital components of AND gates, OR gates, flip~flops and delay
lines in a novel and economical configuration. The design considerations
and the complete logical equations were also presented.

This realization was constructed and used to measure the spectrum
of echoes from Venus. Since the transmitter illuminated Venus with pure
CW, the spectral broadening of the echo may be attributed to doppler shifts
caused by the Venerian rotation. The spectrograms are presented in

Chapter XI.
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One can notice many things in these curves, but the high resultant
signal-to-noise ratio is the most outstanding. This points out the
advantage of using a long integration time.

The next most salient feature is the small amount of spectral broadening
which occurred, the maximum bandwidth observed being less than 100 cps. If
Venus rotated as the Earth, once in 24 hours, and if echoes were detected
from the limbs, then the bandwidth would be about 14,000 cps. One is forced
to conclude from this data that either Venus is very shiny or else rotates
very slowly. The polarization experiments mentioned on page 87 indicate
strongly that Venus is not shinier than the moon. Since reflections are
detected from the limbs of the moon, the evidence is that the maximum spread
on the spectrograms corresponds to echoes from the limbs of Venus,

Thus we-are led to suspect slow rotation. Slow rotation suggests the
possibility of trapped rotation since there are tidal forces which favor that
mode. The bandwidths marked on the spectrograms by arrows are the maximum
obgervable bandwidths, assuming trapped rotation, There is a remarkable
agreement between these and the maximum bandwidths actually observed.

We conclude from this evidence that Venus does exhibit trapped rotation,

The spectra shown in chapter XI seem to be comprised of two parts,
indicating that there are only two dominant terms in the backscatter function
of equation 3.7 (page 14). The first part, which contains most of the power,
gives rise to the high central peak of the spectrograms and may be called
the glare, or narrow-band, component. Its bandwidth at the half power
points is, typically, 8 cps., However, because of the limited resolution of
these spectrograms, a pure sine wave produces a bandwidth of 6 cps (see
figure 11.4), The local oscillator was held to within one cps, so there

is about one cps left for doppler broadening.
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This corresponds to a term in the backscatter function of a very high

power of the cosine, For the glare component,

F(6) = cos™0; n31000.

The second part of the spectrograms is the distributed power in the
shoulders of the curve. This is called the background component and results
from reflections over all of the Venerian hemisphere that is nearest Earth,.

The corresponding exponent of the backscatter function is much lower;

F(e) = cos! 6.

It must be remarked that the exponent 7 is only approximate, with 6 or 8
fitting the data almost as well.

One can see from the curves of Chapter XI that (at least from the curves
made with long integration time) the spectra are all quite similar, indicating
a high degree of homogeneity for the surface of Venus. Asymmetry in the
spectra might indicate mountainous terrain towards one limb and plains
towards the other; or perhaps continents and oceans. However, within the
probable error, no asymmetry can be found.

These spectra cover a time period of only two weeks., Because of Venus'
slow rotation, such interesting features, if any, may not have been brought
into view. It would be very interesting to have spectra spaced uniformly

over a much longer interval.
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PARTIAL LIST OF SYMBOLS

e = co~latitude angle

) = longitude angle

B = filter bandwidth

C(’c) = correlation window

Flw) = spectral window

G = ratio of mean to standard deviation

K = -number of lags

N = number of samples taken for a given observation.

No = noise power density

P(w) = true spectral density

l';(a;) = estimated spectral dénsity

Ry(’t) = true autocorrelation function at limiter output
ﬁy('t) = estimated autocorrelation function at limiter output
Rx('r) = true autocorrelation function at limiter input
'l‘ix('r) = estimated autocorrelation function at limiter input
S = signal power at filter output

T o = time between successive samples

w(f) = estimate of signal plus noise spectrum minus noise only

spectrum. ﬁ(f) is calculated by the "second mode" of chapter VII

o = RMS error (calculated)
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