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ABSTRACT

This report primarily concerns the effects on
the spectrum of a received or transmitted CW signal
associated with one or the other of two antennas
each having a generally cylindrical configuration

and spinning about 1ts axis.

The spectrum associated with a single element
on such an antenna 1is very broad, with high energy
content 1in high-order sidebands. However, the
effect of spinning, on the retransmitted spectrum,
of a complete retrodirective antenna 1is shown to

be quite small.
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| INTRODUCTION

This is the Third Quarterly Report of a study to investigate some of
the many possible uses of adaptive antenna circuits for communication to
and between vehicles on an interplanetary mission. It is assumed that the
main vehicle, the bus, flies by or orbits the target planet and when in
the vicinity releases a smaller vehicle, the capsule, to enter the planet’s
environment for a hard or soft landing. Communication between the earth
and the bus is specified as being within the presently used S-band of fre-
quencies, but between the bus and capsule the best frequency of operation
is presently a subject of study. In addition to communication, the adap-
tive antenna circuitry should be considered for other purposes as well,

such as providing navigational and environmental information.

One of the arbitrary ground rules applied to this study so far is to
assume that the vehicles will be spin-stabilized, particularly the bus.
Consequently, provided the spin axis is correctly chosen, all active
stabilization is eliminated except for that due to minor perturbations
like solar wind, etc. It also means that only one-dimensional ““scanning”
of the retrodirective or self-adaptive reviewing antenna i1s needed, thus
leading to a higher antenna gain for a given number of elemental radiators,

but this one dimension must obviously scan continuously through 360 degrees.

In the two previous quarterly reports, four different cylindrical
antenna configurations were investigated analytically. The primary con-
cern was to make comparisons between the antenna gain to be expected from
the several configurations. Some problems were encountered in computing
the gain, but much of this was related to the various definitions of gain

that can be used. These are not always consistent.

The First Quarterly Report included a study of the conditions to be
expected in the vicinity of Mars, particularly as they would relate to
communications with a capsule entering Martian environment. Also, in the
First Quarterly Report the analysis was started of a particular cylindrical
antenna configuration in which all the receiver/transmitter elements are

used for any azimuthal direction of the antenna beam. This was done by



focusing the energy to and from the elemental radiators by means of a
cylindrical geodesic lens. For this antenna the computed gain was gener-
ally less than one dB below the postulated theoretical maximum value and

required no switching of elements as the vehicle rotated.

These original computations were greatly simplified by assuming that
the retransmitted signal had exactly the same frequency as the incoming
pilot signal. This work has now been extended, and 1ts accuracy has been
increased, particularly to study some aspects of spectral splitting asso-
ciated with an antenna of this type. The more realistic case of different

transmit and receive (pilot) frequencies has been considered.

The report is confined to some of these aspects of spectral splitting

of a spinning antenna.



I SPECTRAL SPLITTING

When an antenna 1is spinning about an axis not in the plane of the
received or transmitted signal, the spinning results 1in periodic
frequency modulation {and possibly amplitude modulation) of the signal.

This effect 1s called spectral splitting.

A. Type-3 Antenna

The first situation considered is for a single element 1in a circular
array of theoretically omnidirectional elements as shown in Fig. 1.
Various other aspects of this and similar antennas have been discussed

*
elsewhere.!

The antenna is assumed to be either only receiving or

only transmitting a CW signal. The result is a spectrum having lines at
the CW frequency and at lower and higher frequencies separated from the
CW frequencies by multiples of the spin frequency. The spectrum peaks

in the neighborhood of 277Rf_ where

R = Distance of the element from the spin axis
(radius) in wavelengths
fe = Spin frequency.
The spectrum is derived in Appendix A, and the values associated with a
particular antenna configuration are tabulated there. A plot of the
relative power in each of the upper sidebands is shown in Fig. 2. The

complete power spectrum 1s symmetrical about the carrier frequency f,

(sideband number = 0).

It can be seen that the maximum power occurs 1n the sixtieth side-
band, but it is insignificant for all sideband numbers greater than 70.
Since only one elemental radiator has been considered, these numbers
cannot be associated with the number of elements; they are 1in fact

related to the path length of the element for one spin revolution (27R).

It will be noted that this length is 63.61 wavelengths for the

model represented i1n Fig. 2.

* References are listed at the end of the report.
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B. Type-1 Antenna

The remaining work on spectral splitting concerns the cylindrical-

geodesic-lens biconical-horn adaptive antenna as shown in Fig. 3.

1. One-Way-Transmission Case

First a single element operating only in either the receive or
transmit mode was studied, as explained in Appendix B. The method used
allowed the spectrum of the individual rays to be determined. The ray
geometry is basically the same as that used in previous computations?

and is shown in Fig. 4.
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Various computations were made for an antenna model having a
cylindrical lens radius, R, of 10A, and axial length-to-radius ratio,

L, of 3.0 and a particular elemental gain function G(a).

Only the three most significant rays associated with a particular
antenna element and a particular azimuthal direction were considered;
they are referred to as Rays 0, +1, and -1. (In the original study of

2

this Type-1 antenna® only two such rays were considered; they were

referred to as Ray 1 and Ray 2).



The computation techniques u-=d allow the separation of several com-
binations of rays, and they are presented in the data in the following

grouplings:

Ray 0
Rays -1 and +1
Rays -1, 0, and +1

Higher-order rays, which must travel at least one helical revolution
within the cylindrical geodesic lens contribute negligible power for the
particular values of the parameters used in these calculations. In this
particular antenna configuration the cylindrical lens has a radius of

10 wavelengths and the elemental radiator has an aperture of one-sixtieth

the circumference of the lens [which determines what the value of G(a)

will be].

Figure 5 is a curve of cumulative power (on a linear arbitrary scale)

vs. sideband number for these three combinations.

Note that practically all the power of Ray 0 falls in Sidebands 0 to
40 while that of Rays -1 and +1 falls in Sidebands 40 to 60. This relates

to the time rate of change of phase which is proportional to sin ®. Since
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FIG. 5 CUMULATIVE POWER FOR A SINGLE ELEMENT vs. SIDEBAND NUMBER




the ranges of o are discontinuous (or disjoint) for Ray 0 and Rays -1
and +1, it is not surprising that their spectra are disjoint (i.e., com-

plement each other, as seen from Figs. 6 and 7).

Figures 6, 7, and 8 present the spectra for Ray 0, Rays -1 and +1,
and Rays -1, 0, and +1 respectively. The spectra for larger sideband
numbers were also calculated but have not been plotted since they are
essentially random and since Fig. 5 shows their minimal contribution to
the total power. The level labelled “reference’ in Figs. 6, 7, and 8

corresponds to the maximum cumulative power shown in Fig. 5.

Again the spectrum for Ray 0 is disjoint with that for Rays -1 and+l
and the latter pair alone gives rise to the irregular behavior above Side-

band 60.

Since the integrations called for in Egs. (B-26) and (B-27) of
Appendix B are actually computed as sums over a finite set of points, our
confidence in the results goes down as the sideband number goes up because
the number of samples per cycle of the harmonic goes down. The accuracy

obtained is, however, more than adequate for the present study.

It can therefore be concluded that there is spectral splitting in
this type of antenna, with appreciable power out to about the 60th side-
band, which might be a serious drawback for certain types of array. How-
ever, the resulting spectrum does peak at the carrier frequency in contrast
to the configuration considered earlier (see Fig. 2) where the spectrum
peaked at about the 60th sideband. This can be attributed to the fact
that in this Type-1 antenna, when the element is moving with highest radial
velocity—that is, at the limbs of the complete cylindrical antenna—it has
relatively low gain in the direction of intcrest. However, in the Type-3
antenna, the elemental gain is theoretically constant at all values of

radial velocity.

It all the elemental radiators of the antenna are active phase-
conjugated re-radiators and are identical, to an observer at a fixed point
the antenna must look the same after a rotation ot 27/N radians, where N
is the number of elemental radiators. Thus when the antenna is considered
as a whole, the spectrum can contain only sidebands whose numbers are
multiples of N. Of course, if the elements are not identical or if one or
more is otherwise faulty, the intermediate sidebands will not disappear.

The spectral contribution from each faulty element will, however, be small
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compared to the energy in those spectral lines whose numbers are multiples
of N. The contribution to the intermediate sidebands of completely inac-
tive elements corresponds to the case where only the inactive elements are

operating, except for a reversal of phase.

These considerations can also be applied to the case of an adaptive

receiving antenna of the same configuration.

2. Considerations of Total Spectral Power

In Appendix C, the power associated with the infinite number of rays
that can exist in a typical Type-l antenna, having primary dimensions of
R = 10 (units of wavelength) and L = 3, has been calculated. It is shown
that the total power, as obtained by summing the spectral content over the
first 200 sidebands, associated with Ray 0, is 90% of a theoretical total

and that associated with Rays -1 and + 1 an additional 9%. Consequently,

12



consideration of only these three rays is quite justified except when ex-
tremely detailed knowledge of the spectral content or other character-

istics 1s needed.

When only the first two significant rays are considered, as has pre-

viously been done for computing re-radiation patterns, 2

it can be postu-
lated that only about 2 to 3 percent of the total power was not accounted
for. In general this small amount of power would only produce minor
modifications to the sidelobe structure, since it would never tend to form

a plane wavefront.

3. The Retrodirective-Array Case

In this portion of the study the antenna as a whole was considered
when operating in the retrodirective (receive, transmit) mode with
generally different receive (pilot) and transmit frequencies. Only an
unmodulated pilot and retransmitted signal were treated and these differed
by up to 10% of the carrier frequency. DBoth the relative gain in the
retrodirection as a function of rotation and the spectrum of the trans-
mitted signal were obtained. The mathematical analysis is given in
Appendix D. Separate linear amplifiers and ideal mixers behind the
elements were assumed, except that in a second computation of spectral

content saturated (sometimes called hard limited) amplifiers were assumed.

a. Gain in the Retrodirective Direction

This computation of gain as a function of azimuthal angle is
similar to one previously performed? except that different receive and
transmit frequencies were used, and the gain was computed for many azi-
muthal positions of the antenna. This computation isnot directlyrelated
to spectral splitting since the gain is computed for steady-state azi-
muthal positions of the antenna. However, i1t the gain varies for different
positions, there will obviously be some spectral splitting, due to ampli-
tude modulation at least, as the antenna rotates. The computations show
that in the special case of the receive and transmit frequencies being
exactly equal, the spectral splitting is due entirely to this amplitude

modulation.

Equation (D-11) was evaluated assuming that all elemental radi-
ators were active, for a variety of receive and transmit frequencies f,

and f . In all cases the lens mean radius R corresponds to 10 average

13



wavelengths and the lens length to 3 radii. Since 60 elements were assumed,
a range of only 0 to 3 degrees, representing half a period, needs to be
considered. Some of the results are shown in Fig. 9. (Other data are shown
in Table I, presented later.) The guantity plotted is theratio of the actual
power in the retrodirective beam to the power that would have been trans-
mitted by a single omnidirectional element of equal gain in the axial plane.
As has been discussed elsewhere,’»3* the maximum anticipated gain, averaged

over all azimuthal directions, 1s given by

10 log, o N = 17.78dB for N = 60

N I l

THEORETICAL MAXIMUM

AVERAGE GAIN 0.000

g AR .
0010

7 = —
e ] 0.015
0.020

t
0050 4y,

,0.040 2(f "ﬂ)

GAIN — dB

0.090

0.100

0 0.5 1.0 1.5 2.0 25 30

y —degrees
TC-5574-65

FIG. 9 RETRODIRECTIVE GAIN AS A FUNCTION OF AZIMUTHAL POSITION
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As can be seen in Fig. 9, this maximum gain, when averaged over
a complete period, is very nearly realized (within 0.02 dB) when fo=1,.
The gain in the direction exactly between two elements (y = 3 degrees) has
the maximum value and is a fraction of a dB higher than the gain in the
direction through an element. This will lead to amplitude modulation as
the antenna rotates, but i1f R and/or L were varied from their present

values 1t would be reasonable to postulate that a set of values could be

found in which the gain variation with rotation was very small. Under
these conditions (and again with f, = f and all elements identical except
for phase) there would theoretically be no spectral splitting. 1t can also

be seen from Fig. 9 that when f, ~ 1.015 f there is virtually no variation
in gain. However, this does not mean that there will be no spectral split-
ting, as can seen in Sec. 1I-B-3-b, below. The reason for this is that while
there 1s no amplitude modulation, there is phase modulation, something which

1s not present when f = f .

While a rotating antenna structure will generally give rise to
spectral splitting, the retransmitted carrier is definitely related to the
characteristics of the antenna and the spin rate and, if the pilot signal
i1s unmodulated, will have a symmetrical line spectrum centered on the
carrier with nearly all the power in the carrier. Apart from the carrier
only the Nth sideband (of the spin frequency) has been shown to have appre-

ciable power content (see Sec. II-B-3-b).

While such a signal received at the ground station is moderately
complex, it can be synthesized at the final receiver to allow synchronous

detection. The synthesis could be done on a computer and would, of course,

use the design characteristics of the spacecraft, and consequently have only

to track the spin rate of the satellite. The sidebands other than the Nth
could be ignored, probably resulting in some small amount of distortion.
However, except when several elemental radiators were inactive or otherwise

faulty such distortion should be minimal.

On the other hand, non-synchronous energy detection is easily
implemented if the modulation is frequency-shitt keyed (FSK) and the sepa-
ration of the two frequencies is made somewhat larger than the spectrum
spreading due to the combination of communication bit rate and rotation

of the antenna.

Considerations of suitable modulation methods do not form part

of this study.

15
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b. Spectral-Power Content

In addition to the above computations of gain variation, a study
was made of the actual relative power in each of the spectral lines asso-
clated with the same antenna operating at the same range of frequencies.

In this case, however, not only was the case of linear amplifiers for each
elemental phase-conjugating circuit considered, but also the more practical

case of equal-output-power (i.e., saturated) amplifiers for each element.

A computer program was developed to calculate this power spectrum
for the retrodirected wave from the same cylindrical, geodesic-lens,
biconical-horn antenna with 60 elemental radiators, a length equal to

3 radii, and a radius equal to 10 wavelengths at the average carrier

frequency. The received frequency lay below the average carrier frequency
and the transmitted frequency above it by equal amounts. Three rays were
considered for both reception and transmission. Since the elements were

considered to be identical, only spectral lines corresponding to the cog-
ging frequency were present (the cogging trequency 1s equal to the number

of elemental radiators times the spin rate of the antenna).

Both linear and saturated (hard-limited) amplifiers were con-
sidered. The results for the first and second sidebands of the cogging
frequency are presented in Table I. All higher harmonics lie well below
those tabulated for the linear-amplifier case. With saturated amplifiers,
the powers of all higher harmonics lie below the first harmonic but some

are slightly larger than the second harmonic.

These harmonics are due to both amplitude and phase modulation.
The component attributable to phase modulation increases with the differ-
ence between ihe teccived and transmitted freguencies, while that portion

ce
attributable to amplitude modulation oscillates.

In all cases the upper and lower sidebands were found to be equal,
apparently corresponding to the even property of the retrodirected wave
with respect to the instant when the retrodirection passed through an
elemental radiator. The powers listed in Table I represent the total

power in both the lower and upper sidebands.

In all cases considered, the spectrum spreading due to antenna
rotation leaves nearly all the power in the carrier and should have only
a minor effect on the operation of the system compared to the expected

etfects of random noise.

16



Table 1

GAIN AND SIDEBAND POWER FOR A 60-ELEMENT,
CYLINDRICAL-GEODESIC-LENS BICONTCAL-HORN
(TYPE-1) ANTENNA IN THE RETRODIRECTIVE MODE

LINEAR AMPLIFIER CASE SATURATED AMPLIFIER CASE
2f. - ) Sideband Power (dB down) Sideband Power (dB down)
t r Average Average

Antenna 60th Sidebands, 120th Antenna 60th Sidebands, 120ch

f, *+f Gain Relative to Sidebands Gain Relative to Sidebands

t " 1 (dB down)* ) o .| Relative | (dB down)* ‘ R Relative

Carrier Azimuth to Carrier Carrier Azimuth to Carrier
0.000 0.0177 26.57 8.80 74.77 0.3825 33.97 16.57 127,90
0.005 0.16 26.42 8.80 71.94 0.49 29.76 12,47 57.04
0.010 0.53 26.04 8.79 68.35 0.74 27.22 10,18 52.58
0.015 0.96 25.60 8.78 66.14 1.10 26.55 9.87 55.01
0.020 1.40 25.14 8.76 65.22 1.55 27.65 11.42 59.12
0.025 1.86 24,65 8.73 65.46 2.06 30,77 15.05 54,20
0.030 2.31 24,16 8.69 66,97 2.59 33.54 18.35 49,87
0.035 2.72 23,70 8.64 69.60 3.18 28.87 14,27 48,73
0.040 3.00 23.25 8.46 70,72 3.76 24,72 10.70 52.26
0.045 3.42 22.80 8.44 67.87 4.32 22.91 9.45 62.92
0.050 3.73 22.38 8.33 65.00 4.83 23,07 10.12 52.67
0.055 4.05 21.98 8.25 63.39 5.36 25,24 12,82 58.06
0.060 4.44 21,61 8.27 62.99 5.86 29.70 17.88 53.62
0.065 4.73 21,27 8.22 63.79 6.30 28.51 17.03 57.15
0.070 5.00 20,93 8.16 65.73 6.70 23.15 12,07 56.57
0.075 5.24 20,58 8.04 67.80 7.06 20.15 9.43 50.17
0.080 5.40 20.23 7.85 66,86 7.37 19.20 8.79 45,57
0.085 5.66 19.89 7.717 64,07 7.58 20,07 9.83 41,65
0.090 5.90 19.57 7.69 62.07 7.68 23.35 13.25 40,37
0.095 6.21 19.28 7.71 61.26 7.74 28.87 18.83 46.95
0.100 6.45 -- .- - 7.88 24,13 14.23 47,26

*
Relative to the theoretical maximum average antenna gain of L7.78 dB.

Also shown in Table I are the corresponding values of computed
antenna gain in the retrodirection, averaged over all azimuthal angles
and compared with the theoretical maximum average gain given by
10 log,, 60 = 17.78 (see also Fig. 9). When linear amplifiers are used
it is noticed that the gain decreases monotonically with increasing sepa-
ration of f and f , as does the relative power of the 60th sideband when
linear amplifiers are used. This gain data has been used to compute ap-
proximate values for the 60th sideband power relative to what might be
called the omni-azimuthal level—that is, the level that would result if

the antenna consisted of just a single omni-directional element located

17



on the spin axis and having the same gain in the plane of the axis as the
complete 60-element antenna. These values are also listed in Table I and
are found to be remarkably constant, decreasing by only one dB while the

retrodirective gain decreased by over six dB.

When saturated elemental amplifiers are assumed, 1t can be seen
that the computed gain in the retrodirection relative to the carrier power
is lower than that for linear amplitiers. This was to be expected since
previous work>* has shown that when the power fed to an element of an
antenna array 1s 1n proportion to the gain of that element in the desired
direction, the gain resulting from all the elements of the array in that
direction will be higher than when equal power is fed to the elements.

It 1s also noticed, however, that the sideband power for this model 1s,
in general, considerably less than for the case of linear amplifiers.
When the total sideband powers for the first cogging frequency are norm-
alized against the omni-azimuthal power, 1t can be seen that the values
are by no means constant and again are lower than when linear amplifiers
are considered; tor some values of frequency separations the power is as

much as 10 dB lower.

The fact that the sideband power values are not as “well behaved”
when saturated amplifiers are used, 1s compatable with earlier observations

2 in which it was found that antennas

made on computed re-radiation patterns
using linear amplifiers had patterns with more regular sidelobe structure

than when saturated amplifiers were used.

18



1] ANALYSIS

The analysis, like the rest of this report, will be restricted to
considerations of spectral splitting—that is to say, the broadening
brought about solely by the rotation of an antenna of what would be a
single frequency i1f the antenna were stationary, into a spectrum of
frequencies. Two specific aspects of the problem have been studied and
these are discussed separately below. The parameters of the model chosen
for investigation gave an element spacing of slightly more than one wave-
length. Unfortunately, time did not allow the investigation of elements

spaced slightly less than one wavelength apart.

A. Spectral Splitting at a Single Element

It has been shown that if an elemental radiator, which in general
would be one of the elements of a circular array, moves in a circular
manner it will act as a frequency-modulating device on either a received
or transmitted signal. The resultant broadened spectrum is extremely rich
in sidebands that are harmonics of the spin frequency. Consideration was
given to elements associated with two such arrays, both of which have
been the subject of previous investigation during this program period and
have been designated Type 3 and Type 1 respectively. It must be stressed
that mutual coupling has been neglected in all of the spectral analysis
work. 1Its consideration would greatly complicate the analysis in at least
two of the four antenna types considered during this program; these are

the Type-2 and Type-3 antennas.

1. Type-3 Antenna

Although the analysis applies strictly only for a single element,
consisting of a line-source antenna theoretically having equal gain in
all azimuthal directions and arbitrarily high gain in the axial plane,
it must be remembered that this element must eventually form part of a
complete circular array. Mutual coupling then would be a predominant
factor. Since it has been neglected in the present work and since the

azimuthal gain function of such an element has been shown to be very far
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from constant,* the results of the analysis must be considered purely

academic for the present.

The broadened spectrum was shown to consist of a symmetrical spectral
band having approximately as many significant lines as the number of correct
frequency wavelengths in the locus of two revolutions of the element (i.e.,
47R). The power contained in spectral lines outside this band falls off
rapidly although the most significant lines are near the edges of this band.
It is anticipated that i{f mutual coupling were considered, the energy con-
tent in lines near the edge of the band would be greatly reduced. This is
because the energy content in these lines 1s associated with the maximum
periodic Doppler shift which takes place when the element 1s at the “limbs”
of 1ts circular locus. 1In practice mutual coupling etfects of neighboring
elements will in general reduce the azimuthal gain of the subject element

when 1t 1s at a limb location.

2. Type-1 Antenna

In this analysis 1t 1s again assumed that mutual coupling between
elements can be neglected, but since it 1s theoretically possible to reduce
this coupling to negligible proportions, by assuring that the lens and
aperture portion of the antenna is free of RF reflections, the assumption
1s quite reasonable. Consequently, analysis of this antenna configuration

was carrled beyond that for any other type.

Again the spectral content i1s high over approximately the same band
as for a Type-1 antenna of comparable size, but falls off steadily towards
the edges of the band. The relative energy content of any particular
spectral line is a function of the exact relationship between the wave-
length and antenna dimensions. However, it does appear reasonable that
the value of N, the number of elemental antennas, can be chosen such that
the Nth harmonic is small compared with most of the lower-order harmonics.
(This is important in a retrodirective antenna, as is indicated in
Sec. III-B, below, when only the Nth harmonic and its harmonics are im-
portant.) This would, however, reguire that the elements be placed closer
together than one wavelength, something which is not ditficult to imple-
ment, but further analysis would be required to demonstrate that the net

effect would indeed be advantageous.
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3. Spectral Splitting in an Adaptive Receiving Antenna

The work has not included a study of the case of the self-adaptive
recelving antenna system--that is, an array of antenna elements and re-
ceiving circuit elements that automatically adjust the phases of all the
elements so that their outputs can then be added coherently. However, it
1s worth mentioning some aspects of spectral splitting as they relate to

such a receiving system.

Although it has been shown that in the case of a retrodirective
(transmitting) antenna most of the spectral lines cancel each other out
on transmission, this 1s not the case in an adaptive receiving antenna.
It phase-locked loops are used in the adaptive circuitry it may not be
practical to open up the loop bandwidth sufficiently to allow each voltage-

controlled oscillator to follow the incoming pilot signal.

There is some indication that this problem can be easily overcome if
the spectral splitting is egquivalent to a simple frequency modulation, as
1s theoretically true for the Type-3 antenna in the academic case where
mutual coupling is neglected. No such simple solution has yet been indi-
cated (or sought) for the Type-1 antenna, and the whole subject of the
most suitable circuitry to minimize the eftects of spectral splitting on
antennas of these types warrants further study. It will not, however, be

possible to make any such study during the course of the present program.

B. Spectral Splitting and Retrodirective Arrays

The surprising fact demonstrated by the present study is that despite
the drastic spectral broadening associated with individual elements of an

irective array, all but 1/N of the

[«

array, 1n a properly operaling retro
spectral lines cancel each other out on transmission in the retrodirection.
Even the spectral power associated with the Nth harmonic, and its harmonics,
1s very low and can probably be decreased by appropriate antenna design.

It should not present any problem for such simple modulation schemes as
power-detected FSK. For instance, if a 60-element, retrodirective, data-
modulated antenna is spinning at 10 rpm the information bandwidth received
will be broadened by about 20 Hz. If the information bandwidth is com-
parable, then the broadening might require an appreciable increase in re-
ceiver bandwidth and a corresponding decrease in signal sensitivity.

However, for information bandwidths of 100 Hz or more, in which energy
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detection is used at the ground receiver, the spectrum broadening due

to antenna rotation would be insignificant.

If it 1s desired to use coherent detection, as for instance with
phase shift keying (PSK) the problem is more pronounced. In such a case
1t may be necessary to simulate the spinning antenna at the receiving
station. Digital or analogue techniques could be used for such a simula-
tion and could, for instance, take the form of an identical antenna spin-
ning exactly in phase with the distant antenna, allowing of course for
the transmission time delay and its derivations (Doppler, etc.). This
receiver-based simulator, through which the incoming signal would be pro-
cessed, could be considered as a device used to “unscramble’ the data that

has been scrambled 1n the spinning retrodirective array.

One advantage of such a coherent detection system is that thereceiver-
based simulator could be modified from time to time to reflect similar
changes taking place in the space-vehicle antenna, such as the failure or
degradation of one or more of the elemental retransmitters. In addition,
1f some known asymmetry were introduced into the space vehicle, such as
switching oftf one of the retransmitting elements, then the exact azimuthal
orientation of the space vehicle could be obtained at any instant by ob-

serving the azimuthal position of the simulating antenna.

The simulating device would have to be calibrated from time to time
and this could be done by periodically removing all intentional modulation
from the signal and adjusting the simulator or unscrambler, until its out-
put was also unmodulated. Thus a periodic diagnosis of any trouble on the
spacecraft could be made, as well as a determination of 1its orientation.
It 1s obvious that this whole concept regquires further study than is pres-
ently planned, particularly with regard to noise and appropriate modula-

tion techniques.

A further analysis of the various topics investigated during the course

of this program will be included in the First Annual Report on the project.

The stage now seems to have been reached where at least one antenna
having a cylindrical configuration shows promise for use on a spin-stablized
vehicle. It therefore seems appropriate that some experimental program
should be implemented to demonstrate the feasibility of one or more of the

techniques that have so far only been studied theoretically.
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APPENDIX A

SPECTRAL SPLITTING FOR A SINGLE ELEMENT IN A
CIRCULAR ARRAY OF OMNIDIRECTIONAL ELEMENTS (TYPE-3 ANTENNA)

Consider a ring of antenna elements on the circumference of a cylin-
der (see Fig. A-1) spinning at a rate of w = 27f_ rad/sec. Let a signal
be received in the plane containing the ring of elements and hence per-
pendicular to the spin axis of the satellite. The geometry 1s shown 1in
Fig. A-1. Mutual coupling 1s assumed to be negligible so that the radia-
tion pattern of each elemental antenna can be assumed to be omnidirectional

(an assumption that is far from true in practice).

SIGNAL DIRECTION
—————

POSITION OF i"™ELEMENT

] AT t
g;” POSITION OF i'" ELEMENT

I_‘?’///// AT t=0
PCSITION OF REFERENCE

ELEMENT AT t = O

TA-5574-66

FIG. A-1 GEOMETRY OF PHASE CENTERS OF ELEMENTAL
OMNIDIRECTIONAL RADIATORS

We take the phase at the center of the cylinder as reference and

hence write the voltage at that point as

v = cos wot
where

w, = 271f,
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and f, is the received frequency which may include a Doppler shift. Such

a shift, since it applies equally to all antenna elements, will be called

gross Doppler.

Let &, be the angle of the ith element with respect to the reference

’ condition. Then,

‘ where N 1s the total number of equally spaced elements. The horizontal

displacement from reference is given by
disp = R sin &,

where R 1s the radius of the circle on which the phase centers of the
elemental omnidirectional antennas lie. 1If we measure this radius 1in

wavelengths and convert to phase in radians, then the signal received by

the ith element 1s

) 271
v, = cos {wyt *+ 27R sin < I + wsa
271
= cos wgt cos |27R sin Ny tw t

) 271
= sin wyt sin [éWB sin (“Nf + wsti] . (A-1)

But from Bessel function theory we have

cos (A sin 8) = J,(A) + 2 g‘ Jzn(A) cos 2nf (A-2a)
o]
sin (4 sin ) = 2 20 J (A) sin (2n + 1)6 . (A-2b)
n= 2nt1l
Hence, from Eqs. (A-1) and (A-2),
@ 271
v, = cos wyt []O(ZWR) +2 2 J, (27R) cos 2n ~ + wsq
n=1

. @ 2771
= sin wgt [? néo J2n+1(2WR) sin (2n + 1) Nl + ws{}

(A-3)
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But note that

cos & cos [ = é [cos (a + £) + cos (@ - ﬁ)] (A-4a)

and

sin @& sin 8 = -é lcos (@ -~ £) - cos (a + f5)] (A-4b)

and using Eq. (A-4) in (A-3),

v, = Jy(27R) cos wyt

+

w 477n L—'
g JQH(QWR) {cos Ewo + ans)t + v J

n=

47nt
+ cos EQ% - ans)t ~ N }}

o)
+ §0J2n+1(2ﬁﬂ) <cos {[wo + (2n + 1)ws]t +

n

27(2n + 1)1
- cos {[wo - (2n + l)ws]t - —ZL—E————21}> . (A-5)

27(2n + 1)1
N

N

Thus, for the case of w; constant, the voltage at the frequency

(1/2W)[w0 + kws} has a magnitude Jk(QWH) and a phase k{(27i/N).

Note that the phase for k' = k + ON for all integers 5 is the same

as for k.

Since it is desirable to maximize the carrier voltage, the antenna

radius should be chosen to maximize J,(27R). 1If R is near 10 wavelengths,

2 77
J ~ f 27R - — A-6
0(2WR) 2R cos 7 1 ( )

which has a peak when

then

il

7
27R - Z— k(277) (A-7a)

or

ZW(R - —-) = k27 (A-Tb)
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1
R = &k +-§ . (A-Tc)

For example, we could take

=l
i

10.125

When X > n?,

70 2 X nmo 7
n 7T(X') CcOos < —?2— :I>

The choice of X = 2wk + (1/8)] will make [X - (n7/2) - (7/4)] mod

27 = ( 7/2)n and hence the lower odd sidebands will vanish.

The spectrum resulting from this particular model is given in

Table A-1.

Table A-1*

SPECTRAL CONTENT vs. SIDEBAND NUMBER

n J (63.61) J (63.61) |2 RELATIVE
0 .10003 . 010006 0.0
1 ~.00013 .000000 - ©
2 ~.10003 .010006 0.0
3 -.00615 .000038 -24.2
4 . 09945 . 009890 0.0
5 .01866 .000348 -14.6
6 ~.09652 . 009316 - 0.3
7 -.03687 .001359 - 8.7
8 .08840 .007815 - 1.1
9 .05911 . 003494 - 4.6
10 ~.07168 . 005138 - 2.9
11 -.08146 . 006636 - 1.8
12 .04344 .001887 - 7.3
13 .09804 . 009612 - 0.2
14 =.00337 .000011 -29.8
15 -.09952 . 009904 0.0
16 -.04356 . 001897 - 7.2
17 .07760 . 006022 - 2.2
18 . 08504 .007232 -1.4
19 ~.029417 .000868 -10.6
20 -.10265 . 010537 0.2
21 -.03507 .001230 - 9.1
22 .07949 .006319 - 2.0
23 .09006 .008111 - 0.9
24 -.01436 . 000206 -17.0
25 -.10090 .010181 0.1
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Table A-1" (Conc luded)

n J (63.61) 1Jn(63.61)|2 RELATIVE
26 ~.06495 . 004219 - 3.7
27 . 04780 .002285 - 6.5
28 .10553 L011137 0.5
29 .04510 . 002034 - 7.0
30 -, 06440 004147 - 3,8
31 ~.10585 .011204 0.5
32 ~.03877 .001503 - 8.2
33 . 06685 . 004469 - 3.5
34 .10813 L011692 0.7
35 .04874 .002376 - 6.3
36 -.05449 .002969 - 5.3
37 ~.11042 .012193 0.9
38 ~.0739 .005470 - 2.6
39 .02204 ,000486 -13.1
40 .10100 .010201 0.1
41 .10498 L011021 0.4
42 .03432 ,001178 - 9.3
43 ~.05964 ,003557 - 4.5
44 ~.11497 .013218 1.2
45 ~.09940 .009880 - 0.5
46 -.02567 .000659 ~11.8
47 .06227 .003878 - 4.1
48 .11769 .013851 1.4
49 .11535 .013306 1.2
50 . 06002 . 003602 - 4.4
51 ~.02099 .000441 -13.5
52 ~.09368 . 008776 - 0.6
53 -~.13218 . 017472 2.4
54 ~.12658 016022 2.0
55 ~.08273 . 006844 - 1.6
56 ~.01649 .000272 ~15.17
57 .05369 . 002883 - 5.4
58 .11273 .012708 1.0
59 .15187 . 023064 3.6
60 .16901 . 028564 4.6
61 .16695 .027872 4.5
62 .15120 .022861 3.6
63 .12780 . 016333 2.1
64 .10194 .010391 0.2
65 .07733 . 005980 -~ 2.2
66 .05610 .003147 ~ 5.0
67 .03909 .001528 ~ 8.2
68 .02625 . 000689 ~11.6
69 .01703 .000290 ~15.4
70 .01070 . 000114 ~19.5
71 . 00652 .000043 ~23.7
72 .00385 .000015 ~28.2
73 .00220 . 000005 ~33.1
74 .00120 .000001 ~40.0
75 .00059 . 000000 -

*
Tables of the Bessel Functions of the First Kind,

ANNALS TTT of the Computation Laboratory of Harvard

University (Oxford University Press, 1947).
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APPENDIX B

DERIVATION OF SPECTRUM IN THE
CYLINDRICAL-GEODESIC-LENS BICONICAL-HORN
ADAPTIVE (TYPE-1) ANTENNA DUE TO VEHICLE ROTATION

This antenna has been described in the First Quarterly Report, and
its general configuration is shown in Fig. 3 1in the main text. For the
present purpose we note that each elemental radiator, at the 1nstant when

its angular position relative to the direction of the received signal is

yr_ﬂiyf.ﬂ (B'l)

receives signals from an infinite number of directions, @ , where d is

measured relative to the direction of maximum gain and

T oo < (B-2)
5 _
(see Fig. 4).

Due to the nature of the lens and the geometry we tind

@, + L van a, = 27 + 7y (B-3)

where ¢ = 0, +1, 2, 3, + ..., and L is the ratio of the height of the

iens to its radius.

1

It can be shown® that each signal can be written as

6, L
F. (y) = exp j |w,t + 27R - cos @, (B-4)
L Y cos 0

0052 ai

where G(®) is the voltage gain function of the elemental radiator within
the “parallel plate’” lens region. A typical gain function can be de-

scribed by:
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7R 2
) (B-5)

G(a) = 10 exp - 2.4 (———
N
where R is the radius in wavelengths, N is the number of elemental
radiators, and the phase is measured with respect to a fixed but arbitrary

point,

1
The [1 + (L/cos? @)]™% term is due to space taper in the lens. w_1s,

of course, the RF angular frequency including gross Doppler.

It the antenna is rotating (spin-stabilized), then the angle ¥ is a
periodic sawtooth function of time; hence both the amplitude and relative
phase of F (y) are also periodic and have a fundamental frequency propor-

tional to the spin rate.

Let w_ be the angular velocity of the antenna in radians per second.

Then v is periodic and can be written

y = w.t for l¢] <= . (B-6)
w

«

Thus the signals, from Eqs. (B-4) and (B-6), can be written as

G(a )
F . (t = ] t a . B-7
() Ha) exp ][wo + o(a )] ( )
where
L%
H(a ) = 1 + ———— (B-8)
cos? @,
and
L
@(ai) = 2R [ —— -~ cos o, (B-9)
cos di
Of course, since
@, + L tan o, = 27i + w t , (B-10)
@, is a function of t and is also periodic. Since F (t) is periodic, we
can write 1t 1n terms of a carrier and sidebands as
@ @ tthe t+Q . )
F(t) = = C e ° STk (B-11)
k=~



jwt

Now, equate Egs. (B-7) and (B-11) and cancel e” ° | getting:
G(a )
© @ . kw i P(a .
2 (C ke] ‘Q st ejp ) . (B-12)
k==-o " ' H{a )

—]kwst

Multiply both sides by e and integrate over a period:

T/2 G(a )
® 1 i [0(a )-kw _t]
Pk [ L grREaTRes (B-13)

C, e = =
T lopy, H(®Y)
Now, transtorm the integration from t to & according to Eg. (B-10) and

note that

27
w = 2mf = = . (B-14)
S N T
Now,
L
da (1 + ———————> = w/dt (B-15)
cos? ai
and when t = -(T/2),
@ + L tan a, = omi - m = {(2¢ - 1)m . (B-i6)

l

Let the solution of Eg. (B-16) be B . Similarly, when t = +(T/2),

13

o, + L tan @, = 2mi+ 7 = (20 + )7 (B-17)
and let the solution be C,. Thus we are numbering the rays as @ = 0,
t1, *2, +3 etc., and we have
B, + L tan B, = (2t - L)w (B-18a)
C,+ L tan C = (2 + L)w . (B-18b)

Using these results in Eq. (B-13), we obtain

C .
i® . 1 i (Pa . )—k(a . *+L ¢ a +97i)
C.e’ t* = = | Gla)H(@)e R (B-19)
277— t 1
B
Simce e /(k271) = 1 jt can be omitted.
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Now consider the summed effect over all rays:

+o0
0, i,
C = > C. :
k€ e i kE
C
I
- — 3 Gl (el @K@l vanadlye  (B-20)
27 i=-® ),
;i
These are non-overlapping adjacent ranges of integration. From the mono-

tonic functions of Eg. (B-18):

C0 ~ T, B, ~ =
¢, ~ 3m, B, ~ 3m
B0 ~ -7, c., ~ -m
B_1 ~ -3, C_2 ~ =37
Further,
lim B = lim C, = /2
and
lim B, = lim C, = -m/2
Thus, Eq. (B-20) becomes
. 1 /2
Ce’t - = GloyH(@ e [P kst vanarlgy . (B21)
27 oy iy
Now use Euler’s equation, e¢/9 = cos ¢ + j sin ¢, to write
L (77
C, cos 9, = — J G(a)H(a) [cos @(a) cos k& - sin @(a) sin kdlda
2 -m/2
(B-22)
where
§ = 0o + L tan « . (B-23)
From Eqs. (B-5), (B-8), and (B-9) we note that G(a), H(a), and ©(a) are
all even functions of &. Cos kd is also even in @, but sin kd is odd.
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Since the integral of an even function over a range symmetrical about

the origin is twice the integral over the half-range and the integral of

an odd function 1s zero, we have

m/2
1
C, cos ¢, = —-J G(a)YH(a) cos @(a) cos k(¢ + L tan a)da . (B-24)
7
0
Similarly,
(7
C, sin ¢, = P J G(a)H(a) sin ©(®) cos k& - cos ®(®) sin kédlda
7

G(a)H(a) sin 9(®) cos k(a + L tan o)da . (B-25)

t
| =
;“\
< 3
-

Note further that Egqs. (B-24) and (3-25) are even functions of k so that

C., cos 9_, = C, cos 9, (B-26a)
and

C-k sin ¢_, = C, sin @, . (B-26b)
Thus thc spectrum is symmetrical about the carrier.

Equations (B-24) and (B-25), by a change in the upper limit of inte-
gration, can also be used to find the spectrum of Ray 0 and the spectrum
for Rays -1, 0, and 1. By changing both limits of integration, the

spectrum for Rays -1 and 1 can also be found.

An Algol program for the Burroughs 5500 has been prepared and run to
obtain spectrum data, using R = 10, L = 3, N = 60, for the following ray

groupings:

Ray 0
Rays -1 and +1
Rays -1, 0, and +I!

The following was computed for each sideband:
Inphase component C, cos @,

Quadrature components C, sin @,
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Amplitude
Phase angle

Power relative to carrier

Cumulative power
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APPENDIX C

DERIVATION OF POWER IN THE TYPE-1 ANTENNA

‘ Since a lossless system has been assumed, it 1s of interest to cal-

culate the power emitted from an elemental radiator in each ray.

The voltage gain function of each elemental radiator as measured in

the “parallel plate’” region of the lens 1s assumed given by:

G(a) - 10[—2.4(77Ra/N)2] . (C-1)

Hence the power gain 1s

62(a) = 10l-4.8(mRasn)?] (C-2a)
- e tkPals2y (C-2b)
Hence
K2a2 WR(X 2
In G*(a) = - = —48(———) In 10
2 N
or
- R
K = W-N-(4.701). (C-3)

Then the power can be written

a

0
P, = % G*(a)da for Ray 0 (C-4a)
T/ 2
= 2 G2 (2)dd for all rays (C-4b)
0
1
= 2 [ G*(a)de for Rays -1 and +1 (C-4c¢)
%0
1
= 2 % G2(a)de for Rays -1, 0, and +1 (C-4d)
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where o« = 0.687 radians, and satisfies

g + L vanay, = 7 for L = 3 (C-5)
and @, = 1.226 radians, and satisfies
a, + L tan o = 37 for L = 3 . (C-6)

. But in all cases

A

P - 2 [ G2a)de
0

A 2 2

= 9 [0 Tt 2y (C-7)
0
and setting x = Ku, dx = Kdo,
e
P = z x Vii'J e (% /Z)dx
K Vam 0

A
22 [ 1 (Ke 2
J e ~(ET/2) g, (C-8)

K \von
0

where the expression in parentheses can be found in the tables of the
normal probability density.

When Eq. (C-8) is evaluated for R = 10 and N = 60 and compared with
the cumulative power from the computer runs, we find:

Rays Eq. (C-8) (20ék2¥3ggghd5)

All 1.020 --

0 0.926 0.918
-1,1 0.089 0.098
-1,0,1 1.014 1.008

These results show sufficient agreement to verify the computer algo-
rithm used.
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The relative power 1n Rays -1, 0, and +1 as compared with the total
power from an elemental radiator (1.014/1.020) certainly indicates that
the higher-ordered rays should have a negligible effect on the overall

spectrun of the signals.
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APPENDIX D

RETRANSMITTED SIGNAL FROM A CYLINDRICAL-GEOGDESIC-LENS
BICONICAL-HORN ADAPTIVE (TYPE-1) ANTENNA

1. Introduction

As discussed earlier in this report, almost all the power 1s con-
tained in Rays -1, 0, 1 and therefore the present discussion will be
restricted to these rays. It 1s assumed that each elemental antenna of

the array is connected to a simple conjugating circuit.

Power 1s received at each elemental radiator along each of the three
ray paths. The corresponding voltages are added and mixed with a pure
sinewave at twice pilot frequency. The difference signal from the mixer

1s then retransmitted along each of the three ray paths.

To begin with, let us assume the following:

(1) The local oscillator is at exactly twice the incoming
pilot frequency.

{2) All operations are linear.

(3) Phase delays are negligible compared to spin period.

Each signal in passing from the plane external wave to the elemental
L

diator in either direction has its amplitude reduced by G(a)/H(a) and

ia

undergoes a phase delay of 27R[(L/cos 0) - cos a] where

2
Gla) = e-(K2a /2) (D-1)
N
H(a) = < + ) (D-2)
cos? «
R = Radius in wavelengths
L = Length in radii
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an d
@y + L tan a_ = =27 + vy (D-3a)

@y + L tan oy = (D-3b)

H

, + L tan o, 27 + Y {D-3c)

1

where 3 is the angle of arrival with respect to the position of the ele-

mental radiator.

For convenience, let

L
Q. = QWR( - cos a) (D-4)
' cos O !
G@,)
A = . (D-5)
: H(a )

Note that the effect of the mixer is to change the sign of the phase.

2. Derivation

The voltage reaching the elemental radiator (assuming unit voltage

in the arriving wave) 1is

A loo, + Agle, + ALo, (D-6)
After mixing, we have

A Z=o_, + Agl-q, + A, L~9, . (D-7)

Then the total retransmitted signal in the direction ¥ consists of

nine terms:

Vo= AZL0 + AL Aoy - ol) o+ AL AZ(R] - o))

VAWML Lol - 0) v ARZ0 v+ AA L0 - 9y)

+ AlA-IZ((D—l - (Pl) + A].AOZ((DO -~ (Pl) + A?ZO . (D"8)
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Rearranging Eq. (D-8) and combining terms having equal positive and nega-

tive angles gives:
Vo= (AZ) + AT + A)Z0 + 24_1A; cos (9, - 9_,)20
\ + 2A_1A1 cos (@1 - @_1)40 + 2A0A1 cos (9, - @O)ZO . (D-9)
Equation (D-9) indicates that all components of the retransmitted signal

are in phase, but the amplitude of the signal varies with % and hence with

time.

! 3. Effect of Different Receiving and Transmitting Frequencies

If Assumption 1 is dropped, then R, which is measured in wavelengths,

will be different for reception and transmission. L is unchanged.

R enters in the K of Eq. (D-1) and in the phase term. ALeR .
R, G(a), A, and ¢ refer to the received frequency, f,, and R, G(a), 4,

A .
and ¢ refer to the transmitted frequency f,.

Then,

A f’r

R = —R = CR (D-10a)
fr

A

K = CK (D-10b)

A

0) = C(P . (D'].OC)

Note that Eq. (D-3) does not involve R and therefore the ¥y - a rela-
tionships are the same for both transmission and reception. Equation (D-7)

is still valid, but the equivalent of Eq. (D-8) is
A A A A
Vo= AL AL Loy - 9o)) + A4l ey - 9l y)
A A A
FALA L0 = ony) v AL L0, - 9g)
AA AA
*AA (9 - ) t AgA L9 - 9)
A A AA (
+AALL(on - 0y) v AA L@y - 0y)
AA
+ AA (0] - 9)) . (D-11)
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Unlike the previous case, Eq. (D-11) indicates that

and angle modulation will be present.
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