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ABSTRACT PYLLY
This investigation was concerned with o multiple aperture adaptive

antenna system for application to receiving telemetered data from
remote space vehicles or satellites.  The primary criterion for deter-
mining the feasibility of such a system has been cconomic considerations -
but of necessity many physical constraints imposed on both a single an-
tenna and a mult:ple aperture system have been evaluated. These include
such factors as acquisition and combining of signals, look angle, shadow-
ing, propagation influences system spatial bandwidth, collimation, inter-
ference, doppler effects, reliability, and noise. Specific conclusions
have been made for a system operating at a frequency of 2 Ge, but the
system model adopted allows quick evaluation at other frequencies. At
a frequency of 2 Gc, the crossover point between a single antenna or a
multiple aperture configuration occurs for an 85 foot reflector. Howcever
this transition region 1s not critical. For lunar range communications
a single antenna appears to be the most economical, whereas at inter-

planetary ranges aperture equivalents of around 400 fect are required

and achieved by arraying eight 142 foot antennas. M
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I, INTRODUCTION

The ability to detect weak sipnds froon distant Spac e ratt oy
dircotly related to the area of the pround antenng recenving apertar,
Large collecting arcas are tecessary tor wideband or for long ranyge
communmications in order to achieve acceptable sighal-to.noise ratios.
Parabolic reflector antennas 85 feet in diameter, Capable of ht‘xnihphc*l‘-
ical coverage, are more or less standard atalog' items avatlable from
several manufacturers. The same 1s almost true of 120 foot apertures,
Parabolic reflectors 210 feet 1in diameter are also available and can
operate over a large part of the microwave region.  Above approximatcly
300 feet diameter, hemispherical -« overage parabolic reflector antennas
becormne increasingly more costly and economically prohibitive .

Larger antennas can be built by muaintaining the reflector fixed and
scanning the beam by moving the feed. The 1000 feet diameter spher:oal
reflector antenna at Arecibo, P.R. (1lluminated area of 600 fect diam. )

: 1 C oy o

1s an example of such an antenna., Its scan is limited to 20 . The
inability to obtain anything near hemispherical coverage with large,
scanning-feed antennas limits their usefulness in space communizations,

Not only is it economically difficult to build large, moveable
apertures, but other factors such as propagation media inhomogenieties
and beam pointing accuracy further restrict the ability to achieve large
physical apertures.

Array antennas of many thousands of elements offer little practical
advantage for large ground-to-space communication antennas in the sizes
and at the frequencies desired. Their cost is as much, if not consider-
ably more, than the large parabolic aperture. Furthermore, they are
generally difficult to operate over more than a single frequency band.
Large collecting apertures can also be obtained with a la rge number of
flat plates cach of modest size and feed from a source located on a high
tower, The beam 1s steered by positioning the individual flat plates.,
This approach has not been thoroughly tested and would probably have

oorer sidelobes and a higher noise temperatare than conventionsl
p }

!
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attennas, Furtheroore st boan antenta doos ot vy Fers phor. al
coverage. I mapht have spes ialiced applooabion, how ever L lorg rapgd

lnlt'rplunt'tur\' oo dhions,

The approadh to larae apurtures presentedan this report xs to
utilize a relatively small mumber (fuur to nane beang typic al) of morce or
less conventional, hemtspherical coverage, pa rabolic reflector anfentas
properly combired and ;u"‘lmg n unison to produce the effect of a single,

large antenna. The mult: aperture antenna system is an o¢ onomical

and technically feasible method for realizing the type of performante
needed to communicate catisfactorily at the long ranges required for
spacecraft applications.

The major reason for considering the multi-aperture antenna
system init:ally 1s the reduced cost as compared with the s.ngle artenra
of equivalent area. However, there are other benefits which are inherent
in this approach. These may be listed as follows:

Flexibility of Operation - The antennas may be operated as a

coordinated group for h:ghest performance or they may be divided into
subgroups for separate simultancous missions.
Reliability - The loss of one or two units does not cause catastro-
—_— 2

phic failure of the system.

Reduced Consz ruction Time - Limited mass productior can be

applied and earch artenna 1s a proven design that is within technological
capability.

Improved Antenna Performance - Faster tracking and slewing

rates are possible and it is easicer to achieve a system at higher fre-

quencies than with a single aperture.

Freedom From Atmospheric Inhomogeneity - The atmosphere is
essentially uniform arross each individual antenna aperture.

Beam Poinuing - Potertt 1 exists for finec-grain eleltric al heam

pointing as well as courscer mechanical pornting.

Diversity Reception - At low angles of elevation, when fadirg due

to the propaga‘ion medinm is ampuortant, the mult:-aperture system

2
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reduction of 1nterferend e by proper combimng,

Growth - Units may be readily added in the future,

The purpose of the study reported here 1s to evaluate the utiliny

-
of the multi-aperture antenna concept ard to suggest arcas of application,
The primary application 1s for recesy pg telemetry sipnals from tpate-
craft at lunar distanc es (3.8x loskmi and at mterplanetary distances
(2.6 x 108 km}, but the sy>tem <an be modified for transmission from
the Earth to the fpatecraft, if desired. The resulrs of this study
provide guidelines for determining the be st system confirguration includ-
ing the optimum number of subapertures, the:r size, and spacing for a
specified equivalent aperture size. The various methods of comb.n.rg
the outputs of the several antennas are examined and the advaﬁtages
and limitations relarive to conventional systems are established. The
requirements desc ribing the scope of this rescarch as specified :n the
Contract Statement of Work s reproduted in Appendix I1],

The concept of the multi-aperture antenna system 1s an outgrowrh
of diversity reception commonly employed in communications and of the
adaptive antenna, Appendix I gives 3 brief historical review of rhe
origins of this type of system,

Following the summary in Section 2 1s a section giving the &ssump-
tions made concerning the type of communications systems that might
be carried by lunar and interplanetary range spacecraft, It ;s necessary
to define a model of the Spacecraft system so as to properly specify the
ground antenna system especially the tombining method. The
important system cha racteristics are the type of modulation emplovyed
and whether or not a plot, or carrier, signal is available,

The analysis of the number of subapertures and the optimum d =h
size is presented in Section 4. The criterion 1s based primarily on
economic considerations, Section 5 discusaes the Various factors phye

3
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enfer anto the =spocrng contiguration, Method= of o ernbrning the Gotpnrs
of the several antennas are described in Sedtion b,

Secuion 7 considers a number of problem arcas relatiing tu the
system configuration, Two design examples are given in Section 8 one
for lunar range, the other for mterplanctary range,  The final section
compares the multi-aperture antenna systems to conventional antennas.

L, . 3,4
In addition to th:s final report, *wo quarterly reports have been

1ssued which provide further detail.
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2. SUMMARY AND CONCLUSIONS

The mult:-aperture antenna <ot pt s a feas.boe and ¢oonumical
method of ath.cv.y large rece.ving aperfures when 0 s not practical
to construct a sirgle reflestor antenna.  The outputs of the antennas
constituting the mul.i-aperiure system can be eff siently combined by
utilizing some adaptive s-heme such as a phase lotk loop for cach
antenna. This report deta.ls the majyar svstem facrors that must be
considered in a "ess'ng the feasiblty ard evaluating the utility of this
antenra concept a¢ well as provid.ng dez:ign gu.des for system specifica-
tion,

The optimu number and size of the individual antennas of the
multi-aperture system are derermined using the cr.teron of minimum
system cost. Since an'enna cos's varv almos: as the cube .f the diameter
1t is cheaper to obrain a number of smaller antennas than one large
antenna of the same total area if the cost of electronics per antenna is
negligible. When *he eieztronics cost :s not neglhigible there is some
optimum number for max:mum economy. It is shown that the multi-
aperture antenna be-omes economically rewa rding when the electronics
cost for a single antenna is abou’ one-tenth {or less} the antenna cost.
The conditions under which the cross-over point 1s reached between the
multiple aperture ard cingle antenra depends primarily upon the frequency
of operation. As .t 1s more expensive to make antennas of a given size
to operate at a higher frequency the use of the multiple aperture approach
becomes more desirable as the frequency increases, assuming a fixed
electronics cost. At 2 Gc, with minimum electronics cost of the order
of $100, 000, the trans;stion point is in the vicinty of an 80 1o 85 foot
aperture. Different electronic ~osts can ~hange this conclusion,
Furthermore, the cross-over between the two is not a sharp one.

It was found thar *here .s 1i*tle need for a multi-aperiure ant

’]

yes ey
clitiaa

n

system to satisfy the specified cpace commun,-ations req.:rements for
a lunar-range systemn a* frequercies ar least as high as 2 Gc. A single
reflector anferna sho:ld be able to perform setrsfastorily. If, on the

b
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other hand, the operating freqoency was 10 Go and the electronie costs
were again assumed to be $100, 000, the model developed in thrs =rudy
indicates that a multi-aperture antenng 1s preferred, Three subapertures
(each having an approsximate diameter of 50 feet) represent the nunamun
cost configuration, although the saving is relatively small ~ on the order
of 25%.

The conclus;ons for an interplanctary range commuracation systemn
are different than for the lunar range system.  Multi-aperture antennas
are deaidedly advantageous in this application because of the need for
collecting apertures larger than can be economically achieved with a
single dish. For the model of the spacecraft parameters adopted it
appears that aperture equivalent of at least 400 feet are required if the
information bandw:idth is of the order of 100 cps. At a frequenty of 2 Ge
such an antenna is most economically represented by eight 142 apertures.
In converting the results presented herc to practice it should be realized
that antenna designs are available at certain preferred sizes. The
"optimum' is not sharp and there would be hittle lost 1if the appropr.ate
number of the nearest standard size antennas were used instead of the
precise antenna diameter specified by the analysis.

While the state-of-the-art does probably allow constructior. of
400 foot apertures at a frequency of 2 Gc, an equivalent aperture can be
achieved for less than half the cost (excluding fixed cost) if the multiple
aperture approach 1s used. Furthcrmore, during acquisition detection
capability equivalent to almost 25% of the worth of the 400 foot antenra
may be lost due to pointing errors. Thus it appears desirable to use the
multiple aperture antenna for receiving telemetry data from interplane
tary sources.

There are other physical constraints beside pointing errors whae h
limit antennas in physical size, and have been recognized for some time
as limiting factors. It appears that thermal tolerances will hhmi* the
antenna gain of a single dish to around 64db unless the antenna s

operated 1n a radome or the multiple apertere system is adopted,

2
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Trade-offs must then be made between increased noirse temberature
for the radome) or combining losses.

Considerable study was given to be problem of efficiently <ombin -
ing the outputs of the various antennas. It 1s suggested that whencver
possible a narrow band pilot signal be provided to aid in the comb.n.ng
process,

Other problems, including acquisition of signals, bandwidth,
interference, reliability, and siting have been investigated and found to
present no restriction,

The chief conclusion of this study is that the multi-aperture
antenna has animponant area of application when the maximum com-
munication capability is desired and that there are no known fundamental
limitations which might prevent the successful implementat.on of an

operational system.
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3. COMMUNICATION SYSTE U MODEL

In order to analyze the malti-aperture antenna a- the ground
terminal of a space communications system, some idea rust be had of
the nature of the spacecraft terminel,  The contract Staiviment of
Requirements listed an Appendix 111, differentiates two types of com-
munication systems, one for lunar ranges (3, 8x l(,‘skvn) and the other
for interplanctary ranges (2.6x 108 k:n)., The considerable difference
in range manifests o+ olf primarily in the available infuormation band-
width that can be transmitted. The greater the bandwidth, the greater
the transmitter power. With present technology, TV bandwidths are
practical at lunar distances but information bandwidths are limited to a
few cycles, or tens of cycles, at interplanctary dis‘ances. As related
to the problem of optimum combining of the outputs from the several
antennas the major difference in spacecraft/ systems is whether a
suitable pilot or carrier signal is available., With a pilot, the combin-
ing can be accomplished adaptively to give the effect of efficient coherent
addition. Without a pilot, incoherent addition may be more suitable.

The present state of technology in spacecraft communications is
advancing rapidly. It is d:fficult to accurately specify a communication
system that is typical. Nevertheless, some assumptions have been
made for purposes of this >study. These are summarized ir. Table 3,1,

Appendix V summarizes the characteristics of several spacecrafr
communication systems. Also given in this appendix are calculations
of the performance of the assumed lunar and interplanetary range
systems,

Although the interplanctary system is of relatively modest band-
width and low data rate, there are indications that TV transmissions
over thesc ranges are desired and being planned.  Such a system would
require considerably larger power and larger antenna apertures than
assumed in Table 3,1, The availability of a pilot can be assumed in ths
case and the combining methods would be more like thosze for the lunar

range system discussed in this report,

9
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% TABLE 3.1
N Assumptionrs Concerning Spacesraft Communications
- Lunar Interplanectary
3 Transm.trer power I5w 100 w
Antenna gain 6 db 17 db
] ~Losses and des gnomargin 5 db 6 db
Range 3.8x10° km 2.6x108km
B Telemertry mode PCM/FM PSK
6
Bandw:dth ~ 10 cps ~ 10 cps
Pilot Yes . No

- 10
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4. THE NUMBER OF SUBAPERTURES

4.1  The Model
In the second quarterly report’ the cost of singic anterna
was established to be approximately

2.94

Cost = 0.92Nf D

where f is the max'mum usable frequency of the antenna expressed in
gigacycles and D the diameter of the dish in feet. This cost expression
includes the reflector, fced support structure, mount, and driving
motors.

For antennas being used in multiple aperture systems the
cost for a single antenna will vary as

Cost X 0.92 Nf pZ- 94

N .
But Dn: D/N'n, where D is the diameter of a single dish of equivalent
area. In other words, for a system requiring a ground antenna of
diameter D, the same system can be composed of n antennas, each
having a diameter D/Nn. Thus, it is possible to specify the ground
antenna cost as

Cost & 0.92 n Nf (D/\fn)z'94
However, this expression does not reflect the savings in development
cost when more than one of the same quantity are built. Furthermore
certain economies in mass production could result if the number of
antennas is large. Based on information gathered during the course
of this study, it seems reasonable to assume that the cost of the second
antenna and succeeding antennas bis 70% of the cost of the first antenna.
A mathematical representation of such a model is

2.9:
CA = Antenna Cost = .92Vf [1 4 .7(n-1)} (DAn) 94 (4. 1)

Electronic equipment will fall into three classes with
respect to cost. First, certain electronic equipment will be common
to both the single or the multiple antenna ;3'st(>m and hence enter as a
fixed cost. All fixed cost quantities are ignored in this discussion of

11




o B anue B asvee RN sotue IR asrs BN e

mmmuh“

O OO =
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costs will not only vary with the number of antennas, but will vary
according to the frequency.,

Toward the goal of establishing a mathematical moder of
electronics cost in the receiving system several manufacturers of such
equipment indicate that approximately 10% savings may be expected for
each octave increase in the number of identical components.  An approxi-

no' 9. Such a model

[

mate model is that the cost of electronics varies s

o

says that 10 components can be purchased for the price of 8 singly and
100 components cost the same as 63 bought separately.
The cost of electronics may be written as

0.
CE = Cost of Electronics = an 9 + fixed cost, (4.2)

where ¢ is a constant depending on the cost of electronics for a single
antenna. If the electronics cost for a single antenna is $200, 000 then
the model assumes that if 4 antennas are used (125 foot aperture size)
the electronics cost is still $200, 000 for S_z_i__cﬁ antenna if puvchased
separately, but with a slight economy if purchased as a group of four
(i.e., total electronics cost is $697,000).

A third cost to be considered in designing a teceiving
Ssystem is the cost of operation and maintenance of the antenna, be it
a conventional aperture or multiple aperture. This cost has been ex-
pressed in terms of a fraction of the initjal cost for each year of artic-

. . 2 . :
lpated operation.  Thus this expense might be expressed as

- Co = Operation and Maintenance Cost - (B CA+YCE) y (4. 3)

TS S 1. . - - . 1 - PRI R L . | - P PRI | Y 4 — - s -~ S
winere, tne cost has been assumeda to tCpend on a f nal part of the

(]

e bo
At La

-t

antenna cost () and the electronics ¢ ost (Y), over a specified period of

operation y.
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This model of oprrating Cost can make the multiple dperture
System cost mole or less to marntair tharn a single dish. The quantities
B and ¥ can be used us Darameters to the problemn to explore thear
effect on the number of subapertutles. Since very few multiple aper-
tures presently exist, 1t 1s difficult to obtain information on operating
and maintenance cost.

The total cost of the multiple aperture system, aside from

'

fixed cost common to both single or multiple antennas, miy be written
as the sum of Equations 4.1, 4.2, and 4 3. The possibility exists that
there are other costs which have not been included but do vary with
the number of antennas. For example foundation cost can vary with
the number of antennas, but it is believed that such variations are
small compared to the other included costs in this model . The deci-
sion to calculate each aperture equivalent rather than differentiate the
expression to find a minimum was made during the previous quarter.
The primary reason for this approach is to indicate the sensitivity of

the cost to the number of ele ments.

4.2 Mimnimum Cost As a Function of Equivalent Aperture Size

It is difficult to estimate the parameters B and Y which
govern maintenance and operating cost For values reported 1in the
literature of f 0 02 and Y -0 102, a family of curves may be
developed in which all quantities are kept constant except the aperture
size. Figures 4 1 through 4 5 indicate the cost of a multiple aperture
system maintained for ten years of operation Fixed costs are not
included in these figures, and calculations have been made by summing
Equations 4 1, 4. 2. and 4 3 Each curve is labeled ac cording to the
electronic cost ¢

It i1s observed that the ratio of the electronics (ost to
antenna cost greatly irfluences the optimumn number of elements  The
smaller this ratio the larger the optimum number of antenras to be
used in the system  Furthermore, the optimuam number of antennas is

small

13
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A Letter way toindicate the anformation contatned 1 these
curves 1s to plot the ratio of electronics ¢ost to antenna cost as a

function of the optimum number of elements The curve label 10 years

in Figure 4 ¢ indicates the optimum number of antennas to be used

once the electronics and antenna cost are established for a single aper-
ture having the required srze to give a needed signal -to-noise ratio
This curve is independent of the frequency of operation since the an-
tenna cost increases as the frequency increases and thus alters the
electronics to antenna cost ratio. .

4.3 Optimum Number of Antennas as a Function of the Period
of Operation

Two additional curves are shown in Figure 4. 6 for 0 and
20 years of operation The general conclusion that can be drawn from
this result is that once the initial antenna and electronics cost are
established for a single aperture the optimum number of elements
decreases as the length of expected operation increases. For example,
if the ratio of CE to CA is 0.01, then the optimum number of antennas
is 14, 11, and 9 for O, 10, and 20 years of operation.

The optimum number of subapertures to be used may be

represented by

C 0.6353

y
_ 4.
"opt  \C_/C, |’ (4.4)

where C is a constant depending on the number of years of expected
y

operation. Values of C between 0 and 20 years can be expresscd as
y

-2 - -
C -0 656 -4 45x 10 y+24x103’5.37x105y3. (4.5)

y

where y represents the number of years of cperation. Equation 4 5
has been plotted in Figure 4.7

It is evident that the optimum number of elements 1s not
large for aperture equivalents up to 250 feet (less than a dozen for

typical electronics cost). Equation 4.4 indicates that the optimum

19
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number of elemonts will increase 1f the aperture s17¢ becormes guite
large. But even when CF/CA ©0.0021 corresponding to a 600 foot
dish operating at 2 Go for 10 years the optimuim number of elements

is 32 for an electronics cost of $100, 000.

4.4 Optimum Number of Antennas as a Function of the Frequency

The curves expressed in Figure 4.6 arc most convenient
since they are independent frequency as previously explained. However,
the data contained in this curve should not be used indiscriminately.

For example. aperture equivalents significantly less than 85 feet should
not be used with this model and frequencies which are greater than the
maximum usable frequency established by thermal tolerances for a
given aperture should not be used. (See Section 9.)

4.5 Maintenance and Operating Cost

The model adopted for the fnultiple aperture system cost
involved a maintenance and operating factor which depended on both the
antenna cost and the electronics cost. All figures sketched have been
prepared on the basis of 2% antenna cost and 10% electronics cost
(B =0.02, Y =0.10) for each year of expected operation. The sole
basis for this choice is the work of Schrader who suggested these
particular values.z’ 3 Figure 4.8 establishes the cost of maintaining
a 250 foot aperture eqmvalent for a ten year period for several values
of electronics cost. Thus, the maintenance and operating costs vary,

and actually have a minimum. Note that the minimum is different from

the total system minimum cost (See Figure 4.5)

4.6 The Optimum Antenna Size

. It is possible to express the optimum antenna size to be
used in multiple aperture system rather than the optimum number of
apertures. Table 4.1 summarizes the results of this section in terms
of the optimum size apertures to be used as a function of electronics

cost and length of operation. This Table is considered approximate

because the number of subapertures is always an integer, and hence

22
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for fixed electronics cost, there can be some variation i the optirnum
aperture size. Several general observations may be made from this

table. First, the subaperture size Increases with o a

nincreasing |
of operation as well as with Increasing electronics cost., Second, the
subaperture size decreases with increasing frequency of operation,

These facts are evident from Figure 4.6 and Equation 4. 4, but Table

4.1 establishes the relative Sutaperture sizes found in this section.
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5. SITING

. There are a large number of factors which influence the spacing
configuration and the Separation between elements in a multiple aperture
antenna system, and include such quantities as the required look angle,
shadowing, Propagation effects in the atmosphere, transit tirme effects
across the array, collimation, solar and lunar interference, and dop-
Pler frequency differences across the array. The topic of siting as
defined here is limited solely to the decision of element placement
and not the requirements of real estate on which to locate the multiple
aperture system. Any real estate chosen for a single antenna will be
adequate for the array antenna system, since normally the isolation
of the antenna from man-made noise at the frequencies being considered
may be accomplished by an environment removed from such noise
sources.

Not all of the above factors are independent, and some depended
on other parameters. For example the look angle depends_not only on
the ‘propé.gation effects of the atmosphere, but on the noise temperature
of the antennas. This noise temperature in turn depends on the fre-
quenéy of operation. Nevertheless, the intent of this section is to

establish the relative effects of each of these above factors on antenna

5.1 The Look Angle

The look angle is defined as the angular coverage required
of the apert@re receive system. If no constraints had to be applied to
the problem, the minimum number of complete systems to provide
continuous coverage would be two, each having hemispherical coverage
and located at opposite points on the earth, However, terrain conditions,
isolation from noise, and multipath problems usually limit the coverage
of an antenna to something less than a true hemisphere. It would appear
then that at least three complete receive systems would be required.

A beneficial constraint is obtained when the recelving aperture is

27



Limited to a system of communications between the earth and moon, or
the earth and other remaining planets. In Figure 5.1 the angle that
several of the planets make with plane of the equator as a function of
time during the year 1964 is sketched. It is observed that all planets
lie well within i300 al the equator. Similarly, the moon remains within
+25° in this period of tiime (these data have been obtained from reference
1). Thus, the coverage of space is achieved by stecring £30° in the
north-south direction for antennas located near the equator and used
for either lunar or interplanetary communications.

It is necessary to briefly discuss the nature of the overall

communications system, because antenna siting requirements are
highly dependent on the type of system used. For example, if continuous
contact with the lunar or interplanetary vehicle is not necessary then
a single antenna is sufficient. However, if the requirement is for con-
tinuous communications, then three antenna receive Systems. are
believed necessary as previously mentioned. The geometry of the
look angle is shown in Figure 5.2 where the elevation angle ¢ is used
instead of the look angle (the angle measured from the zenith).
Figure 5.3 indicates the relationship between the look angle in the east-
west direction at the equator as a function of the actual number of
antenna sites when the space vehicle is at infinity. Using a finite range
changes this curve only slightly at lunar ranges, and to a lesser extent
for interplanetary ranges. If three sites are used around the earth
separated by 120° in longitude, then communications from any two sites
exist at a point six earth radii away from the center of the earth if the
look angle is 700. (200 for ¢ in Figure 5.2).

It has been necessary to explore the features of the look

e in the 11

ght of certain constraints. These constraints are bene-
g : . o .

ficial in that the required look angle is reduced to £30 in the north-
south direction with the reduction in the east-west direction depending

on the number of receiving systems. The effect that these two factors

28
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play 1n the actual element pPlacement will be more evident in Scctions

5.2 and &, 3,

Thus far only the consirainis beneficial (o limiung the look

Itus [s 93

[

angle have been considered. To define an optimun look angle requires
knowledge of the sigral-to-noise ratio of the system for a given error
rate.z For this reason it is recommended that the term "optimum"
not be associated with the look angle because systems of this type are
more readily evaluated in terms of signal-to-noise ratios and error
rates. There 1s no look angle which 1s optimum, only maximum angles
to which the receive System should perform. Also, depending on the
nature of the system there could be two "optimum" look angles — one
for acquisition and another in which the system could operate provided
the system was "locked-up".

The look angle physically falls into two areas — those for
which the designer has some control and those which are uncontrollable.
In the latter category are two principal considerations, the atmosphere
and the noise temperature of the earth. For the atmosphere the follow-
ing areas must receive attention:

a) noise

b} refraction

c) fading

d) attenuation.

All of these must be evaluated as a function of zenith angle. Refraction
effects have already been determined3 and summarized in Section 5. 3
and on the basis of existing experimental evidence, this effect is not
Severe. Attenuation variation is also known to be less severe than
phase perturbations so that only the increased attenuation due to in-
creased path length within the atmosphere need be considered. Fading
is of different origin than attenuation and phase (refraction) perturbation.
Fading is here defined to be interference caused by multiple paths

through the atmosphere, and this phenomenon is disc ussed more fully
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in Section 5.3 The noise characternistics of smple and multuple an-
tennas are compared in Section 5.8, The origin and frequency chasac-
teristics of noise generated within the atmosphere are well known, as
well as the effective noilse tcxnpcrature of the earth. S(.'hra.dcr4 con-
siders this problem independent of the antenna radiation pattern and
further analysis of the antenna pattern affects have been made in
Sections 5.8 and 7.4 of this report on the received ioise.

‘Thosc factors which affect the look angle over which the
designer has some control are:

a) Mechanical (Mount and Fecd)

b) Terrain

c) Spacing (limitations due to shadowing, bandwidth

and discrimination).
While the designer may not have absolute control over each of these
factors, he can design to minimize their effect. For example, the
mount and feed can be built to accommodate the required look angle.
Feed considerations are mentioned because certain types of low-noise
front-ends suffer coolant spillage if stcered to far from the zenith.
Terrain can be controlled to the extent that the antenna location would
not be in a deep valley which would hinder communications but at the
same -time ' a shallow valley terrain might be most desirable to reduce
man-made sources of noise.

It is obvious that the look angle cannot be considered inde-
pendent of all other factors. All limitations affecting design are
evaluated in the following sections.

5.2 Shadowing

The minimum spacing between antennas of a multi-aperture
receive system is determined by their mutual aperture blocking, which
depends on the minimum elevation angle at which space vehicles are to
be observed. Note that the elevation angle is the complementary angle

to the look angle. Figure 5.4 depicts the situation. The minimum
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spacing Sr is given in terms of the minimum elevation angle by

nin

S  =D/sin® =z Dc¢sc 9 (5. 1)
min min m

and is sketched in Figure 5.5. Thus, if Omin is 15O for 60-foot
apertures the minimum spacing is 230 feet, and if Omin is 60° this
spacing is reduced to 70 feet.

If the antennas are placed on a rectangular grid of spacing
Smin' the aperture blocking of Figure 5.4 occurs only when the target
direction is parallel to the grid. However, for the particular system
under study Equation 5.1 and Figure 5.5 do not pose any real limitations.
This.is due to the following considerations. First, the gain of the an-
tenna system will depend on the number and size of the antennas and is
essentially independent of their orientation. Second, the orientation
of the elements will primarily influence the shape of the main beam,
and could be advantageous in designing a beam to readily acquire the
receive signal when the transmitter comes into "view'. It is manda-
tory to make other decisions about the multi-aperture system before
any conclusions can be reached about ant.enna. element orientation.

Other limitations such as the methods of combining signals as dis-
cussed in Section 6 influence the manner in which the elements may be
located. For example, if phase-lock loops are used, then it is required
that the elements be located close together to take advantage of the strong
correlation existing between close elements as discussed in Section 5.3
so that the lock-up time will not be prolonged.

It is believed that shadowing will impose no strong limita-
tions on the multi-receive system, and since the total number of sub-
apertures is not large (at least from the viewpoint of economy as dis-
cussed in Section 4), the elements can be placed in such a manner that
shadowing will not occur at any of ithe required leck angles.

5.3 Propagation Influences

A detailed discussicn of propagation effects has been pre-

viously performed and only the conclusions from this work are given
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herc.3 The sketch in Fagure 5.6 estublishes the geometry of two
receivers looking at a signal originating at a very large distance.
With such a model, it has been shown that

a) the present theory of diclectric "blob" fluctuations
in the troposphere is able to predict within experimental error the
phase fluctuations encountered in a quiet atmosphere.

b) the rms phase fluctuations vary linearly with the
frequency in the troposphere,

c) angle of arrival scintillations are less than the phase
fluctuations,

d) the model used for the troposphere to account for
phase fluctuation can be modified to explain certain gross effects in
the ionosphere,

e} the rms phase fluctuations due to variations in the
electron density in the ionosphere vary inversely with the frequency,

f)  the rms phase fluctuations also vary with the square
of the critical frequency in the ionosphere,

g) the phase scintillation cannot be predicted for the
ionosphere with the confidence that it can for the troposphere due to
lack of knowledge of parameters for this region,

h) the loss in gain due to atmospheric perturbations is
less than one tenth of a decibel for rms phase fluctuations less than
0.15 radians,

i)  strong correlation exists for antenna separations of

up to one-half the blob size dimension,

j)  bandwidth limitations due to dispersion in the ionosphere

_exist,

k) and more meteorological data is required to accurately
predict the phase fluctuations and correlation between antennas.
Of primary importance is the effect that this model has on

a receiving system. Several features will be demonstrated. First
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the troposphere has been shown to cause a mean square phase shft
due to random phasec delays given by

-12
— 8“2 !tLtANZ - 10 :
4 = > (5.2)
A .
where
It is a measure of the scale of turbulence in troposphere,
Lt is the path length of the signal in the troposphere,

AN is variation in the refractivity (N = [n-1] x 106),
X is the wavelength of the received signal.

Second, the ionosphere also creates a mean square phase shift given

by ——
2
2 AN
2 2 €
e, = 2 L - (5. 3)

N

€

7[7
o B

where

1. is a measure of the scale of turbulence in the ionosphere,
i

Li is the path length of the signal in the ionosphere,

A
C

———  _ is the mean square value of the electron density
(AN( /N‘) from the mean and

A is again the wavelength of the received signal.
Since the phaSe’fluctuations in the two regions are independent the

total mean square phase shift is given by

az = a.2 + a2 (5.4)
b t
The loss in gain due to such phase fluctuations is
2
-a
G=G e (5.5)

If a model for the troposphere and ionosphere is assumed such that at
the zenith L = 10 miles and L, = 40 miles with L, extending from 60
t 1 1

to 100 miles above the earth (radius of the earth equal to 3963 miles),
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then it is possible to determine the gain loss due to fluctuations in the

atmosphere. At u frequency of 2 Ge (N - 0.5 foot), with It = 200 feet,
- . 6

£ = 16,400 fcet, A = 30 meters (10 Mo, an extreme value )

2 -4 T 2
(AN/NG) = 3 x 10 " (Colin) and AN = .25, the gain loss as a function
of zenith angle is illustrated in Figure 5.7. While this curve best

depicts circumstances for a clear sky, non-turbulent atmosphere, itis

.believed that atmospheric conditions will not limit the multiple aperture

approach under more severe forms of climate.

There are other considerations to be evaluated in consider-
ing propagation influences. The scintillation in the angle of arrival
establishes the upper bound on the maximum antenna size, and in
particular affects the single aperture more than the multiple aperture
approach. This is because the larger antennas (in terms of wavelength)
have the narrower beamwidth, and hence are more affected by a scin-
tillation in the angle of arrival. Assuming that the troposphere is
primarily responsible for scintillation in angle of arrival (at 2Gc iono-
spheric scintillation is an order of magnitude less than tropospheric)
and assuming that the rms pl;ase scintillation must lie within the 3db
points of the main beam of the aperture, it is possible to establish an
upper bound on the aperture size as a function of the zenith angle.
However, this upper bound is large, and even for antennas looking
néa‘r the horizon the maximum useful aperture size is approximately
6000 wavelengths. Observe that this value is increased from our
previously reported 2500 wavelengths.

The atmosphere also imposes other constraints on the ground
antenna system, be it a multiple aperture or otherwise. Two limita-
tions are imposed because the dielectric constant of the atmosphere is
different from free space or a vacuum. First, dispersion in the iono-
sphere limits the bandwidth of the received signal. Figure 5.8 estab-
lishes the relationship between bandwidth and operating frequency.

This phenomenon will only affect the lunar range communication
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system since the deep-vpace communtcations hnk as ant:apated to be @
relatively parrowband telemetry system. Second, the recenved signal
arrives at the anterna from an dappatt nt position different from the
true position because of atmospheric refraction. If atmospheric
conditions and the true position of the space probe are known the appar-
ent position of the vehicle can be calculated. This does not include
random effects which generate angle scintillation, but involves statle
atmospheric conditions. The extreme conditions for ref{raction angle
error as a function of apparent angle of elevation can be sketched for
0% and 100% relative humidity as indicated in Figure 5.9 for the
standard atmosphere.

This refraction phenomenon establishes the first real lower
bound on the look angle of a practical antenna site. Curves such as
Figure 5.9 can be readily calculated on a computer if sufficient infor -
mation is available with regard to the atmosphere. However, unless
meteorological soundings are taken quite frequently, this will not be
the case. Of course such soundings are only necessary just prior to
acquisition of the space vehicle, but will jinvolve the tabulation of a
large amount of experimental information in a-relatively short time.
Figure 5.10 indicates the difference in the refraction angle error
between 0% and 100% relstive humidity as a function of the apparent
angle of elevation.

The primary effect of this phenomenon is to make the
acquisition difficult. If it is required that the space vehicle be located
in angle between the 3db points of the antenna, then the refraction
error limits the look angle. To illustrate the influence of the atmos-
phere with regard to refraction consider Figure 5.11. Shown here is
the maximum aperture cize in wavelengths as a function of the look
le). It is obvious that if the antenna is corrected for

either 0% or 100% relative humidity in the standard atmosphere, a

much larger aperture may be used (this curve apphies equally well to
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either relative hunudity tevel). An uncorrected antenna which as
pointed in the true direction of the target is far more hmited in 514€
when scanned near the horizon, than one which is corrected according
to the standard atmosphere. Regardless of atmospheric conditions
or corrections, it appears that the multiple aperture system has an
advantage over a single parabolic aperture when operated near the
horizon (the effect of noise near the horizon is discussed in Sections
5.8 and 7.4).

The actual maximum look angle depends on the mode of
operation in acquiring the probe signal. For example, if the multiple
aperture is operated as an interferometer, then the baseline separation
of the most distant antennas essentially determines the D/\ ratio.
Hence, at 2 Gc and 500 fect between the furthest separated apertures
the system could be steered +85° if corrected for refraction and on the
order of +70° if uncorrected. However. operating with phase -lock loops,
only the acquisition time 1is affected by the scan angle. If multiple-
beam acquisition is used, then the 3 db beamwidth of the individual .
aperture probably governs the look angle. For a 250 foot equiva lent
aperture composed of 12 éntennas (72.2 feet in diameter), this allows
a look angle of +90° if corrected, and +88° if uncorrected.

To conclude the evaluation of propagation influences on a
multiple aperture receive system it appears that atmospheric refraction
will be the most limiting factor. However, as discussed in Section 5.1,
it may not be necessary to have a look angle so large that refraction
errors limit the system.

5.4 System Spatial Bandwidth

An electromagnetic signal travels at a relatively large
velocity in free space, but it 1s nevertheless finite. Hence, if an
aperture has a maximum linear dimension d, the signal will require
a finite time to travel across the aperture. This time is dependent

on the angle of arrival of the signal to the antenna and is independent
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of thie type aperture (l.e., continuous or discrete). If the signal arrives
at an angle 0 with respect to the normal to aperture, thus corresponding

to the zenith angle, the transit time across the array is given by
At = (d/c) |sin 0] (5.6)

where c is the velocity of the electromagnetic signal. The reciprocal
of this expression is the effective bandwidth of the antenna unless com-
pensation i1s made for this phenomenon. Techniques for compensating
are suggested in Section 7.2, but if no corrections are made, then
Figure 5.12 establishes the bandwidth of the aperture as a function of
the scan angle of the array for several values of d.

5.5 Collimation

The task of pointing and calibrating the antenna or antennas
in some specified direction is called collimation. The direction speci-
fied may be wither the true direction or the apparent direction of signal
arrival. For purposes of discussing collimation. the atmosphere may
be ignored completely. The position of a space vehicle will of necessity
be known relatively accurately. A problem then of major concern is
p"bi;lting the antenna in the proper direction (boresighting). 7The larger
the antenna the more difficult this task becomes since first the beam-
width is inversely proportional to the aperture diameter in wavelengths,
and second, the greater the physical size of the antenna the more
difficult steering becomes. If it is required that the antenna be pointed
to within the 3 db points of the main beam, then the anticipated state-of-
the-art steering techniques (discussed in Appendix II ) establish an
upper bound on the aperture diameter as a function of maximum fre-
quency of operation. It is to be emphasized that the pointing accuracies

involved here have not yet been achieved, but are in the development

stage of the 120 foot Haystack and the 210 foot JPL-NASA antennas.
Failure to meet the specifications will require modification of the
upper bound. Figure 5.13 establishes the upper bound on the frequency

as a function of the aperture if the antenna is stecered between the 3 db,
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accuracy of the aperture. In the region from 100 to 250 feet the two
types of error are comparable, and above 250 feet point errors appear
to limit the aperture size rather than thermal errors.

For a deep space system requiring a large aperture antenna,
it becomes more and more important to use the multiple aperture ap-
proach since it appears first to be more economical and second, it is
capable of overcoming mechanical limitations. A 250 foot aperture
would require a dynamic point accuracy of 0.6 milliradians if the
aperture was to point to within the 1/2 db points of the main bear;*x at
2 Gc. This may seem to be a severe requirement to place on the an-
tenna, but the antenna must be pointed quite accurately during acqui-
sition of a deep-space vehicle. Recall that there is a relatively
narrow bandwidth (of the order of 100 cps), and the aperture must
search over both the frequency domain and space. Thus, the system
should act to minimize both forms of search.

The effect of errors in siting a multiple aperture is less
than for a single parabola. Itis important, however, to establish the
tolerance for a multiple antenna system. Consider the 250 foot an-
tenna in which it is required that the pointing accuracy be .6 milli-
radians (within the 1/2 points). At a frequency of 2 Gc the pointing
requirements of the multiple antenna system is shown in Figure 5. 14
as a function of the number of elements for a maximum of 1/2 db of
loss. It is obvious that not only are the steering requirements reducec
as more antennas are uscd, but the antennas become easier to point
because their physical diameter is also being reduced.

The only effect that the siting of these multiple apertures

could have on collimation is the minimum displacement between the

multiple aperture and the calibrating source. If the usual far field
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criterion of 2D /Vis used to establish this range, the resulting error
a

may be shown to be an order of magnitude less than the pointing error

capabilities of the individual e¢lements. For a maximum linear aper-

ture dimension D = 1000 ft, this range is approximately 760 miles at
ad
2 Gc. In reality it is only necessary to calibrate the subapertures in

terms of the individual antennas and a known source. Thus, if bore-

L 3 5 g

sighting is performed for each antenna, independent of the other an-
tennas, collimation of the multiple aperture system is automatically
achieved.

5.6 Operation in the Presence of Interference

The nature of a lunar mission or an interplanetary mission
is such that there is a good likelihood that an interfering source will
appear close in angle to the spacecraft and degrade the quality of com-

munications by introducing added noise. The terminal phase of a lunar

14

mission will result in the moon and the spacecraft being in close

&3

proximity. The effective noise temperature of the moon generally
will be higher than that of the "cold" sky and may reduce the system
sensitivity, especially if low noise maser front-ends are employed.
Because the interplanetary spacecraft will lie approximately in the
plane of the solar system, there is a possibility that the sun will
eclipse the spacecraft or vice versa. The likelihood of an eclipse is
small but a more usual situation would be to find the sun in the near
vicinity of the spacecraft. The sun is a strong source of interfering
noise and could severely degrade the receiving system sensitivity (See

Section 5.8). In addition to the moon and the sun, there is always the

U
]
]
]
0

possibility of some other nearby transmissions introducing interferencc.

There exist a number of circuit techniques for reducing or

eliminating interference by discriminating in the time or the frequency
domain. Any good communications system should be provided with
those such safeguards that offer benefit. This study is not concerned

with time or frequency domain interference reduction techniques.

£ 3
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st nd st vt dead mvin iy woth e s = ton reducinyg o ference by
design of the composite radiadion priteroot o multi-apertare antenna
ystem The avatlabibiy o1 several indivduad antennas offers adds -
vonal frecdom which might Le of use 1 enhoan ing the ratio o wanted.
to-unwanted sipnal As a design goal 1t 1s desired to achieve an
attenuation of at least 20 to 30 for an unwanted signal by proper adjust-
ment of the antenna outputs. It as conceivable that attenuations of 40
to 50 db might be possible in some situations A properly engincered
space communications system will probably include as many means
as are practical and prove worthwh:le for reducing the deleterious
effects of interference.

The designer has available the outputs of the n individual
antennas which may be combined for maximum signal-to-noise ratio.
or if the interference is large compared to noise, the ratio of signal-
to-interference may be maximized. In so doing, the desired signal
may not be as large as it would be in the absence of interference alone,

but the interference would be reduced more. Since the interference

o8]

is localized in space proper adjustment of the phases and amplitudes
at each antenna might offer the means for improvement.

To illustrate how the phases and amplitudes are adjusted,
consider a linear array whose first sidelobe is looking at a source of
interference. To minimize the interfering source using the method

of Woodward. ~ 1t is poussible to describe two distributions

£(0) = 1. (5.6)

f,(x) = 0.2172 REVAS (5.7)

such that the actual distribution across the aperture is the vector

sum

f(x) =~ fl(x) + fz(x). (5. 8)

The distribution imposed physically across the aperture is

Real f(x) - 41 0472 + 0. 4344 cos a /L cos o (5.9)
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The distributions being combined are shown in Figure 5.15. both in
regard to amplitude and phasc. The right-hand column represents the
resultant distribution. The resultant far freld pattern of this aperture
distribution as well as that of the uniformly 1lluminated aperture ave
shown in F.gure S.1t.. Several observations are to be made. First.
the gain of the antenna system and hence the signal from the probe

‘ received via the main beam 1s reduced as can be seen by the difference
in the relative voltage of the two patterns (this effect was mentioned
previously). Second, the first sidelobe in the direction of pos:tive ©
is considerably reduced. It actually has a zero where there was a
maxima (13.3 db) originally. Third the radiation pattern is not
significantly altered in the remaining portion of space. It may be
necessary to modify several sidelobes instead of minimizing just ore.

Both the sun and the moon suttend an angle of arc of about

0.5 deéree. A single null in a narrow beam radiation pattern might
not be sufficient to completely blank out interference from such sources
and more complicated cancellation must be attempted. Figure 5.17
shows the number of sidelobes in an angle of arc of 0.5 degree near
the main beam. While it may not be necessary to suppress this many
sidelobos‘, it will probably be necessary to reduce several of them
simultaneously. The techrique discussed here is readily extended to
any particular requirement that might arise. Even though the techniquc
is extendable, it may not be possible to fully implement the required
aperture distributions necessary to reduce the specified sidelotes.
this is because the number of subapertures in the antenna ave limited

and hence complete control over amplitude and phase will not be

o
ur



SNOILNAIYLSIO 34NLY3dV 40 NOILISOdY3dNS=~SI'S™old

r- 41-
2/ \/@ - | 2/ 0 2]

SNVIQVY NI 3SVHdJ

/1 o 2/1= ¢/ o 2/3=- 2/1 o /1=

©
30N11NdWY 3AILYI3Y

LrN._

P

g

ssnns S covuom SN cvomon SN uones SN avwae NN oo NN -vomu: SN s SN oowt: Y ot JY avitv NN oo [N v S vt [ wvonie [ vmtors: [N ot [N iomus |




)

<7

-3
e

3A LN

134 ¥vd

S1381230 HE ALISh3NI

‘NOILO3Yiu § 3AILISOd WY38 NIV FHL HVIN

A,

~

$380730IS 030NA3Y4 HLIM NH3L1vd Q1314 ¥Vvd AVHYVY HV3NIT Vv 40 37dWYX3 - 91'S§°9id

}

-

X
gus 4 _
L 9 S t ¢ 2 | 0 |- 2- ¢- - G- 9=
1 1 i i i i | i 1 i T T
I'o-r
po)
-~ m
m
2ot 3
. <
T m
. mOAY m
m.ll b of m
8— »0+
S NOILVNIANTII a3131Q0NW 4 v
2
5 soT @&
i 4
G— >4
w 90+
Q.li- e
Ch— 2’0+
-
- 80+
_!Iu s
J4NLYIdY GILYNIWNTT ATWHOSINA
..
O-




i
1
]

i

J

12 I T i T I I T T T T I

)
]
i
|
[

e

NUMBER OF SIDELOBES POINTED TOWARD THE SUN OR MOON

l oY QU S SR R R
o) 200 400 600 800 1000 1200

D MAXIMUM ARRAY DIMENSION IN WAVELENGTHS

FIG.5.17 -NUMBER OF SIDELOBES FROM A LINEAR ARKAY
DIRECTED TOWARD THE SUN OR MOON



Ewm .

s SR waes B swoous N susvore IR ot

H

s T e B ot I e

possible. Further discussion of sidelobe reduction techriques s in
Section 8 and the effect of the sun on the signal-to-noise ratio 1«

discussed in Section 5. 8.

5.7 Doppler FEffects

The Doppler shift of RF signals received from a space
vehicle may be divided into two general categories each of which may
be subdivided. First there is aDoppler shift across the entire receiv-
ing aperture and sccord there can be a diffecrence in the Doppler shift
at various points in the aperture.

Doppler shifts across the entire aperture depend primar:ly
on the radial componrent of velocity of the space vehicle with respect to
the earth. A probe with a velocity of 25,000 mph with respect to the
earth will have a Doppler shift of around 0.75 Mc at 2 Ge. The rotation
of the earth will contribute a maximum shift of .03 Mc at this frequency.

More important to the multiple aperture system is the differ-
ence in Doppler shift between widely separated elements. At 2 Gc this
difference would be maximum of 1 x 10.4 cps for a one mile separation
between antennas and a probe at a range greater than 10 earth radii.
Thus. doppler differences between elements are believed to be an
ignorable factor. '

This result is in contrast to Doppler differences for orbiting
satellites. At 2 Gc¢ and antennas separated by one mile, the doppler
difference is approximately 50 c¢ps at 1000 statute miles and 500 cps at
100 statute miles. A simi'lar type of calculation shows that for satellite
altitudes of 570 statute miles, and Doppler differences of 1 ¢ps can be
expected for points separated by 60 feet. The large displacement be-
tween the source and receiver in either the lunar or interplanetary
system is a beneficial factor in reducing Doppler differences betveen
antennas composing the multiple aperture svstem. This apecars to be

the only benefit of such large transmit-receive distances.
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5.8 Noise Tempervature

Appendix VI discusses in detail the effects of nois¢ tem-

}'L'L‘?c to

o
o

perature on an antennad system. Particular emphas:s is giver
experimental results achieved by existing antennas. Figure 5.18
represents a summary of measured results as given by Gidd s for a
number of antennas. 1o The data of the Goldstone 85 ft (2388 N )
Philco WDL 65 ft (2250 Mc) and NRI. 84 ft (2930 Mc) ave particularly
useful since these antennas have been measured at frequencies impor-
tant to the multiple aperture system. Antenna temperatures typically
are below SOOK for elevation angles greater than 50, and between 20°
to 40°K for all other elevation angles. It would appear that 20°K is
probably the minimum achievable tempe~ature in practice.

The strongest noise source to contend with is the sun.
Techniques for discriminating against such noise sources usirg a multi-
ple aperture have been discussed in Section 5,6. The result of the in-
crease in temperature of the system, and hence the decrease in s:gnal-
to-noise ratio may be expressed as a function of the angle of the sun
with respect to the axis of the antenna beam. For a 250 foot antenna
Figure 5.19 shows the relative change in the signal-to-noise ratio due
to the sun at approximately 2 Ge. Maximum deviations of 38 to 40 db
can be expected for a 250 foot antenna. If the equivalent size antenna
is constructed from multiple apertures it will have an even greater
deviation in the signal-to-noise ratio. Furthermore, as the angle from
the axis of the main beam increases the signal-to-noise ratio will not
be a monotonic increasing function, but will be perturbed by the grating
lobes of the array factor if the antennas are equally spaced. The
effect of these grating lobes will be further explored in the following
section.

5.9 The Spacing Configuration

The total number of antennas ‘n a2 multiple aperture system

will probably not be large (32 or less for equivalent apertures up to €00

€0
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feet). The Dimitationa unposed on artenna siitg by cach of

the previously

corsidered quantities May be summarized as follows -

Spat:al Bandwidth No I'mutation for bandwidihs of up to 2 A

dimension of 1000 wavelengths (Figure 5. 12y,

§

]

)

In uncompensated arvays having a maximum

0

Collimation No limitations except those imposced by the

G atmosphere.

Atmosphere Deperds on the maximum dimension of the

array, but primarily affects the acquisition
time (excludes the atmospheric noise tem -
perature).

Noise Temperature Very frequency dependent but limits the
scan angle to approximately +85° at 2 Ge.

Interference Widely spearated antennas will generate
grating lobes in the vicinity of the main
beam which can cause strong interference.
Hence, the spacing between elements should
be a minimum.

Shadowing The maximum scan angle is estatlished in
Figure 5.5, and is approximately +85° for
antenrias separated by more than ten antenna
diameters.

Required Look Angle Depends on the number and location of
ground antenna systems and the expected
paths of the space vehicle. For three

ground receive systems, continuous com-

C : . . o
munication 1s possible with 260 scan angle.
To evaluate the effect of grating lobes in an egually spaced

configuration the antonna

wn

na

I3

A N ooy
xg gy UL L i

unction of the
subaperture diameter. The grating lobe in turn is suppressed by the

element factor in the array, so that it 1s possible to show the relative
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6. COMDBINING

The success of a multi-aperture antenna system depends on the
efficiency with which the outputs of the antennas can be combined,  If
the signals are of identical phase at cach antenna, the full effect of the
total encrgy content can be extracted by simply adding the signals at
some central location which is connected to the antennas with equal
lengths of transmislz'alon lines. It is quite unlikely, however, that the
phases will be the same at each antenna, or even that they bear some
definite relationship to one another. Therefore, 1t is assumed that the
phase of the signals are more or less at random. The main purpose of
the combining network is to add the several signals in such a manner
that the maximum signal-to-noise energy ratio is obtained,

When the phases of the signals are unknown, the signal processor
must either: 1) measure the phase of each signal and apply the phase
correction necessary to add the signals coherently Figure 6.1, or
2) destroy the phase information before performing the addition
Figure 6.2. The procedure involving the phase measurement and
correction is called an adaptive, or semi-coherent, combiner, and the

— .
method which destroys the phase before addition is called incoherent
combining.

Since the accuracy to which the phase of each signal can be
measured is a function of the signal-to-noise ratio, the efficiency of
adaptive, or semi-coherent, combining is inversely related to the
number of signals to be combined. This limitation can be overcome to
a large extent by taking advantage of the fact that a phase measurement
requires little information and, hence, little bandwidth. Thus a portic .
‘of the transmitted signal energy can be diverted as a CW pilot to pro-
vide a means for performing the phase determination. The phase
measurement of the pilot signal can be carried out with a narrow band-
width receiver, of which the phase lock loop Figure 6.3 is an example,
The phase lock loop offers some flexibility in the acquisition of the pilct
so that the frequency need not be known beforehand to a high degree of
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The several possible methods of combining and the problems of
acquir.ng signals were described in the two quarterly progress reports, 3,4
Examples of adaptive combining include the phase lock loop and the feed-
back phase shifter, both of which were described in the Second Quarterly
Progress Report, (Figure 6.4), Techniques which strip the phase
before combining nclude the envelope detector (Figure 6.2), phasc-
stripper combining (Figure 6.5), pilot-signal controlled combining
(Figure 6.6), and redundant data systems., These are all described in
Quarterly Progress Report No. 1. 3 Incoherent systems are less
efficient than coherent combining, and well designed adaptive systems.
Furthermore, any lack of a priori knowledge of the precise frequency
in those incoherent systems which extract a pilot signal, requires a
wide predetection bandwidth and results in lower signal-to-noise ratio.

Another adaptive method for combining the outputs of n channels
coherently is based on the Fibonacci search procedure. In this, one
tries various possible values of the phase at each antenna in a trial-
and-error search to determine the optimum combination. The search
procedure using Fibonacci numbers offers a means for efficiently
determining the proper values. This search technique is briefly dis-
cussed in Appendix VI,

An analysis of the loss associated with various types of signal
combining was presented in the Second Quarterly Progress Report.4 In
Appendix 1V of the present report, a more general analysis is given of
the measurement of phase, and its application to the combination of
signals in a multi-aperture antenna system. The combining loss is
obtained for both coherent and incoherent combining and conditions are

given under which the general combining techniques are preferred.

e :
Most o i

g

N P o PRIV S - PREPRNPUISIE BY [e R T T P Y Sy
{ the dua‘xy.\,lh O1 COmMmuouini has assumeaod the presence or a

pilot. Whenever possible, it would seem preferable to design a com-

- munication system with a pilot to aid in combining efficiently. When

the communication system is stretched to its limit, as in present
71



- CONBINER

<]

SIGNAL =‘® < IF

LOOP
FILTER

VvCO |=

REFERENCE 0SC

(a) —PHASE LOCK LOOP

SIGNAL;“—%&——‘-—« IF > > COMBINER
]

LOOP
FILTER

REFERENCE 0OSC

(b) - FEED BACK PHASE SHIFTER LOOP

FIG.6.4 - ADAPTIVE COMBINING

SR
Srnid



REF.
SiG.

1

]
1 (A)"f(#)i

(.IJOH'¢0 A
(wo-w)Hclzo-qS

I .
w?+¢u| ‘

e

T
I
wel + o
2

l

FIG. 6.5 - PHASE - STRICPER {INCOHERENT) COMBINING




_~]
\ J
|
~

y
PILOT INFORMATION
SIGNAL SIGNAL
FILTER FILTER
FILTER
2

FIG.6.6-PILOT -SIGNAL CONTROLLED COMBINING

d o wed O O OO O O o o “dJ L2 O O OO O Oy o o




e T e T e B sovves N wsovne SRR s

soune B s B wes |

interplanetary range systems where adequate sighal-to-nolse ratio is a
‘problern and information bandwidths are low, 1t may be nevessary to
operate without the conventional pilot.  Appendix VII describes some
possible alternative methods of operation in such instances.

Although the practical effectivencss of a multi-aperture system
depends in a large part on how well the signals from the several
antennas can be combined, no fundamental limitation to system effec -
tiveness is expected from this source. It would be worthwhile, however,
to determine for some specified mission the optimum combining
technique and demonstrate -its feasibility with a realistic laboratory
breadboard. Such an experiment should demonstrate, 1) combining as
a function of the signal-to-noise ratio, 2) operation with simulated

doppler shifts, 3) effects of signal modulation, and 4) phase variations

_caused by antenna tracking.
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7. SYSTEMN CONSIDERATIONS

In this section several miscellancous topics concerned with the
multi-aperture antenna that do not {it other scotions of the report well
be discussed.

7.1 Acquisition and Registration of Antenna Beams

The difficulty or ease of acquiring a4 tavget signal from a
particular direction depends in large part on the range and nature of
the spacecraft. If the spacecraft is o low altitu-de satellite its angula~
motion is relatively high and acquisition is relatively difficult. This is
the type of situation usually experienced by the Ohio State University
multi-aperture antenna. At the longer rarges (lunar and interplanetary
missions) the angular rates are small and determined more by the
earth rotation than by spacecraft motion. This fact, plus the likelihood
that the relative trajectory will be known quite well, makes the acqui-
sition of a distant spacecraft signal less of a problem than from a close
satellite. Pointing of the individual antennas should be more akin to
that of pointing a telescope rather than the usual ground based antenna
for satellite communications. Thus, it is concluded that in the appli-
catil;n of most interest for a multi-aperture antenna system — inter-
planetary range communications — acquisition will probably be
less of a problem than with shorter range systems.

A brief discussion of acquisition time and probability of
acquisition is given in Section 8.3, where estimates of the signal-to-
noise ratio has been made on the basis of the assumed interplanetary
communication system.

When it is necessary to acquire at shorter than inter-
planetary or lunar ranges, the individual antenna beams can be pro-
grammed to form the following patterns:

1) A fan beam formed by using all elements

2) Each antenna element scan a portion of the search area

3) A cluster of beams formed to cover the search area.
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The factors that will determine which of the above technuigues
1s utilized are the following:

1) Knowledge of the vehicle trajectory

2) Available transmitter power and antenna gain aboard

the vehicle.

If adequate information is available to predict the path of
the vehicle, the formation of a fan beam with the multi-aperture elements
seem appropriate for the search function. This technique should provide
sufficient gain to receive the vehicle's signal.

Lack of information as to the vehicle trajectory but with
sufficient transmitter power and/or antenna gain aboard the vehicle,
the utilization at the individual elements to search separate areas
offers the maximum possibility of detecting the target. If the vehicle's
signal strength is not adequate for detection by individual antenna elements,
then the use of a cluster of beams seems appropriate.

In summary, it is believed that acquisition of signals and
registration of beams in space will not be a serious problem in those

applications for which the multi-aperture antenna system seems best

suited.

7.2 Bandwidth Considerations

The bandwidth requirements of a space communications
system concern both the information bandwidth and the frequency
range over which the equipment is to operate. These two consider-
ations may be treated separately since one has little effect on the
other in the present application. The multi-aperture antenna system
must not only be able to handle the information bandwidths normally
encountered in space communications, but must be able to operate,
with but minor modification, atanumber of different communication
bands.

7.2.1 Frequency Range of Operation

Telemetry and space communication bands extend

from VHF to X band. Experimental frequencies have been allocated
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as high as K-bard {30-35 G}, Because of the large snvestmoent 1ncurred
with any ground based terminal of 4 spuce communications system. 1t 1s
necessary to be able to operate a single cquipment over as many bands as
possible. Since the adaptive circuitry of & multi-antenna system is at an
IF frequency, it imposes no limitation to the frequency of operation.
With additional IF Channels, combining circuitry, and LO's it is possible
to operate simultancously at several frequencies. If the antenna and the
feeds are designed for wide bandwidth. the multi-aperture system can
be operated over the band by simply changing the local oscillator and
the RF low-noise amplifier if one is used. Thus, the limitations to the
frequency range of operation are no different than with a single conven-
tional reflector antenna. The reflector of a multi-aperture system can
be readily made broadband. This is not necessarily true for a large
single-dish antenna system since mechanical tolerances and beam point-
ing accuracy eventually limit the maximum usable frequency. The multi-
aperture system using antennas of relatively modest size need not have
the same frequency limitations as a single dish antenna.

Any limitation to the frequency range of operation
of a given antenna system will probably be due to the feed. Broadband
feeds for parabolic reflectors have been demonstrated which cover
a 10 to 1 frequency range. There is no reason to expect why antenna
feeds with this capability cannot be used in a multi-aperture system.
It is also possible to interchange feeds to cover a wider frequency
range.

The antennas for the multi-aperture system should
be designed for the highest frequency of operation that might be con-
templated. This will increase the initial cost of the system, but will
be considerably cheaper than replacing the system at a later date with
one which operates at the higher frequencies.

An array antenna generally has a bandwidth limitation

because of the appearance of grating lobes when the frequency is increased
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sufficiently. Although the multi-aperture antenna s a {foem of array,
the role that grating lobes play 1s different. Grating lobes are present
because of the wide spacing, Figure 7.1, andf there were no noise
sources could be completely 1gnored.  As the source is tracked, the
entire pattern moves as a group, which can move across strong noise
sources such as the sun. Tracking in the vicinity of the sun will be
difficult for either a single dish or multiple aperture system (Section
8.4), and requires the elements to be located as close as possible,
which in turn reduces the steering capability due to shadowing.
7.2.2 RF Bandwidth

The bandwidth of the RF components must be suffi-
ciently broad to accommodate the expected width of the communication
band. This should present no problem. Different communication bands
may be handled by parallel equipments.

7.2.3 Spatial Bandwidth

An antenna aperture, be it continuous or discrete,
has a finite rise time for signals arriving from some angle other than
broaflside because the signal appears at one end of the aperture before
the other. The time difference between the arrival of the signal at the
ends of an aperture of extent d if the source direction is at an angle 6

to the aperture normal is
T = {d/c) |sin 8| (7. 1)

For exairple, if the antennas extended over a distance d = 1 km and if
. o : . .

the angle of arrival were 45, the response time as given by Equation

7.1 would be 2.36 psec. A non-zero antenna response time means a

finite bandwidth and will affect the system bandwidth just as if the

circuit bandwidth were limited. In the above example, the bandwidth

due to the finite response time is approximately 400 ke.
The limitation imposed by a finite response time

can be overcome by one of two methods. The information band can be
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subdivided into a number of sub-bunds each of which is narrow vnough

so as not to be affected by the finite response time. Each sub-band
would have its own pilot signal and a separate phase lock loop would be
required to phase each sub-band independently. This has been described
by B»ellol for scatter communications.

The other method for overcoming any limitations
caused by antenna rise time is to include compensating time delays
between the subapertures. Depending on the delay required, these
could be lengths of RF or IF transmission line or acoustic delay lines.
Of the two methods the introduction of delay lines seems preferable
to use of multiple pilot signals. It seems, therefore, that the non-zero
response time of the antenna aperture will present no fundamental limit
to the system bandwidth, if proper means of compensation are introduced.

7.3 Operation at Higher Frequencies

The Statement of Requirements as listed in Appendix III
state that the frequency range of interest be from 0.1 to 4 Gc. Primary
emphasis has been centered at 2 Gc. There is interest, however, in
frequencies as high as 35 Gc.

The basic concept of a multi-aperture system is not depen-
dent on the frequency. However, the economics of antennas are such
that the higher the frequency the more desirable the multi-aperture
antenna. At millimeter wavelengths it is probably the only practical
method for achieving large effective receiving aperture.

The major constraint on the upper frequency of a high gain
parabolic reflector is the surface ‘tolerance that can be maintained
with present fabrication techniques. A twenty-eight foot parabolic
reflector has been built and tested which will operate efficiently at
35 Gc. The measured power gain was 67.4 db compared to the cal-
culated value of 68 db. The reflector had an overall surface error of
0.008". From published information, there is only one reflector which
has a larger effective diameter in wavelengths, and that is a 72 foot

parabolic reflector at the Lebedev Physical Institute in Moscow, USSR.
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This antenna has beern tested and operated at a wavelength of 8.5 mm
and has a gain in excess of 70 db. At the present time, antenna surface
tolerances can be maintained for efficient oprration at a frequency of
35 Ge.

Readily available parametric amplifier specifications list
models at 35 Gc but these units have a noise frgure of 10 db and a gain
of 12 db. Amplifiers operating at X-band have noise figures of 3.2
and a gain of 15 db. The state of the art has not progressed sufficiently
to make 35 Gc units comparable to X-band ones. At the present time,
the upper frequency limit on parametric amplifiers is X-band.

The principle contributor to ground-receiver noise is from
external sources. or galactic noise and atmospheric noise. Galactic
noise is important at"frequencies below 400 Mc and is negligible for
frequencies above 1 Ge. Atmospheric noise is essentially negligible
below approximately 8 Gc, but absorption due to oxygen and water vapor
causes this noise to increase rapidly for frequencies above 10 Ge.

Although much effort is devoted to the frequency region
below 4 Gc future development may lead to use of the frequency region
above 10 Gc. The reason for this is the difficulty in achieving large
bandwidths without radio interference due to the crowded spectrum in
the lower frequency region. The multi-aperture antenna concept is
compatible with this trend.

7.4 Antenna Temperature

The antenna noise temperature duec to a noise source of
. . 2
power PN in a bandwidth B is defined as

P

N

= 7.2

Ta. kB '( )

............... (1.38 x 10'2319&13—).
K

noise due to a number of sources is the sum of the corresponding

The total

antenna temperature multiplied by the bandwidth and Boltzmann's

constant. The major sources of noise to be considered are cosmic
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no:se. solar vysten wrse, sidelobie G e Cr0lse tadiated by the gronnd

ar.d ir:lc_"(cp!«d by the antenng 51(1(}1(,)})(_'3}, notse due to 2tmospher

absorption, Tesistive losses 1, Rp plumbing urd v, CIVET Bnolse.

The maximum CoSmic norse background ‘dt 2 gigacvalec i
approximately 400}\' 4. cording to reference 2. Solar Sy stem nol ze
(noise from the sun ard pla’nets in the solar System) is not Important
unless the antenps 1S pointed very «lose to or diy ectly at the body.
For an anterng with a beamwidth of loss than 0, 5° the noise tempera-
ture of the sun is on the order of 2 x 10~ degrees Kelvin. The no:se
temperature of Jupiter at 2 Ge is approximately IOOOOK; at 10 Ge the
noise temperature of Venus, Mars, and Saturp are 6000}(, ZIOOK and
lOSOK respectively. The moon has a noise temperature of 250°k at
1.4 Gc.2

Sidelobe noise caused by blac kbody radiation from the grourd
cannot be totally eliminated. The limit on this type of noise appears to
be around ZOOK to 30°K for a parabolic antenna when the antenna is
pointed away from the earth. 3 (Also see Figure 5.18).

The noise ‘due to ionospheric absorption is very small at
2 Gc; its maximum value is less than a fraction of a degree for an
antenna with a nojse temperature of SOOK and an ambient temperature
of 300°K. Noise due to tropospheric absorption is much greater than
that due to lonospheric absorption. Water vapor and oxygen ave tle
chief absorbers of the electromagnetic energy. Atmospheric abtsorp-
tion noise data may be found in the work of Hogg ard Mum‘o: d. ? At
2 Gc the noise temperature at 0° elevation i: approximately IOOOK,
while at 5° and 900 elevation the norse temperatures are approx mately
300K and ZOK respectively,

The plumbing losses include the losses in the antenna trans.
mission line and duplexer. The output temperature (TO) may te cal-

culated from the input temperature (T“). the ambient temperature (T )
I

amb
and the powe~ lose |, from the expressior,
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If a low noree RF amplifier a maser or parametric ampl: -
fier 1s used, then the receiver notse may be kept exceedingly low

{50 to 60°K) as compared to crystal mixer receiver (ZOOOOK)~.

Using the data discussed above, the equivalent temperatures

caused by the various noise sources may be postulated as:

cosmic noise 40°k )
atmospheric absorption 30°K
sidelobe noise 300}(
plumbing loss 400K
receiver noise __(_)_0_0_1_(_
Total 200°K

The noise temperatures for the Jodrell Bank antenna during the track-

ing of Pioneer V at 378 Mc were

cosmic noise 45°k
atmospheric absorption lOoK
sidelobe noise 3001(
plumbing loss 45°K o
receiver noise ‘l_g_f_)j_lf
Total 250°K

Schrader 5has shown for a multi-aperture anterna system
where the amplitude of the signals {rom the individual apertures are
weighted by their respective signal to noise ratios that the effective
system noise tempe~ature is less than the average of the individual
noise temperatures. In obtaining his results Schrader assumed that
the noise between artennas was uncorrelated. Apperdix VI'l describes
in detail the noise temperature of a multiple aperture configuration.

7.5 Transmicsion to Spacecraft

The mult,-aperture antenna system 1s d:scussed in thls

report as a receiving system only. There ic no reason however.
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why the adaptive red CIVIng system cannot be readily converted to
efficiently transmit signals from the ground to the spacecraft. The
basic phase information contained 1n the combinming portion of each
antenna can be extracted and applied to the transmitting por.tiun of

the system. Several different approaches exist for applying the infor-
mation in the received signal to retransmitting a signal which is
coherent on reception back at the spacecraft. One such approach.
recently described in the literatureé 1s based on the self-phasing

principle.
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&, SYSTEMN DES.GN

8 1 Irtroduct.on

This scotion 15 devoted to o summary of a state-of-the-art
operating rece'we system. Since two d stinct models are being evaluated
in this study. 1t is convenient to discuss each as a separate commun: -
cation system. In e'ther the lunar o- interplanetary 'VSyStem “t has beer
necessafy to make certain assumptiorns about the actual spacecraft ard
the commun.~at on< system. For example the lurar system has
assumed a spacccraft transmitter of 15 watts and antenna ga:.n of 6 dt..
so that any comb:nat:or of gain and transmitter power totalling 17.8 dbt
could te substituted. Section 3 has summarized the system model.

This investigation has been 1-mited solely to the ground
receive system as outhined :r the statement of requiremnerts ir.
Appendix 1II.  The optimum numbe1 of subapertures has been found
in terms of equivalent aperture size and electronics cost as a function
of the expected length of operation (Sectron 4). A truly optimum sys-
tem would include the characteristics and relative cost of the space-
craft in terms of the number of ant:cipated missions over the expected
length of operat.on.

8.2 The Lunar Rarge Recelve System

The second quarte:rly report developed in detail .the communi -
cations system (transmit) for a lunar rarge spacecraft which has been
reviewed in Section 3 and typical systems summarized in Appendix V.
Two parameters are necessary in calculating the required ground
antenna s:ze - (1) the bandwidth of the signal to be received and (2)
the equivalent roise temperature of the recelving system. Figure 5,18
indicates the reportéd antenna temperatures of a numbe~ of operating
antennas, and Section 7 summarizes the receive system equivalent
temperature for ap antenna scanned 285 (to within 5° of the Lo:izorn).
Appendix VIII discusses the multiple aperture antenra tcxﬁpc;rat\_ue m

terms of a s:rgle receve system. ard indicates that if the comt nirg
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1s 200 K (a noize tigure of 2.28 db). Figure 8.1 establishes the re-

quited aperture size as a function of Landwidth, with to;
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a parameter. Included on the abscissa are the bandwidiths and power

consumed by several current aerospace TV systems. Excluding the e
Advanced Syncom System there is no plarned spacecra® with a band-
width exceed.ng the TV system of Apollo (400 Ko ).

According to our model an antenna 16.5 meters (54 feet)
in diameter is able to receive this signal with a probability of error
of 10-6. If the power is reduced from 15 watts to the 6.5 watts of
power for Apollo. then the aperture size must be 1increased to 25
meters (80 feet). To evaluate a multiple aperture system having these
two diameters, it is assumed in evaluating relative cost that the sy S-
tem will be maintained for a 20-year duration. Figure 4.6 of this
report indicates that regardless of the operating frequency, the elec-
tronics cost must be no more than one-tenth the antenna cost 1f a
multiple aperture configuration 1s to be economical. The aperture
cost as a functior. of frequency is sket.hed in Figure 8.2 for 54 and 80
foot diameter antenras and is based on the model outlined in Sect.on 9.
If a minimal cost system is designed. the antenna surfaces do no‘t have
to meet thermal tolerances ( | part in 104) but instead approximately
l part in 4 x 103. Figure 5.1 in the first quarterly report4 iliustrates
the surface tolerance necessary. The minimum cost system then would
have an 80 foot antenra with a maximum usable frequency of 3.75 G
or 5.5 Gc¢ for tre S4 dish. It is emphasized that these frequencies are
minimal, and the actual antenra would probably ke bwlt to operate at
a muchk higher frequency.

According to the assumed model the 80 foot antenna w1l
cost around $770 000 and the 54 foot dish $28&0, 000 meaning that the
elet%fonkS cost should be no more than $?7 000 or 26. 000, respectively,
Electronics cost for single antennas have been quoted betweern $200. 000
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to $700.000. Foru system designed 1o operate with myn )

requirements evcrn the lower figure of $200.000 nught be too larpe

but in the light of an operational system expected to perform for
20 years, this figure 1s not out-of-line (true,a cheaper system can

be devised. but ope rating and muintenance cost will be moreased).

Since it appears that the cost of the electronics portion

will be more thanr one-tenth the antenna cost for a lurar range system
1t 1s recommended that a multiple aperture antenna not be used for
communications 1if the assumptions made heretofor e apply. Ths
recommendation 3s made primarily on the basis of economic consider -
ations, but is also substantiated by practical, operational systems
which already have demonstrated their ability to communicate at lunar
ranges using a single aperture.

8.3 The Interplanctary Rece:ve System

The lunar range model has only been reviewed in this final
report, but the interplanetary model is developed more completely in
Appendix V and outlined briefly in Section 3. Again the signa‘l-to~noise

ratio is assumed to be 15 db which gives’ a bit error probability of

around 1 x 10-6 (See Figure V.I). The range requirement of the inter-
planetary systemis 2.6 x 108 kilometers (1.62 x 108 miles) and corre-
sponds to the maximum Earth-Venus range. Briefly, the important

parameters are given in Table 8.2

TABLE 8.2 - Model Parameters of an Interplaretary System

Pt - Spacecraft Transmitter = 100 W
Gt = Spacecraft Antenna Gain = 20 db
P = Ground Antenna Efficiency = 50%

1 = Spacecraft System Design Margin = 6 db
S/N {Bit Error Probabi’ iy 10~6) = I5db
F = Receiver Noise Figure = 1 db

oo R vonne B sovone: BN oo B e BN o T o SO e

With this model it is possible to express the required aperture s.ze 1n

terms of the bandwidth as shown in Figure V.3, The most obvious
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feature of the deep spate” recesve system s the narrow bardw dt avaat-
able for commurication. For most any practical aperture size the
bandwidth will be less than a thousand cy.les per scecord  ard from the

economic viewpoint will be probably no more than a hundred cycles

" per second. Using a bandwidth of 100 ¢ps. 1t 15 necessary to have a

400 foot equivalent aperture (Figure V.6).

Let us evaluate the possib:lities of using a single antenna
having a 400 foot drameter. The c¢ritical parameters of large antennas
have been shown to be the pointing error (Appendix 11) and surface error
tolerance (Section 9). Considering the surface tolerance first, thermal
error in the reflector surface will give maximum gain at 2 Ge¢ with a
maximum.usablc frequency of 2.9 Ge (Figure 9.1).

Hence. error in the reflector surface does not make the
400 foot single aperture system unrealizable. The pointing error
evaluated in Appendix 1l indicates that such an antenna could at best be
pointed to within #1 milliradian. At 2 Gc the 3 db beamwidth of the
400 foot antenna is 1.25 milliradians, so that the antenna could be
pointed to within the 1.8db points of the main bcam.

Before evaluating the effect of the pointing error involved.
consider the cost of a 400 foot single antenna. Using Equation 9.2, the
cost of this antenna is 46 milhion dollars. Since the antenna ceu only be
pointed to within the 1.8db points. it is possible for the antenna to be
reduced to the equivalent of a 360 foot aperture. which cost 34 maition
dollars. The difference in these two apertures is 12 million dollars™?
and represents the loss due to pointing error. This in itself is enov .gh
to suggest using a multiple aperture system. However. the po.nting
loss is now transferred to combiring loss during acqu:sition. Before -
examining combining loss in the multiple aperture system it is import-
ant to establish the app’ oximate number of antenras involved.

Section 4 investigated the relative cost of a multiple aperture
antenna in terms of frequency aperture size and cost electronics cost

and anticipated length of operation. Equation 4.4 indicates the opt. mum
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number of aptennas as o function of electronies and antenna cost,

'1 | In order to reduce as much as possible the required aper -
- ture size, the electronos foura deep space communivations systern will
] probably cost more than the lunar system,  For example, the parametric

amplhifier would of necessity be replaced by a cooled mascer front end.
D Thus. for a deep space communications receiver, the electronics cost
will probably approach the $700, 000 figure mentioned in the lunar range
discussion. For this value the optimum number of antennas s erght.
representing an aperture size of 142 feet. The cost of the eight antennas
1s according to Equation 4. 1, 19.3 million dollars, less than half the
original single antenna cost. This cost figure 1s based on the same
maximum usable frequency of the single dish (2.9 Ge).

The signal-to-noise ratio has been assumed in this model to
be 15db, which means that each of the eight antennas has a received
signal-to-noise ratio of approximately 6db. The major effect of this
reduction in the signal-to-no1se ratioin the subapertures 1s an increase
in the acquisition time of the system, but this in part depends on the type
of combining and the nature of the spacecraft (1.e., see Section 7. 1).

If 1t is assumed that each subaperture 1s made to acquire the signal

independent of the other subapertures, then some estimates can be

made with regard to acquisition time and/or probability. These est1-

I-”age8 have performed an analog study of phase lock loop with regard to
frequency acquisition. Their results can be modified to give an estimate
of the time required to acquire a signal. Since acquis.tionis a statist.cal
process depending on random phase and/or frequency it 1s necessary 10
express the results interms of the probability of acquiring. Figure 8.3
gives an estimate of the relative time to acquire for several different
signal-to-no.se ratios. Note however, that thisas the signal-to-no:se

out of the IF and depends on the equivalent bandwidths of both the 1F and

the loop 1n a phasce lod k loop detector ({Figure 6.4y,
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The emphirical data of Fopure 8. may be modified so that
the relative avquisition time 1s known 1n terms of the signal -to-no:se
ratio. Figure 8.4 1s such a sketch for 907, probability of acquiring the
signal. Several features of this curve should be observed, First, for
large S/N the minimum acquisition time is around 5.6 cycles. Ar 15db
(S/N ratio) this time is increased only factionally to 6.35 cycles. Thus,
a 15db signal-to-no.se ratio out of the IF suffers very hittle in terms of
acquisition time. Second, 1t appears that this ratio should not be less
than 5 or 6db, or else the acquisition time will become prohibitively
long (a long acquisition time s undesirable since propagation perturba -
tions of the atmosphere become unstable over extended lengths of 1ime
as discussed 1n Section 5). Ata S/N ratio of 6db the relative acquisition
time of the eight 142 foot antennas will be approximately 72% longer than
the single 400 foot aperture. However, this is in the combining circuitry
and does not include the actual search time involved for the antennas.

It 18 very difficult to estimate the total search time for
either the single dish or the multiple aperture system, even when
search times over frequency are excluded. An intelligent guess could

be ventured on the following basis. Assume that

I. the scan rates do not limit either the single or multiple
aperture approaches;

2. the antennas operating in the multiple aperture system
detect independently of one another; and

3. the atmosphere is ignored and perfect phase correction
is made between each antenna in the multiple aperture
system creating a single beam.

Under the conditions the multiple aperture system would form a single

beam in space whose width depends on the maximum dimensions of the

multiple aperture, and typically this beam will be narrower than that of
the single dish. However, since the effective area of both apertures is
the same the gain of the two systems are equal. But because the beam

of the multiple aperture is smaller 1t must be scanned over a larger

area (in terms of beamwidths) and hence will require a longer search
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time. (It should be noted here that the relative cnergy peak of Loty the
ma:n beams 1s the same, and if 4 dise Fepulicy apptars in the energy
1s because of cnerpy loss in the gratung Tobes of the multiple aperture
antenna. Sce Section 5). [ the multiple aperture 1s scannca faster
than the single dish then the received energy per umt angle of spa:e is
even less than the 6 db, resulting ina lower signal-to-noise ratio. Th:s
in turn means that rhe signal-to-notse ratio is further reduced and the
acquisition time increased. Thus, the multiple aperture system should
be scanned at the same rate (or less) as the s:ngle antenna, and under
this condition the relative increase in the acquisition time is the previ-
ously mentioned 72% for eight antennas equivalent to a 400 foot aperture,
On the basis of this intuitive argument it appears the;t
acquisition of the space vchicle will gcnerally be longer using the

multiple aperture approach.

8.4 Antenna Orientation of the Interplanctary Multiple Aperture
System

Before discussing the orientation of the antennas in the
multiple aperture system, it is important to emphasize some of the
Physical constraints and liraitations placed on a single antenna. Con-
sider the 400 foot aperture antenna which 1s required by the model
developed in this study. In Figure 5.20 the degradation of the signal -
to-noise ratio due to scanning across the sun is shown for a 250 foot
antenna. The same phenomena will occur for a 400 foot antenna except
I) the abscissa will be compressed by 60% and 2) the signal-to-noise
level will have a minima which is less than the minima occurring 1in this
figure. Since this curve has a 40db signal-to-noise ratio in the absence
of the sun, and since our model was developed to have a 15db signal-to-
noise ratio when at maximum range (2.6x 108 kilometers), the antenna
will not remain ir communication with the spacecraft in the vicinity of
the sun. Any sidelobes -15db or higher in the radiation pattern looking
at the sun will cause the signal-to-noise ratio to be one or less, Ideally

»

the peak sidelobes should be -30db below the main beamn, but in reahity
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witl probably be arcund -20 to -25db adjacent the muon beam,

The performance of the multiple aperture system of exght
142 foot antenunas can now be established relative to the single 400 foot
dish. While 1t was shown in Section 5 that the sidelobes of the array
factor can be controlled in the multiple aperture approach, 1t was also
shown that grating lobes are created if these antennas are equally spaced.
Figure 8.5 indicates the approximnate number of grating lobes 1n the
main beam of the element factor as a function of the scan angle for an
equally spaced array (linear or planar). This sketch is somcwhai
unconventional and 1s intended to illustrate that grating lobes necessarily
accompany the scan angle. Recall that noise in the atrmosphere will
limit the scan angle to approximately + 85° so that more than 10 grating
lobes will be present in the main beam of the element factor. If reduced
to + 80° only 6 grating lobes are present and the minimurn spacing
between elements is 5,75 diameters of the subaperture (Figure 5.4),

To relate the above information to the multiple aperture
system recall that scanning of the antennas in latitude is only +30° for
any communication needs in the foreseeable future. This means that the
antennas may be placed closer together in the north-south direction
than in the east-west if necessary. For eight antennas several possibil-
ities exist for orientation, each having advantages and disadvantages.
Basically, they fall into three categories; 1) a circle, 2) a rectangular
configuration, or 3) arranged as a linear array. A cross can also be
considered.

Assuming +80° for longitude steering the diameter of a
circle of antennas is almost 6 diamecters or 850 feet for 142 foot
apertures. Such a configuration allows +80° coverage 1n several
directions for elements spaced 45° apart, has a reasonably symmetr.c
main beam, and will not have grating lobes as such. However, it will
have relatively high sidelobes due to the array factor. Such sidelobes
will be on the order of -8db adjacent the mamn beam, and very little

can be done to suppress them as in the linear case.
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The rectavgular array allow s the orientation to tehe advan-
tage of the reduced coverage required in tatitude ) and will hove s
on the order of - 13db.  The sidelobes can be controlled via amphitude
and phase, but if equal spacing 1s used grating lobes develop.

The lincar array 1if located orthogonal to the rotational
motion of the earth (1.¢., in the north-south) can be given complete
coverage (290 1f desired) in longitude, and by placing the elements two
diameters apart will still have = 30° ¢ overage in latitude. Such a con-
figuration will have minimum interference via grating lobes, However,
for this orientation no control exists over sidelobes orthogonal to the
linear array and the beamwidth in this plane will be determined by the
individual subapertures (142 feet a 2 Ge gives a 3db beamwidth of
approximately 3.5 milliradians).

The three basic configurations are shown in Figure 8.6
a, b, and ¢ which meet the coverage of +80° in the east-west direction.
Also included are the directions and angles of minimum coverage for
that particular orientation. It is not appropriate to determine at this
time the best configuration for these eight elements, because orientation
will depend heavily on interference rejection requirements of the
system. The multiple aperture equivalent will in general be more

susceptible to interference than a single antenna.
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9. COMPARISON WiTH CONVENTIONAL ANTENNAS

9.1 Review of Previous Work

9.1.1 Cost Factor

It would be advantageous to briefly summarize the
assumptions and conclusions obtained in other studies so as to present
the several viewpoints of these sources. As will be developed later
we have reached somewhat different conclusions with regard to the
antenna cost factor.

In Schrader's article, l the following assumptiors
were made in arriving at a relative cost estimate: '

1) The cost of a fully steerable large parabolic antenna will
vary as a function of the diameter approximately as
5 (DIA)ZH 7

2) The estimated cost of equipment required at each antenna
(feed assembly, RF amplifier, detection, digital tracking
system components, etc.) will be on the order of $700.000
at each antenna.

3) The operation and maintenance costs are 2% of the initial
cost per year for the antennas and 10% of the initial cost
per year of the electronic equipment.

With the above assumptions, an estimate of the cost of the initial
installation and operation over a ten year period per square foot effec-

tive area may be made with the result that the optimum antenna size

' for purposes of economy 1s approximately 150 feet in diameter.

L.E. Willimas in his arti(.lez made the following
assumptions:
1) The cost of the antenna system can be expressed as Total
Cost = 5 (I)IA)Z‘ T { FIXED COSTS .
2) Variable costs include the structure and the drive system.
3) Fixed costs include such items as the re.elver, servo

systems, and control console.
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4) The mininm cost per unit area for o specificd fixed (oot

. can be determined from the following expression
= 2.7

Sy e NG T
1.75 (DIA) = FIXED COSTS

(S 2]

In Williams' example, the assigned fixed costs were
$200, 000 per antenna resulting in a reflector diameter of about 80 {feet
as being near "optimum." When an aperture approaching the area of

a 160 foot diameter reflector is required, it is more economical to

utilize four 80 foot antennas. The aperture corresponding to 225 feet

in diameter can be most economically provided by eight 80 foot diam-
eter antennas. In this case the total cost is only 68% of that of the
single antenna.

Studies3' 4 at the Jet Propulsion Lab. of the Califor-

nia Institute of Technology on antenna cost indicate these costs to vary:

as
7

Antenna Cost = 5 x (diameter)z.
Note that all three sources quoted above assume the same vatiation of
cost with diameter.

The economics of a large single antenna versus an
array of several smaller antennas was evaluated and may be surtnmar -

ized as follows: The overall cost picture depends upon the initial cost

of the antenna; the initial cost of all the electronics servomechanisms,

and instrumentation; and the total operating cost of the installation

for a given period of time.

The following assumptions were made by JPL in
arriving at the final cost estimate:
1) The initial cost of an antenna varies approximately as the
2.7 power of the diameter and lincarly with the number of
antennas.
2) The electronics, servomechanism, and instrumentation
costs vary only slightly with antenna diameter but are

linear functions of the number of antennas.

=2 3 O
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3) Opceration costs are shghtly Ligher with barper drameters,

Increase lincarly with the number of antennas for a small

ni

numbers of antennas.

antenuds, but vary less than hnearly for large

A single antenna was preferred at diameters of less than about 250

feet in the JPI, analysis,

Summarizing the available information on optimum

multi-apertures presents quite a problem since the basic assumptions

made by each of the referenced articles were different. It is interest-

ing to note that the optimum size of a single

to 250 feet. It is further believed that none

antenna varied from 80 feet

of the existing models are

as yet realistic. An analysis of the costs of large antennas has been

made by ECI and presented in Section 9.2,

A model is developed for the

cost of a multiple aperture system and optimum results presented in

Section 4.

9.1.2 Critical Parameters of Large Parabolic Antennas

In the two previous Quarterly Reports of this study

a detailed discussion of the critical parameters of large parabolic

. . . 5’ 6 .
antennas was made and are only reviewed in this report, with the

exception of the antenna pointing accuracies

(Appendix II).

Briefly, the three primary considerations for large apertures are the

effects of the atmosphere, mechanical errors in the reflector surface,

and beam pointing accuracies. Table 9.1 shows the relative limitation

of each form of limitation.

The results in this table have been modified slightly

from that previously reported with regard to the pointing accuracy.

This change has been necessitated due to further study which is out-

lined in Appendix II.

The multi-aperture approach acts to compensate

or overcome any of the above limitations on

a large single aperture. It

was indicated in Appendix 1 that the multi-aperture approach overcomes

105




e oo oo £ G REG wd

&3 o

TABLE 9.1 - Aperture Limitations

Limitation Maximum Aperture Size in Feet
0.1 Gc 1 Go 4 Ge 10 Ge
Angle of Arrival Fluctuations
Due to the Atmosphere 25,000 2,500 625 250

Gain Limitations Due to
Errors in the Reflector

Surface (Thermal Tolerance) 10,000 1,000 250 100
Pointing to Within

1) the 3 db beamwidth 915 425 268 198
2) the 0.5 db beamwidth 770 357 225 166
3) the 0.1 db beamwidth 593 275 174 128

the most serious limitation of pointing accuracy but similarly it can
compensate for the others. A 400 ft dish equivalent may not be obtained
as a single antenna at 2 Gc. Figure 9.1 indicates the limit imposed
by thermal tolerances as a function of frequency. The antenna require-
ments can be met however if four 200 ft apertures are used.

9.1.3 Disadvantages of Multi-Apertwure Antenna Systems

The primary disadvantage of the multi-aperture
configuration is in the transmission of signals. Although theoretically
possible, the desirability of transmitting energy in terms of cost and
reliability is poor. For a phase coherent system, a single power source
with a distribution network to supply each antenna with the proper ampli-
tude and phase could be quite expensive especially if the elements are
located over a wide area.

Another disadvantage is the grating lobe phenomena
created by relatively large element spacings in the array. The multiple
aperture system is capable of reducing sidelobes adjacent the main
beam by proper adjustment of amplitude and phase between the elements,
but little can be done about the grating lobes if equal spacing is main-
tained between the individual antennas. Both control of sidelobes and

the grating lobe problem have been discussed in Section 5.
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9 1.9 Sumimary
The use of muny smuall antennas mstead of one lurpe

equivalent antenny has the advantage of more fleoxible and

23

casier Leam
steering. enhanced reliability, Capability of receiving simultancously
from more than one vehicle, and is less expensive to implement.

The critical parameters of large antennas, such as
surface tolerances. required pointing accuracy, etc., place a limitation
on the maximum d:ameter that can be efficiently utilized. |

9.2 The Cost of Antennas

If the fixed cost of developing and implementing a large
antenna site is ignored the most expensive single item is the antenna,
which is defined to include the reflector and supporting structures,
feed, mount, and servo-driving motors. Excluding foundation cost which
will vary considerably depending on climate, geographical location, and

soil-bearing pressure at the site, the cost of a steerable parabolic

‘antenna has been indicated by several authors to be

Cost = 5 (Diameter)z'? {(9.1)

However, it is believed that this is not a realistic equatioh since it
ignores completely the requirements made on the reflector tolerance.
This tolerance is usually specified to be a fractional part of a wave-
length. The shorter the wavelength the smaller the mechznical toler -
ance of the reflector becomes, so that it is more expensive to build a
100 foot diameter antenna at 10 Ge than at 1 Ge. Equation 9.1 does
not bear out any such increase in cost Furthermore, not only does
the requirement on the reflector tolerance increase with frequency,
but the support structures must maintain closer tolerances while
steering, the mount must support additional weight, and improve-
ment in the pointing accuracy places more stringent requirements on
the driving motors. Thus, it is reasonable to expect the cost of a-
given size antenna to be frequency dependent.  Other costs which are

a function of antenna size are those of transportation and climatc
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conditions.  Transportation (osts are fmportant as related to the weight

of the antenna. Climate dictates the rupggedness of the structure.
Considering only a frequency and diameter dependency in

the cost of a steerable antenna, the following model for cost has been

determined from the available information on antenna prices.
2.94
Cost = 0.92 Nf{ D (9.2)

In this expression f is the maximum usable frequency of the dish ex-
pressed in gigacycles, and D the diamecter expressed in feet. The
choice of expressing the dish size in feet rather than meters was done
primarily because large antennas arve typically identified this way.
The maximum usable frequency is a more convenient parameter than
a tolerance figure for the reflector surface and requires further
definition.

Figure 9.2 is a sketch similar to Figure 9.1 for two other
antenna sizes. All antennas in these figures are designed to thermal
tolerances (1 part in 104) and thus all have the same maximum gain.

The 120 foot dish corresponds to the Lincoln Lab Haystack antenna

and is said to have a maximum usable frequency of 10 Gc, although 1t

will be specifically used in the frequency band from 7.125 to &.5 G(‘.‘—I
The proposed JPL 210 foot antenna will have a maximum usable frequency
of 6 Gec. It is seen that this maximum frequency is such as to give a gain
decrease of 2 db below the maximum gain and is 9 db below the gain of

a perfect antenna of the same physical size operating at the same fre-
quency. The gain falls swiftly when the frequency is increased beyond
the maximum usable frequency.

Difficulties exist often in determining what the actual costs
are for the antenna. Table 9.2 compares the predicted value of
B

quation 9.2 with ¢
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»ntly estimated cost. It is
believed that the expression of Equation 9.2 is an adequate representa-
tion of antenna cost. This may be compared to the often quoted ex-

pression of Equation 9 1 which 1s listed for comparison in Tabtle 9. 3.
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TARBLE 6.2 . Predicted und Actual Antenng Cost

Max. Usable Diameter

Frequency in Feet
3 Ge 60
85
600
6 Gc 210
10 Ge 25
85
120

Actual Cost o~

Predicted Cost Estimated Cost
6 6

$ .268 x 10 $ .275x 10
6 6

747 x 10 .75 x 10
6 6

234 x 10 240 x 10
$ 15.1)(106 $ 12-15x106
$ .375x105 $ .45x105
l.3t’)xlO6 l.’i-éxlO6

6 6

3.77 x 10 4-5x 10

TABLE 9.3 - Prediction of Antenna Cost, Equation 9.1

Diameter
in Feet

25
60
85
120
210
600

Predicted Cost
5

$ .3x 10
5

3.15x 10
1.25 x 10
2.08 x 10
9.3 x 10

6
6
6
158. x 106
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9.3 Chara teristics Altr a0ty ¢ for Spice Commen Catian

This section summuarizes the special and unique character -

1stic s that make

2 v le s
-2 e s la 4aca ood g

H-aperlure adaptive antenna System 3ttr g 0oe
for space communiciations as compared with a receiving system onsist-
ing of but a single larpe antennag. Although this section is manly con-
cerned with Item 4 in the contract Statemert of Requirements (Appendix
III) it is also related to the comparison of characteristics of ltem 3 as
discussed in the previous section of this report.

Cost  One of the major reasons for considering the multi-
aperture antenna system is that it appears to be more econom:cal than
the equivalent single-dish antenna. Thrs results from the fact that the
cost of single antennas varies almost as the cube of the diameter. The
relative costs of single and multi-aperture systems are discussed in
Sections 9.2 and 4, respectively. The multi-aperture system is shown
to be of advantage economically especially if the size of the equivalent
single antenna 1s large. The multi-aperture technique is probably the
only economical method for achieving a large effective antenna aperture
capable of hemispherical coverage once the practical limiting size of |
a single mechanical reflector has been reached. Although the terefits
of reduced cost for a given range capability is probably the primary
reason for originally tonsidering the multi-aperture antenna there
are other important benefits to be derived from its use as described

below.

Flexibility of Operation The availability of n separate

antennas of a multi-aperture system permit it to be used fov up to n
simultaneous, separate missions. Each antenna operating individually
may be used in situations where the maximum €ensitivity 1s not required
or the antennas may be combined in groups of from 2 to n collectively
operate as adaptive systems with enhanced re« eiving aperture.
Reliability This is achieved via the redundancy of the

multi-aperture system. The failure of one unit will cause tut 1.ttle
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overdall depradation. Its effect 1 1o rediuce the data roge and,’ui in-
Crease the error rate. The Presence of muny adentical anter g and
receiving systems ofters the pussibility of rec ognizing a failure in

any one unit by comparison with other Operating units. Any weaknesses
found in one unit can be corrected n the other units before they can
cause failure. Catastrophic failure of the multi-aperture antenna
system is far less likely than with a single antenna. The system may

be said to "die-gracefully.'" Since each antenna is of more manage - .
able size, the down time required to perform any necessary mechanical
repairs should be less than with one large antenna. Routine maintenance
can be more easily performed on the multi-aperture system since it is
necessary to shut-down only one anterna at a time rather than the

entire system.

Reduced Construction Time It seems reasonable to expect that

the multiple, identical antennas could be manufactured in less time
than a single antenna of equivalent aperture. Tooling, ;igs, and hand-
ling equipment can be of smaller size and can be used over again for
each antenna. The problem of lifting materials to high heights :s
Progressively harder above levels of 150'-200". Furthermore, the
engineer'ing of the individual antennas of the sizes needed for the multi-
aperture systems has already been performed for many antenna types
and a number of comparies can supply these antennas almost as if they
were a catalog item. This certainly applies to the 85 ft diameter
antennas availatble from several antenna manufacturing sources. A
single antenna considerably larger than those commonly used in present
Space applications might require significant development time and cost.

Improved Antenna Performance The more modest sizes of the

individual antennas of a multi-aperture system mean that faste: tracking
and slewing rates can be achieved compared to a single dish antenna.
The ability to move an antenna at high speed usually must be sacy Aficed
as its size is increased in order to keep the power requirements of the
drive motors to a reasonable value. Multi-aperture antenna systems
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do rnot sufh:r this hinntatzon. Moshonld also be possoble to desigrnoand
burld multi-aperture systems at higher freguend 1es than the single-
antenna systemes. Thermual elongations generally cause a mitation to
the precision with which mecharical structures can be manutactured
and maintained. A commonrly quoted limit on the tolerance due to ther-
mal effects 15 1 part 'n 104. If the dimensions must be held to at least
one tenth of a wavelength. the maximum antenna size would be about
1000 wavelengths, which is about the size of the MIT Haystack H:ll
antenna. Multi-aperture antenna systems can be designed to overcome
this limitation by using.ir.dividual antennas of size less than the bounds
set by thermal elongation and by using the ground as the base of refer-
ence rather than some structural bridgework suspended in "midair."
This concept has proven quite successful in the design of rzdio astron-
omy antennas.

Freedom from Atmospheric Inhbmogeneity The usual

antenna is of small enough physical extent that the atmosphere into
which it looks 1s relatively homogeneous. With very large aﬁtennas,
however, the atmosphere might rot be a uniform propagation medium
and phase perturbations across the wavefront can result. This limit
to convention:z' antennas is eliminated with the adaptive processing of
the multi-aperture system.

Beam Pointing The individual dishes of the multi-aperture

system, being of smaller size than the equivalent single-dish antenna,
are easier to point in argle. This results from the fact that each
antenna is a lighter mechanical structure as well as the fact that the
individual beams are broader. The problem of precise pointing is
transferred to the adaptive electronic combining circuitry. It was
shown in Section 4 that beam pointing is probably one of the most
severe limitations on large antennas.

Diversity Reception The primary objective of the multi-

aperture system consider ed in this study 1s that of achieving a large
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effective ('k)“(‘(ting 4prriure ‘u')' util!.‘lztg‘ 1o combination seseral. or
many, antennas of relatively mode st stze.  The avalability of multiple
apertures, however, also offers the possibiling of diversity reception
under severe fading conditions. Diversity receptron haz been widely
used 1n short wave and tropospheric scatter commmunications to ach.eve
reliable transmission of messages in spite of the vagrantness of the
propagation medium. In communications with spacecraft, diversity
reception could be of importance in reducing the minimum elevation
angle at which communications can be accomplished. At angles near
the horizon, fading due to multipath 1s more likely to occur. Its effects
can be mitigated because of the diversity reception capability of the
multi-aperture system.

Transmission Although the major portion o?f this study

has been concerned with the reception of signals from spacecraft,
simple modification of the adaptive circuitry plus the addition of power
amplifiers permits transmission of signals from the ground to the
spacecraft.

Growth The unit construction of the multi-aperture system
permits almost unlimited growth as the requirements for space com-
munication increase.

Upper Limit on Single Aperture Size Independent of cost

there is a natural upper bound established on the antenna size and is
best summarized by Figure 5.13 in Section 5. At 2 Ge it appears

impractical to build an antenna larger than 400 feet.
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APPENDIX ]

Brief Review of Previous Work i Multi-Aperture Combamnyg

There has been considerable work an the past corcerning the com-
bining of the outputs of more than oue antenna aperture for shortwave
and scatter commun:cations as well as for space commumcaatiors. Thes
section briefly describes some of the past work 1nthis subject., as avarl-
able 1n the published literature and contract reports Most of the pre-
vious publications appearing ir the literature have been concerned with
methods tor combrming the outputs of the several antennas rather than
with the enginecring aspects of tracking. rehability. economics ac-
quisition, and so forth

I Diversity Combinng in Scatter Communicat:ons

The multi-aperture antenna concept 1s related to ard stems
from the concept of diversity combining employed with success in
scatter communicatmﬁsl and, before that. for shortwave communi-
cations Scatter communications are generally characterized by
signal fading resulting from multipath propagation Signals a~riving
via multiple paths give rise tointerference effects. both (onstructive
and destructive By using more than one receiving system in which
the fading is uncorrelated. the fluctuations :n received signal strength
can be smoothed Reception systems for scatter communications have
been based or. diversity in space polarization. frequency angle, and/
time Space diversity has probably seen the widest application and :s
the closest to the multi-aperture antenna systems considered here

Space diversity is employed in scatter communicatiors
primarily to combat the deleterious effects of signal fading Any in-
crease in effect've aperture because of more than one antenna 1s of
secondary importance only The multi-aperture antenna for space
communications. on the other hand, is of irterest primar:ly becsuse
of the increased aperture as compared with a single unit antenrs and

because it 1s more economical to 1implement thar a single large
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antenna of equivalent size. Fading due to multipath 15 not as important
n Spd( € (,O“l”l\l!‘x)kdliOnS as 1t iy in scatter commiuunications with an-
tennas beamed at or near the horizon. Because of the difference in
application, space-diversity scatter communications generally employ
only a few antennas, two or three being a typical number; while a
multi-aperture system might employ at least four or six as a minimum,

The majority of the implemented operating space -diversity
scatter communication systems seem to employ post detection combin-
ing in which the phase of the RF carrier need not be known. This has
apparently proven satisfactory in many cases since one is not neces-
sarily looking for enhanced signal-to-noise, but to prevent the signal

. 1

from fading to an unusable level. Brennan discusses the several
methods of operating a diversity system including: (1) selection
diversity in which the channel with the maximum signal is determined
and then switched so as to receive only on that channel (2) equal-gain
combining in which all channels are summed with equal weighting; and

(3) maximal-ratio combining in which the 'signals from each channel

are weighted in amplitude according to their signal-to-noise ratios.
Only the last two are of interest in the combining of the multi-aperture
antenna system. The maximal-ratio combining is analogous in principle
to the matched filter since it yields the maximum output signal-to-noise
ratio. Equal-gain combining is less efficient, but in many cases the
difference is slight. 3 It is easier to implement.

Predetection combining techniques for scatter communi-
cations have been described in the lilerature4-6 although the extent
of their application in actual systems is not known but is probably not
as great as post detection combining. In the case of FM systems with
a large deviation ratic or other handwidth-exchange systems. predetec-
tion combining can lead to substantial improvement over post detection.
This is a result of the threshold effect. A SNR at the detector input

that is more than a few db above threshold yields a large output SNR




e B o B A0 |

while an input ratio that 1s more than o tew db below threshold yields
a very small output ratio.

IO IR
asal

ing deep fedes or in the abserce of a signal. the norse
output from an FM rcecener rises sharply to a level comparable to full
signal output. This will have a4 serious effect on equal-gain post-detec-
tion combining. If post-detection combining 1s used. it must be maximal-
ratio. Equal-gain combining can be used predetection, however. Since
a large majority of telemetry utilizes frequency modulation. it is im-
portant to consider predetection combining so that full advantage can

be obtained of the combining efficiency. An additional advantage cla.med
for predetection combining in FM systems is that FM multipath distor -
tion is reduced. This is, of course, a factor more important in scatter
communications than in space communications since multipath 1s more
likely to occur in the former.

In spite of the differences in the application and the motivation
for their use, the techniques developed for predctectién, or coherent,
diversity combining are similar to the combining methods which would
be used in the multi-aperture antcnna.

1.2 Predetection or Coherent, Combining

A number of predetection combining methods have been
described. Figure I.1 is a block diagram of an IF combining system
taken from the paper by Adams and Mendes4 and has beer known as the
FTL predetection equal-gain combiner. A phase detector compares
the signals in the two channels and generates a corrective dc voltage
which adjusts the phase of one of the local oscillators to bring about
coincidence of the phases in the two channels. In essence. it acts
like a phase lock loop with one of the two channels taking the part of
the reference signal.

The combining method of Figure I.2a contains a scparate
phase lock loop in each channel which converts the signal phase to

that of a common reference. This requires some prior knowledge of
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b)SAME AS (a) BUT WITH A PRIMARY LOOP TO TRACK CHANGES
COMMON TO BOTH INPUTS. (AFTER LAUGHLINS®)
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ment os that 3f one of the chinnels Tostats sipnal the phase Touk fn that

channe!l \\‘()uhl Le broten ard accordimg to Langhim the loop v 1
gencrally not relock hecanse of the narrow bandwidths and wide track-
ing ranges and is thus lost from service  This car be avorded as an
Figure 1 2b by provding ¢ promery phase locked Toop to trac k changes
common to both inputs and two sccondary loops which compensate for
differertial changes an the anput to assure phase coherence for combin.ng.

H

5
Bello and Nelin~ describe a 'coherent” combining method
in which a pilot tone 1s transmitted along with the information signal
The pilot 1s Hiltered :n the receiver and used as the local oscillator

reference in a heterodyne operation in which the difference frequency

is extracted, as in Figure 1.3  The efiectveness of this technique
depends on the signal-to-noise ratio in the pilot tone channel

1 3 Mult:-Aperture Antennas

Oh:io State University Antenna l.aboratory was probably
the first to demonstrate for space applications the feasibility of the
multi-aperture antenna concept ! Their s;'stem consisted of four
parabolic reflectors each 20 ft in diameter operating at a frequency
of about 2 Gc¢  The total area was equivalent to that of a single 60 ft
diameter aperture  The four antennas werc located at the corners
of a square having a side length of 60 feet. Each channel contained
a separate phasc lock loop for providing coherent combiring The
common reference signal which 1s necessary for achieving phase
coherence wos provided by 1) the sum of all four antennas signals,

2) one of the artenna outputs or 3) a scparate locally generated refer -
ence oscillator. provided the frequency is known a prior} Ohio State

de monstrated that suck a system can be made to successfully acquire

and track satelhte targets

Lehan and }{ugh(~58 obtained a patent on the phase lock loop

method of combinng the ontputs of an electronically scannmirg antenna
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system. This is described more cornph-tely by (Ixx,;;i.g The phase
lock loop antenna system is adaptive in that 1t changes its burdadth on
response to the signal level. For large sigrals the Landwidith of the
phase-lock system increases, thus allowing shorter acquisition times.
Gangi reports on tests with o simulated system using audio frequencies,
He also states thuat the system can, 1n theory, be designed to automatic -
ally acquire signals of any level in the shortest poss:ble time.

Breese et allo described a similar configuration of phase -
locked loop antenna system but primarily for deep-space communication
applications. The possibility of bandwidth limitation was pointed out if
the spacing between elements was too large.

Other studies of the multi-aperture antenna are those of
Séhrader“ and Williams. 12 Both of these papers have been referred
to and discussed in other parts of this report.

Almost all of the references reported in this section have
been concerned with space communications. The multi-aperture concept
is well known in radio astronomy and manifests itself as large inter-
ferometer arrays. Drake13 has discussed the economy involved in the

multi-aperture approach for radio astronomy.
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D.G. Brennan, "Linear Diversity Combining Technigque s
Proc. IRE, Vol. 47, pp. 1075-1102, June, loso

A comprehensive treatment of diversity combining with
extensive references to pPrevious work and an annotated
bibliography.

H.H. Beverage and H. 0. Peterson, "Diversity Rec eiving System
of RCA Communications, Inc., for Radiotelegraphy, " Proc. IRE
Vol. 19, pp. 531-562; April, 193], o

One of the first papers desc ribing diversity including fre-
quency, polarization, and space diversity. Equal gain combining
at IF.

F.J. Altman and S. Sichak, "A Simplified Diversity Commun:-
cation System for Beyond-the-Horizon Links, " IRE Trans.,

Vol. CS 4, pp. 50-55; March, 1956.

’ Several comparative results are given on selection. equal -
gain, and maximal-ratio Systems in the presence of Rayle'gh
fading.

R.T. Adams and B. M. Mindes, "Evaluation of IF and Baseband
Diversity Combining Receiver, " IRE Trans., Vol. CS-6, pp. 8-13,
June, 1958 .

Theoretical and experimental comparison claims that IF

combiner demonstrates significant advantages over the baseband

combiner in distortion level FM quieting, complexity, and
reliability. Notes a reduction in FM multipath distortion by
predetection equal-gain combining.

P. Bello and B. D. Nelin, "Predetection Diversity Comkbining with
Selectively Fading Channels, " IRE Trans. Vol. CS.- 10, pp.32-42,
March, 1962. Correction in Vol. CS-10. p. 466; Decemnber, 1962.

A pilot tone is transmitted with frequency division multi-
plexed channel signals to provide a phase reference for coherent
combining. Pilot signal acts as the reference to remove phase
from signal by heterodyning.

C.R. Laughlin, "The Diversity -Locked Loop — A Coherent
Combiner, " IEEE Trans., Vol. SET-9, pp. 84-92; September,
1963. :

Describes use of the phase-locked loop to convert each
received signal of a diversity system to an essentially constant
frequency and phase for coherent combrnation prior to demodulatior.,
Introduces the concept of the primary and the sec ondary phase
lock loop.
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APPENDIN | - Pomting Actiura es of Anfontigs

It has been shown in the two previous quarterly reports "7 thae
the major himitation to a la Fpe antenna s the ability to ac Curately point
Its beam in a specitied direction, At low frequencies, where the width
of the ma:n beam 1s relatively large, this poses no himutation. However,
as the frequency increases, the beam width decreases. [t s therefore
mandatory that the dynamic pointing accuracy of the antenna system be
small enough to minimize losses due to Incorrect poimnting, This

: . . . 1,2
appendix revises the previous pointing accuracies reported ' n terms

of anticipated results from two large antennas now under construc tion,

The dynamic pointing accuracies specificd for the 120 foot Haystack
antenna, and the 210 foot JPL dish w)ll represent definite improvements
in the state-of-the-art. The Haystack antenna specification calls for a
dynamic }‘)ointmg accuracy of £0.005 degrees, 3 and the JPL dish calls
for £0.017 degrecs.4 Figure I1. 1 shows these two antennas pointing
accuracies along with several high quality operational antennas. The
relationship between these two antennas can be represented mathema‘ically
by

Dynamic Pointing Error o (D':ametc:r)l'gz. (11. 1)
However, the information available does not justify a model expressed
to such an accurate power, so that it will be assumed that

Dynamic Pointing Error oc (Dxamcter)z. (I1. 2)
This expression implies that as the diameter of the antenna approaches
zero so does the pointing error. The greatest accuracy thus far
acéompllshcd for dynamic pointing of mounts is a laser telescope mount
developed for NASA (¢ 2 seconds of arc). This suggests that w:th the
present state-of-the-art there is a lower bound on the pointing error

and in the fmodel developed it 1s assumed to be independent of the

)

aperture size

or small apertures. Using the above value of 4 2 secords
-4 : . . :
of arc (x5.6x10 ~ degrees) as this lower Iimit the following mathematical

model may be assumed

9

Dynamic Puintmg Error : 6.5x 10" D2 +9.7x 10.6, (I1. 3)
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where the dynamic pomting error s in radians and D s . feet, Thas
equation is sketched in Fagure L1, and 1s the most optinnst © maodel
that can be made on the basis of antic ipated pommting accuracies,

The importance of accurdate puinting 1s greatest during the
acquisition period of commun,cations. The greater the pomnting error
the less the signal-to-noise ratio during acquisition.  The multiple
aperture systern erjoys two advantages in regard to pomntirg.  Firse,
the individual subapertures do not have to be pointed as accurately as
the largcr single dish. Second, because the subaperture s smaller, 1t
can be pointed with greater ease and economy, without demanding
imp;‘ovcment in the state-of-the-art.,

The most effective way to judge the importance of pointing is to
evaluate 1ts dollars and cents cost. Consider a 250 foot an*enna. ’f
pointed to within the 3db beamwidth (0. 12 at 2 Gc) of the aperture. the
antenna must be pointed to within £ 0,06°. Since it is possible to lose
3db of signal with this pointing accuracy, the net result is an equ:valent
antenna which has half the area of the 250 foot dish (177 feet). But
according to the model used 1n this study (i.e., Section 4) the difference
in cost between a 177 foot and 250 foot aperture designed to have a
maximum usable frequency of 6 Ge is of the order of 17 million dollars
(The 250 foot antenna will cost around 25 million and the 177 foot dish
will cost around 8 million dollars), Thus, it s possible to lose a large
fraction of antenna cost (68% for this example) if the antenna is not
pointed accurately. Because of this critical loss due to pointing, the
aperture should po:nt to within the 0.1db points of the main beam
( 0.0160, which 1= probably not withir the state-of-the-art for *his

size antennal.

12




m &

o O o .o O .o ]

g & O .22 4O 3

o B v

R
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March 20, 1962.

Electronic Science Preview, p. 8, December 15, 1963,
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APPENDIN 111

Statement of Requirements

The scope of this rescarch contract covers the Imvestigation of

a multi-aperture adapti:ve antenna system in order to establis) it

utility in recesving telemetered dats {rom remote space vehicles or

satellites,

The technical objectives of this investigation must include.

but are not necessarily limited to al! of the following :

I.

A study of the problems as<ociated with ac quisition of »-f

signals and the adaptation of an optimmum signal processing

antenna system to this signal acquisition:

(a) In the frequency band from 0.1 to 4 Ge at lunar rarges
{3.8 x lO5 kilometers)

(b) In narrow band operation around 2 G at interplanetary
ranges (2.6 x 108 kilometers)

A specific study of the problems of phase coherence, colli-

mation and self shadowing of a multi-aperture adaptive.

antenna system

A comparison of the characteristics of a multi-aperture

adaptive antenna system with conventional antenna systems

(i.e. fed parabolas or phased arrays) used in acquiring

telemetered r-f signals from satellites

A determination of the special and unique characteristics

that make a multi-aperture adaptive antenna system

attractive for space communication

An evaluation of the reliability of a multi-aperture adaptive

antenna system by comparison to conventional anternnra

systems.

m

stablishment of the optimum look angle that can be ackieved
with a multi ‘aperture adaptive antenna system.
A study of the utility of an adaptive antenna system in suc-

cessfully acquiring and discriminating a desired telemetry

14
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s.gnai i the presence of a4 neast yornte cbe g sousoe sach
as the sun or a nearty undesred trunsmeas.or

A determnation of the tra Fing potent 1) of an adapt.se
antennrz. svstem

The resolutron of all of the ato e stedie: to deter meone 4
best confrguraztion number and arrangement of a mult .
aperture adaptive arferna :yctem to rccommerd th ¢ most
suitable subaperture type. and to establ sh the opt rmum

bandwidth of the antenna sy stem.
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APPENDIX IV

Analysis of Phase Measurement and its Application to
the Coherent and Incoherent Combining of

Signals in Multi-Aperture Arrays*

* Preparcd by Prof. Willis C. Gore, Dept. of Electrical
Engineering, lohns Hopkins University.
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I ON THE MEASUREMENT OF PHASE OF AN ARBITRARY bAND.
PASS SIGNAL

While the phase (or argumenty of a fconstant amplitude) sinvsoidal
signal is a well defined concept, at should be reabized that 1008 not casily
extended for the case of an arbitrary signal,  The diff:oulty s seen when
one attempts to write:

e(t) - v(t) cos &} )
for an arbitrary signal ¢(t}. Jtas revognized that with the two functions,
v(t) and &{1), to be specified, one could be assigned arbitrarily and *he
other determined by solving Equation 1 for the other. One way of assign-
ing values to v(t) and ¢{t) which yields unambiguous results, and thercfore
is almos?t umversally used, s to take the spectrumn (Fourter transform) |
of e(t) [Fourier trarnsform will be denoted with a capital letter], E(f),
aﬁd divide 1t into its syminetrical and antisymmetrical parts with respect
to an arbitrarily sclected frequency fo. [ A suffictent, but not necessary,
condition for th.s method to be applied is the signal e(t) must have a band-
width less than one octave, and fo must be greater than ; the h:ghest
frequency of any of the components of e(t).] The symmetrical part is
defined as:

SE(f) = SE(f_+af) - i {E(fo+ af) + E"‘(fo- af) (2)

for £>0
where the star () denotes the complex conjugate, The antisymmetrical
part is defined as:

_ i ¥
AE(f) = AE(f_+Af) - z(h(fo af) E'(f_ af) (3)

for >0
So that both SE(f) and AE(f) represent real sigrals, they are defined. for
f < 0 by:
= %
SE{f} - SE (-f)}
%
AE(f) - AE (-f)
It is obvious fro:a (2) and (3) that:

SE(f +Af) + AE{f +Af)  Elf + Af)
o o o

I6
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or SE(fy + AE{f)  E({1)
or se(t)ac(t) - et) (4)
Further it is noted that if a4 real signal p(t) | so that P(f) - P*(-t)]
is amplitude modulated on a cosinusoidal carrier of frequency fc;’ or:
el(t)  oplt) cos anot . (5)
tha.t:

E(f)= ) P(f-f )+ P(f+f)

1 fe) o)

= 3 PU-f) £>0
O

= S P(i+f) f<0
‘O

if fo is greater than the highest frequency component of p(t). In addition:

| SE (f) - SE (f_+af) (E (f_+af)+ Ll(fd Af)}

{P(Af) + P (-Af)}
P(Af) £f>0 (6)

Wi Biee

and AE (f) =

Hence amplitude modulation of a cosinusoidal carrier produces a
symmetrical spectrum, or a symmetrical spectrum can be considered
to be a cosinusoidal carrier amplitude modulated by a signal which is
twice the symmetrical spectrum translated a distance fo (Equation 5).

Similarly, if a real signal q(t) [ Q(f) - Q*(-f)] amplitude modulates

a sinusoidal carrier of frequency f , or:
o

= sin 2
ez(t) q(t) sin Trfot (7)
that:
E (f) = 35 O(f-f ) - 25 QU+ 1 )
= ;1_—3 Qf - £ ) £f>0

:3— QU+1) f<0

with the previously mentioned restrictions. In addition:

SE,(f) = SE,If_+af) = J{F,(f +a0) 4 E;(fo- af)

E,
. }3{ (Af) - Q*(-A{)>

o

17
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and . . X 1 /e , Y <
AE, (1) Ah&(to‘.s.) z{P.:(fquka&(fu-Af))
o1 T 3\
= 4 {efan Q' af}
: 35 0laf) f>0 (8)

Thus amplitude modulation of a sinusotdal carrier produces an
antisymmetrical spectrum, or an antisymmetrical spectrum can be con-
sidered to be a sinusoidal carrier amplitude modulated by a signal which
is twice the antisymmetrical spectrum translated a distance fo (Eq. (8)).

If we now identify se(t) with e (t) and ac(t) [ Equation 4] with ez(t),

1

we have:

t) = t) cos 2nf sinZn
e(t) = p(t)cos2rn ot+q(t) sin fot (9)

which with some trigonometric substitutions is:

e(t) :/pz(t)+q2(t)cos(2'nfot -arctan -g-%) (10a)
= v(t) cos $(t) (10b)
where:
2
vit) ={p’(t) + g%(e) (11a)

a(t)
p(t)

While the two terms of Equation 9 can be separated by an analysis

&(t) = ZWfOt -arctan {11b)

of the spectrum of e(t) in accordance with Equation 2 and 3, in practice
it is done with product demodulators and low pass filters, as shown in
Figure 1. The combination of multiplication and filtering (averaging or
integrating) is the operation of correlation; and as is well known sin valt
and cos anfzt are orthogonal or uncorrelated for all fl and fZ' Thus the
outpﬁts of the two correlators are q(t) and p(t).

We now procceced to demonstrate the uniqueness of the representa-
tion (10a) and (10b). Since fo is an arbitrarily selected frequency there
is no reason to believe that v(t) and é(t) are independent of fo. To
demonstrate this we pick a new fo given by:

f' =1 +Af
(e} o (¢]

and rewrite Equation 9 as;
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sin ZTTfoT
q(t)
..4..........,..__-.-.;._,} ‘--’ P(f) S —— f—
A A»m{‘f“fz'“‘““ = LJ’;]_W% ARCTAN “f*g )
| R 9 T |
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[ o0° |
| PHASE | R D
ISHIFT % |
! |
! cos Zmf,t : | ‘s
_ ' _ !_ L
LOW PASS I '
1 "“‘{ EILTER [0 L - {FILTER|
FIGURE |
(DOTTED LINES SHOW ADAPTIVE CIRCUIT OF PARTT)
e{t) = plt)ycos 2n (f' -Af )t + gft) sin2n (f' - Af )t
o © (o] o
= (p(t) cos 2rAf t-qt)sin2rAf t} cos 2uf't
o o )
+[p(t) sin er.f;fot tqt)cos ZTTAfOl] sin ZTrf;t
= p't)cos2uf't + g'(t) sin2nf't
o o
where: p'(t) = p(tyjcosG - q(t)sin@

g'(t) = p{t)sin0 + q{t)cos ©
6 = 2naf t
o

Hence from Equations lla and 11b, we have:

vi(t) = {[ p{t)cos © - gq(t) san 0]2+[p(t) s1n 04 g(t) CUSQ}Z

SO — fotromiiton

2 2 2 o2 2 .
vi(t) = J[cos @+sin O]p (t)+[cos B+ sin G}qz(t) +2plt)q(t) cos 6 sin 0 - 2pt)q(t)cos@sin

:v/;?(thqz(t‘. =ov(t)

and:
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(1) 0 - g s
G 2Tt -arctan ¥ r}._—-‘-(.‘ sat .__j“
O pltycos Q- qlty~in g

51nQ Cqft)

R 5 0.8
_ cous O {1}
2nftt - arctan - o RID

0 git) singQ

pi{t) cus@

= 2nf't - 0 - arctan -=-<
o

Sinc : .
e tan (A B) tan Artan B
l-tanAtan B

t

MU - Z"fé)(l) -0 - arctan qlt)

p(t)
{
= 2nf't - 2nAf t - arctan q't)
° o p(t)
q(t)
= 2nf t - arctan -*—- = &(t) .

It is because of the uniqueness of the quantity &(t) that it is actually
possible to meaningfully spcak of the ""phase of a signal.’' While the
above way is not the only way in which the "phase of a signal’ can be
defined (another way is make use of the signal and 1its Hilbert transform)
they are equivalent. Furthermore (:n the author's opinion) these other
methods do not have the physical sigmficance of the one presented.

The results of this part are two. First, a definition of "phase of
a signal' and a circuit (T-‘xgure 1) for measuring it. Second, that all

phase measurements are measurements of phase with respect to a

reference. This follows from Equation 11b which states that the

measurement [arctan q(t)/p(t)] 1s the difference erfot - &{t}; or 1t 1s the

phase of the signal &(t) with respect to a reference phase (anot).
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I1. ON THE MEASUREMENT OF THE PHASE OF A SIGNAL IN A
WHITE NOISE ENVIRONMENT

If the signal:

() - tycos2nf t+ t) sin2nf t
e(t) » p(tycos ro g{t) sin no

is combined with the noisy signal:

n(t) = n (tycos2nf tin (t)sinlnf t (12)
1 o 2 o

so that: eT(t) = e(r) 4+ n{t); and if there exists no prior knowledge
about either e(1) or n(1) to enable ('_I,(t) to be separated, there will be an
error made in the measurement of the phase due to the effects of the
noise. The best that can be done (lacking any other information) is to
measure the phase of eT(t) and call that the ""phasc of the signal, "
Since:

q(t) +n, (t)

¢T(t) = Zﬂfot - arctan m

while the actual phase is given by:

o(t) = erfot - arctanq—(t—)-

p(t) ’

there is a phase error of:

a(t) + n, (1)

: ! at)
ch(t) -&{t) = -arctan 503 "l(t) ;+ arctan o(t)

¢ (t)
€

AR O RN

p(t) " p(t)+n, (1)
, al alt) + n, ()
p(t) p(t)+nl(t)

arctan

q(t)nl(t) - p(t) nz(t)

i

arctan -
v(t) +p(thn () + gt n, (1)

Further if the signal is a constant amplitude signal of amplitude E,

(vit) = E)}, we have:

21
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Hence as the signal to noice rat

q) M1

dardla b T e B e

Ei‘ plt) ﬁéq{
E E E
1t g "t
E E E

lo increases (n (t),E and nz(!),f’PI

1

¢ (t) decreascs; in the Limnit being inversely proportional to E.
€

to decrease the roise (increase

1s white is to dec rea se the bandwidth of the noise,

(13)

decreases)

One way

the signal to noise ratio) when the noise

Since the mu

Itiplica-

tion operation in Figure 1is a linear operation, the effective bandwidth

of eT(t) (before the multiplier) is related only to the bandwidth after the

multiplier (the bandwidth of the

low pass filter).

Thus to reduce the

error in the phase mecasurement, the bandwidth of the low pass filter

should be made as smal] as possible,

However, the bandpass character-

istics of the multiplier are a bandwidth of twice the low pass filter

centered at the frequency of the constant frequency input f . The error
o

in the phase measurement will therefore continue to decrease as the

bandwidth of the low pass filter decreases‘only if (as has been assumed)

the sigrial e(t) remains in the pass band of the multiplier,

We can there-

fore conclude that the smallest phase error will be made when the low

Pass filter has a bandwidth equal to 3 that of the signal a.nd__{o is the

‘"center frequency’ of the signal,

In view of the preceeding,

we can state the following conclusions.

(1) If the center frequency is known, the error in the measurement

of the phase of a constant frequency signal (bandwidth zero) can be made

as small as desired by dec reasing the

following the multipliers to zero.

(2) If the center frequency is known,

bandwidth of the low pass filters

the error in the measurement

of the phase of a signal whose frequency varies (bandwidth B) is a minj-

mum {and non-zero) when the low

are of bandwidth B/2,

(3) If the center frequency is unknown,

ment of the phase of a signal can be no less than given by (1) and (2)

The actual e

-
22

pass filters following the multiplier

rror is given by Equation 13,

the error in the measure -

ab\)\’e,



and :n goereral S8 preater than the - fonate D One Wav to appraas b thae

limiits of (1) and {2 above 1o touse an adaptive or feedba K techoogue
In this case the dificrence ot WMo plase icasurements dividod Ly 1)

[SSRNE S WYL

do 1 &' T

time interval between the tdcasurements (average value of -2 . ==y

dt It dt
(t1T) - &t .
9_____%__2__) Coaverage anstantancous frequenc y) is used to control the

frequency of the oscrilator, It is noted that Fogure 1 1s equivalent to

Figure 2. Further of q(t),/v(t) 1s suffuciently small, arc=1n qlt /vt eqg(t),/v(t).
and F.gure 3 then becomes cquivalent .u) Figure 2 In practice the division
1s accomplished by an AGC circuit and Figure 3 is recogmized as the

famihiar phase lock loop with AGC.
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center frequenoy by oad tptron,

Ifthe coprol *0 o vo rutco s net large the performar. e of the

‘ ‘

crroud of Frgure 3 detcrvorate - Lecanse the mcesurciment of phase o5

nonlinear and armbigious. 1t s nonlirear betacse the ar - ocperation

- e e e 2

has been removed o Farure 2) and anbigrots becasse s;n(z' 10
. n . . .
sm(z -0). (The amb.guity can be resolved by measuring both the sinc

£ o

and cosine of the angle as in Figure 1.) The tonlincarity causes the phase
measurement rms value not tu be a hnear funci.on of the noise rms value,
The ambiguity causes an eratye performance when the angle measured is
Interpreted wrong. /We call this "loss of lock' and the pertormarce of

the circuit of F.gure 3 is not at the Iimits descr:bed in (1) and (2) .rz.i

o O

lock is again restored.} There is every reason to believe tha given

sufficient time for the ¢ircust to adapt {establish phase lockj), the tircuit /

/

of Figure 1 will have the fame Limiting performance as {1} ard 72} even s
when the center frequency 1s unknown, This follows from tre fact that

the equivalent circuit of Figure } for the phase ¢1t) I lirear in ¢.

{"'}mmmmmmmmc




PPN

°70

it ON THE COHERENT CONBPUNCNG OF TOESTICAL NARROW |
BAND FF SIGNALS D0 NDEPENDEN T SO'SE ENVIRONMENTS
Ao ne Comtpp or Tuo Bk Sl
We wiil take g5 our detoretion ot tarrowband rt syprats
those cagnals wroob o bo made toherant (W tton pract.cal b ts)
by a proper adbustmert ol e (1) phasc ot the signal withon the

meamng of th = termoas doveloped s Parts Pand H. M the two s ognais

ave

eT () vz(t) CO3 Qz(l)
We can comb.ne them by usirg phase measuring uru'uts {Figure 1)

and phase shifters a- shownn F.gure 4. (In practice these operstiors
would be performed by us.ng ar. oscuilator ata different frequency thar
the input using tand pa-s vather than low pass filters and a heterodyne
operation to replace the phase skiftirg operation. but the effect is the
same.) Our first conclusron which ic obvious from an inspection of

the output of Figure 4 1s that those components of the sigral w:thin

the pass band of the pra-¢ measurirg « iriult are comb-red rncobterently.
I £ )

This follows froni the fact that the amplitude of the output :s tke sum of

the amplitudes of the input.
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I, however, the sigraals of mnterest contarmn compunents out -
stde the pass Land of the phase Mmicasuring arcmt which have a phase
related to those components within the Pass Land of the })_}‘._,_'_L_;g measuring
circuit; these may be combined colerently,  Thus, if:

s(t) m (t)eos o (Dim W] +v osfo (Vio (1)
i a ol p ni ol ni

1 vi(’t) cos [ooi(‘) b l(t)} (14)

where ma(t) and mp(l) represent ampbitude and phase modulation of
the "signal" componernts outside the pess band of the phase measuring
circuit, vni(t) cos Qoi(t) represent the norse with components outside
the pass band, and vj(l) LOS [q»o,l(t) 4 Q(i(t) ] represents the "signal”
and noise components inside the pass band of the phase measuring
circuit where @ i(t) represent the measured phase error of the signal
due to the noise. Since the signal si(t) 1s shifted in pha-e an amount

2nft - o OR! ¢.. (U], the signal out of the phase shifter is given by:
O 1 .

soi(t) = ma(t) cos [wal( + mp(t) - ¢)(1(t)) +vm(t) cos [erflt + @m(t) - ¢€i(t)] +

vl(t) cos anlt (15)

If two such signals as given by Equation 15 are added (i = | and 2) and
use made of: -

cos A + cos B =2 cos ; (A-B) cos é (A+B) (16)
we obtain
so(t) = sol(t) + soz(t)

o () - 0 (1) o ()i (1)
<! 2 ] cos [27f +m (t) + <! 2 ]
2 1 ) 2

2m (t) cos [
a

+v (1) cos [217flt - Q(l(t)] tv (1) cos [anlt - Q(z(t)]
+ [vl(t) + \'Z(t)] cos anlt (17)

Thus 1if the two noises are independent. they add incoherently while

the two signals added coherently if cos [Q( (t) - Q( ()/2) &2 1 or if

1 2
3 lo I(t) - QGZ(t)] 15 small. As an example if the ¢'s are independent,

€
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the tact that the addition 15 not complete!y colicrent os gorver by
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Locos o[y 1 s

! 1
- 5 S e (18
Wi cos e 0 ()] [18)

but

2
-0 /Z
X .
LOs x € (iq)
2 . : :
wherte o is the variance of x it x 13 paussian, S.nce bu'hf’;'E l(t) and
q>‘2(t) are gaussian with equial variances and are indeperndont, thenr

2

. . . 2
sum 1s gaussilan with vatlance ¢ —~ o ., Thus:
X

L-1ilde (20)

If Listobe 1 db (L = 0.795) o must be 0.723 rad ans or 41.4%. It can
be shown from Equation 13 that if nl(t) and nz(t) ave gaussian, <§>‘;{t\ is
small and p(t) and q(t) are constant. then q»‘ l(t) 18 gaussian., The _al-
culation of the moments of ¢€ .l(t) to evaluate Equation 18 when q»(l_(t) 18
not small is tedious and to thi¢ author's knowledge only the second
moment has been calculated for the general case, and that only for
constant pft) and qg{t).

In conclusion it can be stated that two signals can be com-
bined coherently provided, (1) there is available a signal of similar
phase as the signals to be combined from which a measurement of
phase can be obtaincd., and (2) the ratio of the signal powe> 1n this test
signal to the noise power in the bandwidth of the test signal 1s large
enough to make the phase measurement error sufficiently small {41.40
for 1 db combining loss). While a loss of 1 db from coherent addition
doesn't seem like much of a loss, it 15 to be remembered that the

maximum increase with completely cohevent addition 1s only 3 db.

. 1 - ———
(Equation 18 shows that 1.~ = 3 which occurs when cos x - 0 or when
min

T becomes sufficiently large. Thus the maximum loss is 3 db.
Since we are attempting to delay one of the two signale and
add them coherently, it might be thought that an entirely different

approach to the problem would be to correlate one signal weth the other.

L




delay one until the corrclation was a maximum, and then add or combine

the two signals. Figure 5 shows such an implementatton  where the

correlation is performed by the multipher and low pass filter. The
’-"u(t) VARIABLE | ¥ s [Love PASS N
DELAY T — orweter 7Y o
‘ \ - |
: eeeriein vo
L AOUST T
- e e e e | = = =L EOR MAACALLMA
- ourpuT
en{t) P
Ld + oty

_Corasinel
SIGNALS

FIGURE 5

important thing to be observed from Figure 5 is that the effective band-
width before the multiplier (the bandwidth of noise associated with eT,
which determines the accuracy with the time delay ¥ for maximum
output is obtained) is the bandwidth of thc‘.signal eT, plus twice the
bandwidth of the low pass filter. (This is a gencralization of the state-
ment made previously that for a sinusoidal input (bandwidth zero) to a
multiplier the bandwidth ahead of the muluplier is twice the bandwidth
of the low pass filter.) Therefore it becomes necessary to prefilter

the signal eTl(t) to as small a bandwidth as possible. In the absence

of any prior information as to the exact center frequency of the signal.
the only practical way this can be accomplished is with a circuit similar
to Figure 1 with the feedback (or for small errors that of Figure 3).

It can now be seen that if the two signal components have identical phase
variation, differing only by a constant the bandwidth of the low pass
filter can approach zero. Since the effective bandwidths then become
equal, the performance of Figures 4 and 5 will be the same. 1f the two
signal components do not have the same phase variations. then the low

pass filter must have a Landwidth sufficiently latge to pase the frcquency
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ey comporents of the difference of the two phases This re-ults an o Jarper
eftective bandwidth for the Sipnal ey {t) more noise in the output.
2
greater phase {or time 7} error, and Figure 5 ¢s poorer an performarce
than Figure 3.

B. The Combining of More Than Two Sigruls

In this case;

M
So(t) - Z soj(t)

where s i(t) is given by Equation 15, Again, as in Equation 17 the
o .

noise adds incohcerently, because the individual parts are independent.

Further. the envelopes of the test signals, vi(t) cos erlt. add. The

- only remaining components are the sigral components:
§ | M
s = zm(t)cos {ant+m(t)—¢,(t)]
3 a i P €1
i=1
] "
] 5§ = m (t) cos [71“'11 +m (t) Z cos Q(i(t) 4 sin [erfxti mp(t) ] zsmr;)(i(t)
iz} i=1]
3 M 2 M >
: =m (t) E cos & (t) + zsin & (t) cos [2nf t+m (1) -oft) ]
a €1 €1 1 P
i=1 il (21)
[ v
z sin ¢ei(t)”
-1 1" l
where o(t) = tan (22)

Z‘cos@
1

If we defire loss due to imperfect coherent addition as the

-

average of the square of the ratio of the amplitude of s {equation 21)

[
[
[

with Q( (1) to the value of s with Op(l) - 0 (perfect coherent additiont.
1

+
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Thus: M ¢ '\_1‘ ¢
S(()s ¢ (1) + \ site ¢ {1)
. eyt ) T T
TS a1
M e M M o
2 2 ' R
Z[COS Q(l(t) 4 s (t)] i Z Z/ [(05 ? (t)(,os Q(J(t) tosn C>(1&'~) s5n C’()U)
i‘l - o
L - i-1)=1 (1)) L
2
M

Since sin ¢ (1) sin ¢ (t) : sin ¢ (t)ysing (1) -0, i ¥y
€] () €] €]
because ¢( i(t) and ';’vi (t) are (assumed) inde pendent and gauss.an with
J

mean zero and sin x - -sin (-x}. Further COos ( {t) cos ‘? (t)

cos ¢<’1(t) cos ¢‘(J.(t) -~ lcos ¢, (t)] , i 7], because all of the ¢ s are

assumed to have 1dentical dlatrxbut‘.ons. From Equation 19:

OO o /|, 6O O ; /|, o

0'2 /2
cos x - € X (19)
_— 2 2
we have [cos <P(i(t) | -7 (23)

Since there are M(M-1) (ross-product terms, we have:

2

L. MMMt 1
= 2 -— —
M M™ M

< (24)

Figure 6 is a plot of I. as a function of ¢ (in degrees) for various M.
g p g

Table 1 shows the values of v for 1 db loss for several values of M

’J«
[
|
|

TABILE 1
M o (radiar=«) o(degrees)
U 2 0.723 41.4°
10 0.514 29.5°
o 0.480 27.5°
The results of Figure 6 and Tahle 1 are quite striking. They

[
[

show that the power loss due to incoherent addition is quite sma'l cver
for relatively large rms: phase errors (7). As a matter of fact. zll of

the values on Table 1 are already lasge- ir size than values wh ~h would
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v, ON ThHE CORERYINT COMBINING OF MODULATED S ALS

A. Amphitade Modidatoon

As demonstrated in Part J11-A, 1 order to coherently comn-
bine two sipgnals it is necessary to have theor phases related to a test
signal, on which a measurement of phare s made; othervase ine oherent
additiontoccurrs.  Thus in practice it is necessary to send along a com-
ponent of the unmodulated carrier for this purpose, and the requirements
for coherent combining become similar to thuse for coherent, or syn-
chronous, detection, In normal applications this adds no unduc penalty
since the bandwidth of the information is usually very much greater than
the bandwidth of the unmodulated carricr. Under these conditions the
power required in the unmodulated carrier is much smaller than that
required for the modulated signal. If this is not the case, it should be
determined whether better pcrform'ancc could not be obtained by trans-
mitting the additional power in the modulated signal.

If an amplitude modulated wave is transmitted with an
unmodulated carrier, several received waves may be (approximately)
cohe'reﬁtl.y combined as shown in Part 111-B. The amplitude of this com-
bination would be given by the amplitude of Equation 21, which would be

the output of an envelope detector., Thus:

M 2 M 2
A = ma(t) Z cos ¢)(i(t)’ + Z Sm(bei(t) (25)
1= 1 i=1

where rna(t) 1s the desired information signal, It now can be recognized
that even though the loss due to lack of complete coherence (L in Figure
and Table 1) is small, there is a corrupting of the signal ma(t) by the
factor represented by the radical in Equation 25, If, as we have assumed
so far, ¢)‘i(t) 1s small, i1ts bandwidth 1s one-half of the bandwidth of the
unmodulated carrier. Thus while this 1s a low frequency the effect of

the radical of Fqguation 25 cannot be separated by filtering, since it

represents multiplicative noise and not additive noise, The effect of this
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multiplicative notse wall depond upon the nature of n:a(l), bLesng small
for digital information, modest for voice information, and 1n all proba-
bility significant for high precision analog information. A better idea
of the effect of this noise would be obtained if we evaluated its average
value and its standard deviation, The ave rage squared valuce has already
been calculated, but the calculation of the average value appears to be
quite formidable,

It should be noticed that part of our problem and part of this
unwanted multiplicative noise could be eliminated if, instead of coherent -
ly combining the signals, we coherently detected them and then combined

them. This would give for a result:

M
A' = m (t)> cosé  (t) (26)
a e €)
i= 1
= Fma(t)
where:
M
F :Z coscbi i(t)
i=1
Hence: M
-\ — -02/2
F = Z cos¢ii(t) = Mt
i=1
Further: . M M M
2 Y 2 Tos (t o .(t)
F = 2(:05 ¢>(i(t)+2 ZCO&Q(i Ycos <
izl i=1j=1
ifj
But: , >
hchA {ty - 1 + é( e
s Ye i\‘l é
and: -02
cos ¢‘i(t)c»os cb(j(t) cos o i(t) cos ¢fj(t} € L 17y
Thus: ——— 2 2
-2 -
¥ - %}—(IH Ty eMMan? (27)
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In conclusion:

M ¢ /2
2 2
1 ((+o /2_(—0 /2) (28)

2 02
:/:—1\7 sxnh(—z—-) (28a)

The quantity a-F/f: is like a4 noise-to-signal ratio for the factor F. It s

noticed that this quantity is decreased by decreasing the rms phase error,

¢, or by increasing the number of signals being combined, M. Figure 7
is a plot of ¢ F/i‘: as a function of ¢ for various M, while Table 2 is a

tabulation of the required values of ¢ for a -30db noise-to-signal ratio.

TABLE ¢
M o (radians) o (degrees)
) 2 0.252 14.4
10 0.377 » 21.6
100 0.677 38.4
o3 (0] @

Figure 8 is a plot of the loss due to incoherent addition

which, from Equation 27 1s given by:

» 1 -2 M-1 -
L s = Lm(lﬁa( o ) i Tr{ ¢ {(29)

Table 3 1s a tabulation of the rms phase error required for 1db loss of

coherence.
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TABLE 3
M o (radians) o (degrevs)
2 0.525 30.1
10 0.483 27.7
100 0.480 27.5
o 0.480 27.5

A comparison of Tables 2 and 3 shows that for small M the
minimum acceptable rms phase error 1s set by the allowable multiplica-
tive noise (Table 2), while for large values of M is set by the value of
coherent loss which can be tolerated and still overcome the additive
noise (Table 3).

B. Angle Modulation

Again for angle modulation, as for amplitude modulation, an
u‘nmodulated carrier must be transmitted to accomplish coherent addition.
In this case the angle detector operates on the argument of Equation 21,
which with the help of Equation 22 gives:

M

Z sin¢n(t)

A = 2nf t-tan-1 l-:——l—--———-—-— + mp(t) (30)

1 M

b

Z cos ¢ (1)
i=1 '

It is noticed that the noise introduced as a result of imperfect coherent

addition (which 1s in addition to the noise produced by the noisc present

in the channel, which is not represented in Equation 30) for angle modu-

lation is additive. Thus if the frequency components of the signal m_(t)
M M

and the noise tan-l > sin & _(1)/,\, cos ¢ .(t)
€1 - €1

i= 1 i=1
do not overlap, the fioise can be removed by filtering. In some s:tuations

this may be a decided advantage of angle modulation over amplitude
modulation.
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V. ON THE INCOHERDENT COMBINING OF MODULATED SIGHALS

As ts well known, there are only tvo hincar modnlatiorn cystenn:

These are those systems using vo modulation and those using amplitude
modulation with & coherent (synchronous) detector supphied with a dupls

cate of the carrier used for modulation (correct phase and frequency)

Since the practical sy:tems under consideration in this poper do not fit

this description, they are nonlincar. The nonlinearitivs of these systems
complicates their analyzis, but as can be demonstrated with simple
modulations, and as can be observed in practice; the nonlinear systems
behave as if they were linear for large input signal-to-noise ratios.,

They are lincar in the sense that the output signal-to-noise ratio is a
linear function of the input signal-to-noise ratios in this region. For
small input signal-to-noise¢ ratios the output signal-to-ndisc ratio de-
creases more rapidly than t‘he decrecase in the input signal-to-noise ratio.
The point (or region) of transition from these two operating characteris-
tics is referred to as the system threshold. It is to be observed that if
the system is operating above threshold, a combination (sum) of M
independent detected outputs (defined as incoherent addition) has the

same signal-to-noisc ratio as a coherent combination of the M independent

‘noise modulated waves followed by detection. The performance of the

incoherent comb:ination will be poorer than the coherent combination only
if the system is not above threshold for each of the M different signals.
Since any communication s;'stcrn requires a certain minimum
output signal-to-noise ratio for acceptable performance, and since the
maximum gain to be realized by coherent addition of M signals is 10log r
in db, if the minimum acceptable output signal-to-noise ratio((S/N)mm)
is greater than the threshold signal-to-nroise ratio ((S_/N)T) by at least
10 log M, the incoherent system will perform as well as the coherent
one. This condition i1s;

y ) < & ! - S/ . 31
10 log M (s/z\)min (S/N) (31

T

Since all (to the author's knowledge) communication systems require
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operat:on above the threshold for aoceptable perforinanco, there s a

mamimum value of M below which coherent addition vs not necessary,
This value is given by:

(S/N) . -(S/N)..
min I

M- 10 10 i32)
m.n
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VI COMPAR™SON OF A COMNMUNICATION >N ENPLOY 5 N
ANTENNAS OF APERIURE A WHTH ONE EMPLOYING A SINGLE
ANTENTA OF APERTURE MA
It should be real:zed with the wode varnation of Comannnts at,on

systems (i.o,, kinds of rmodalat:on) and irtormation signals to be oo

municated that a e'raple contiu=on regarding the comparison of a

multiantenna system woth a single antenna sy-tem with equal total

aperture may not be possible, and indeed it asn't. Fur hermore, sunle

differences may appeer only when sipnal levels are smeall where analyt,s

techniques are inadequate for the nonlinearities encountered, it may be

impossible to settle the 1ssue except by experimentation. If 1t is assumed
that the con*ributions to the output of the elementiul arcas of the single
aperture antennia are coherent (which 's rertainly violated to some extent
as the aperture is made larger). then *he two systems will be exs iy
comparable 1f coherent addition can be accomplished for the multiantenta
system. This task cannot be effected exantly in the presence of noise
unless prior knowledpge of the phase of the rf is available. In addition,

if the M different antennas are spaced far enouagh apart coherent addition
may be impossible due to a lack of a constant phase difference sirce the
signals may propagate through different parts of space. It would there-
fore appear as if the multiantenna system will always be poorer in per-
formance than the single antenna system. This, however, does not
answer the practical question as to what the actual difference is, since
the difference may be small enough to make their performanzes compar-
able. The following conclusions represent the general statements that
can be made and which are established by the results of the precedirg
parts.

A. If the commumication system operates above threshold there
1s a minimum value of M (Equation 3Z) below which incoherent add fiorn
(detection followed by addition) gives substantially identical sy<tem
performance and above which incoherent addition results in the single

antenna systermn being superior,
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B. Above thos mernn value of Mothe porforin o os of the
systems can be made comparable (other conditions being propoer) ooy by
transmitting & sample of the unmodulated Carrier upon which o mcasure-
ment of phase may be made to coberently add the contributions of the
several antennas. This follows from the fact (Part T11-A) that the o -
ponents within the pass band of the phase measuring circuit are added
incoherently and the conclusion A above means that the phase measure -
ment could not be made on any of the mformation components [components
produced by the modulation or sidebands).

C. Since our ability to effect coherent addition is dependernt upon
our ability to measure the phase of the reference carrier (Figures 6 and
8), and this in turn is dependent upon the signal carrier and notse
amplitudes in the pass band of the measuring device (Equation 13}

1) The phase measuring circuit should have as small a

bandwidth as possible, and this minimum value is determined by the

received carrier bandwidth. (Which may be greater than the transmitted

carrier bandwidth due to the effects of the propagation med:um. )

2) If the carrier bandwidth is comparable to the information
bandwidth, the carrier amplitude necessary to effect coherent addition
may represent-a significant part of the total power transmitted. The
multiantenna sy<tem is then poorer in performance by an amount at least
as great as the fraction of the total power in the information components
(e.g., 20% in the carrier and 80% in the sidebands, 1db loss of perform-
ance; 50% in the carrier and 507 in the sidebands, 3db loss of
performance; etc).

D. If the carrier frequency is not known to an accuracy com-
parable to the bandwidth of the received carrier, an adaptive frequency
measuring circuit (phase lock loop) should be employed to effect a
decrease in the allowable pass band of the phase measuring device (Part ).

E. The technique for combining contributions from the various
antennas are basically two, phase measurement (comparison with a

noiseless reference) and correlation (comparison with a noisy reference),
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In the former case it an adaptive systems used (phuse lock loop) the
bandwidth of the phase measurement can be restricted to that of the
recenved carrier and no better perfornmance can be obtained.  If the
signals received at the several antennas are identical in shape (the
propagation medium has no effect or anadentical effect upon cach
received signal), one signal can be used as a reference in a correlator.
It is necessary to filter this signal to the minimum bandwidth (that of the
carrier) by using an adaptive frequency tracking filter) before it is used
to be correlated with cach of the other signals. The bandwidth of the
correlation filter must be much smaller than the pass band of the signal
(and it can be if the signals are identical) before this method is compar-
able to that employing phase measurement,

F. In an AM system, in addition to the regular additive noise
whose effects (signal-to-noise ratio) are determined by the fraction of
coherent output (Figure 6) realized by the at"ten;pts at coherent addition,
there is introduced a multiplicative noise (Equation 25) as a consequence
of the errors, ¢¢i(t)' in measuring the phase of the carriers. Because
it is multiplicative it cannot be removed by filtering.

G. If the AM signals are coherently detected and then added the
multiplicative noise is decreased and can be evaluated for simple cases
(gaussian phase error) is shown in Figure 7,

H. In an angle modulated system (FM or PM), in addition to the
effects of the regular additive noise, the phase error introduces an
addi?ional additive noise (Equation 30)., For small phase errors, dp( i(t),

this noise i1s the same bandwidth as the carrier and can be removed by

filtering if the lowest frequency in the signal is sufficiently greater thar

the highest frequency in ¢ (t).
i
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, as
measured by the fraction of coherent output in Figures 6 and 8, increases
as M increases for fixed o, while the effects of the multiplicative noise
decreases as M increases (Figure 7); there is an optimum value of N

for each systein.
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J. Sintce 1tnoan FA >ys!mn Loth the rc,;ni.xr Lotse atd the
additional noise (Conclusion H) increases with inoreasing M, the optimurmn

value of Moas as small as possible (1),
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APPENDIY V

Communication System Models

-

O

W

In Section the main body of the feport, the parameters assumed

for a lunar range and an intcrplzmcta.ry Fange spacecraft comrmunication
System were summuarized. In this appendix a rattonalization g given
for these assumptions by bresenting the characteristics of CXisting space -
craft systems. Also presented are the calculations of performance of

the model Systems. The assumed Parameters cannot be considered
"typical" since it 1s difficult to define or to find a typical Spacecraft,
Instead they should be considered as an example whose purpose is to

serve as a model for System calculations of the multi-aperture antenna.,

V.1. Summary of Spacecraft Communications Systems
e ———— > VY Slems

Table V.1 js a summary of various Spacecraft communicy .
tion systems as digested from the published literature. For more
details one may refer to the papers listed at the end of this appendix.
This table seems to indicate that the frequency range is from 1 Ge¢ to
10 Gc, the transmitter power from 10 to 40 watts, and the antenna gain
from 0 to 20 db. It 1s from an evaluation of data such as summarized
in this table that the model system characteristics listed in Section 3

were derived.

V.2 Lunar- Range Communic‘ations
e anions

Any analysis of the multi-aperture antenna approach to
lunar communications requires a knowledge of the Spacecraft system
parameters. With the parameters of the lunar communication system
model as given in Table 3.1 as well as with some additional data. system

calculations of performance will be made.

The effective antenna aperture diameter for the ground sys.

: . L%
tem can be shown to be given by the following equation

*B.C. Martin, "The Mariner Planetary Communication System Design,
JPL Rept. No. TR 32-85, May 15, 1961,
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r!{ d —I\E—AL+‘ + 20 1o R—}’-uxh;‘
D = low" ] b N/B B s 'm b d Tt
e B 20
(v.1)
where
De = effective antenna aperture in meters
Rb = data bit rate -db ((ps)
S =received signal power -dbn
Td = telemetry data bit duration -db (secc)
N/B = system noise power spectral density dbm/cps
LS = system design margin -db
L = miscellancous spacecraft systems power losses -db
m
R = range (meters)
Pd = transmitter power allocated to data subcarrier -dbm
Gt = transmitter antenna gain above isotropic. -db
Si Td PLL L
R™ NGB Ry P,G,
Si Td N
db = +R +— +P +(L_ +L)-P. -G V.3
(GR) N;B B B L ( m p) d t ( )
now
2
4 ™ D2
™ e
G = e— A =
R )‘2 e XZ
2 2
p - (4vR) 16m R
L )\2 >‘2
GR =20 log m™ + 20 log D, 20 log X

PL

10 log 16 + 20 log m + 20 log R - 20 log X\

Substituting the above in V.3 and solving for D , the effective aperturc
e

diameter, gives the expression in Equation V. 1.
47




P

This may be derived as follows:
Y

| —— [ I—

The received power is given by the usual equation

G,P G
R dt
= P oz — e 2
S,*Pp™ T 1L P (vV.2)

m p L
‘ where
| GR = Recelving antenna gain
‘ Pd = Effective transmitted power
Gt = Transmitting antenna gain
‘ L. = Misc. spacecraft losses.

m
L. = Design margin
| P
| 2
| {47R)
| = ~———— = monopath loss.
| L 2
| A
! We desire the expression to contain the ratio of received
S;T
energy/bit per noise power /unit bandwidth = —I—q£7§§- where Td = Ii}g

(Rb = bit rate). Solving Equation V.2 for GR and multiplying the

]

]

]

[

[

[

D GRf%dB—I}—hL-N/B:.%;%?I_JB
[
)
[
|
|
[

ST
Wg in Equation V. ! is the required SNR and is a function of the bit

probability error given in Figure V.1. For a coherent PSK system
it can be shown that the required SNR is 3 db less than for the coherent
FSK given in the figure. N/B is a function of the average operating

noise temperature of the receiving system and is given by

— = k(T., +T V.4)
B 1 e) (
1
where
k = Boltzman's constant
T. = average noise temperature of the equivalent input to the
i .
i receiver
T = average effective nolse temperature of the receiver and
e

is given by
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where Y 1s the ratio of total notse power at some temperature T to
the total noise power at some lower temiperature T .

Using Figure V.1, Table 3.1 and Equation V.1 the total
system performance can be described. Figure V.2 1s a graphical
description of the requirted effective antenna aperture vs average
system operating temperature :I_‘op e -’1—‘i2 + -’_1—0 for various bit rates.
Unless exceptionally large data rates are required effective receiver
noise temperatures from 150-200°K could be tolerated and consequently
parametric ampl:ificr front ends would be suitable for lunar commun -
cation ranges.

For lunar communications the defined region of operating
temperatures would be in the region of from 200 to 400°K. Bandw:dths
of from 20 to 60 k¢ can thus be obtained for an effective aperturce of

10 meters. Apertures of 60 to 90 meters could handle a megabit rate.

V.3 Communications Interplanetary -Range

In this section an attempt is made to establish a suitable
model for the interplanctary range communications system. Of funda-
mental importance *o any communications system is the concept of
effective energy; this is usually defined as the energy nccessary to
transmit the required information over the range required for the
space mission. One 1s therefore limited by the allowable commun: -
cations payload aboard the spacecraft since this in turn limits the
total available encrgy. How effectively this energy is used detevmines
the energy per bit of information available as effective radiated power.

TL S j SN
460115 Ud

)

ic Hmitation allies itself to two problems namely:

U
w0

The generation transmission, and reception of energy, and sccond
the determination of the most effective method of modulating this

energy to transn:t the required information. For interplanctary ranges
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Processing required within the satellate or probe,

Once the maximum asvailsble ¢herpy aboard the spucecraft
has been deterniined, the o frective power radiated from the probe miay
be maximized Ly 1) in reasing the transmitter efficiency. 2) by increas-
ing the antenra gain, It seems that MAJOr 1Improverments ir transmitter
efficiency are unlikelv. It is therefore realistic to assume maximuin
efficiencies of the order of 60% for transmitters Operating at several
Gc. The sccond method, that of Increasing antenna gain aboard the
spacecraft, is limited - particularly in the case of an unrmanned
Probe — to the degree of attitude control available. Omne could impose
boundary conditions on the above based upon the present state of the
art and still arrive at innumerable possibilities for an interplanetary
system by changing original assumptions concerning the ground receiv-
ing system. It becomes necessary, therefore, to consider the system
collectively, accounting for all possible variations of systermn parameters.,
This method has been adopted in the following analysis and no single
parameter will necessarily be maximized to achieve the desired results.

To investigate the effect of increasing ground antenna size,
one may employ the following expression for power received as a

function of power transmitted:

(P..G_)A p
Pp = kTBF [S/N] = _.I_%‘__Ji (V.6)
4TR 1
where
P, = Received power
R 23 .21
kT = 1.3x 10 x 290 = 4 x 10
B = Bandwidth, cps
F = Receiver noise figure
S/N = Required signal to noise ratio
PT = Vehicle transmitter power
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Ca o

£ 3O OO o o

G.. Viehiole antenna pain
1 4

A, -1tD /4 Antenna collection areg (D diamcter), sq ft
a4\

£ - 6db system design margin

P = 0.5 antenna efficiency
' ' 3
R = Range m mules x 5.28 x 10 ft,/nmule

Solving Equation V.6 for D the antenna dizmeter

[ { KT BF(S/N) jl/?

P_G
T p

D - 4r (v.7)
The required antenna diameter varies directly with the range while 1t
is only moderately sensitive to other parameter variations.

Equation V.7 suggests innumerable possibilities of achiev-
ing the same result. Rather than assume fixed valucs for all param-
eters which would lead to a family of D vs R curves, the more 1mportant
parameter will be treated as variables, namely. Bandwidth B, and
Signal to noise ratio S/N.

) Signal to noise ratio is inherently related to acquisition
and the reliable recovery of the required information. In addition
since there is a lower bound to S/N. the bandwidth assumes a role of
equal importance.

One can examine Equation V.7 for the effects on bandwidth
as a function of range for various artenna sizes. Solving for B as a

function of R

2 G
5 . D [PTT"] V. 8)
- > e .
16 R Lt KTFS/N

Let us choose

PT ‘ 100 watts
GO 0
GT 100 )
P - 50%
1 6 db : 4
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' S/N . 15db . 31.5
F - 1db 1.26

Figure V.3 then shows the effects of the ground antenna receiving
aperture and spacec raft ratige on bandwidth.  The mintmum and max -
mum earth-venus distances are superimposed on the figure for compari-
son.

A s:milar investigation may be made in order to observe the
effects of range on signal-tg-noise ratio for various antenna aperturcs.
When this 1s done the results are given by Figure V.4 . V.7,

Figure V.4 shows that for a required minimum signal-to-noise ratio
of 15 db, the available bandwidth is limited to less than 10 c¢ps ét
Earth-Venus maximum distance for a 100 ft aperture system. wh:le
Figure V.7 shows a bandwidth = 500 cps for a 600 ft system, assuming
the same required signal-to noise ratio. Both of course, depend upo'n
the model assumed.

From Equation V.8 it 1s apparent that the effect of varying any
of the parameters (except D and R) with respect to B or S/N is a linear
process so that to estirmate the effect of increasing the transmitter
power ten fold for example would increase the values given in the
figure by a factor of ten, etc. In this way one may extrapolate using
the figures and determine available bandwidth or signal to noise ratio
for any other combination of parameters directly.

There 1s much to be gained through using the most effective mean:s
of modulation to transmit the required information. Hartley and Shanno:
have both shown that the maximum amount of information which can be

transmitted through a channel of given bandwidth and signal to noise

ratio i1s given by

S
H - Bm logz(l +R,) (V.9)
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where
\5
H = the mformation tate in bis per second
B # the Landwidth of the message bannel
m
S : the sigral and
N - the noise .r the bandwidth B
m
Thus for .
B - 10 (ps¢
m
S/N : 15db(B__ B )
1 m
HMAX 2 lelogz(l + 31.95)

50 bits/sec
More often than not, the transmission channel Lardwidth and the mes-

e

‘

s B s’
sage channel bandwidth are not equal and —= - (1 )—-12 where —
\ N N Bt :

the transm:ssion channel signal to noise ratio B - message bard-
m

-

width and BT = transmission channel bandwidth. Thus high signal to

noise ratios in the trtansmission c¢hannel as well as narrow trans-

£33

mission bandwidth. are essential in maximizing the available bt rate

for the transmission of information.

C3 &3 .3
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APPENDIX VI
Appl-cation of the Fiboraca Search Procedure

b
as a Combining AMethod

Prepared by M.E. Thomas
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The problem we have is one of raximicing the outpat of sonie

black boxes in this Case the network combaimurng the signals of the N
autennas. This output 1s a function of N Variables (phase shifts) under
our control. However, the fundtion is a summation of N terms cach of
whick is a function of only 1 of the N controllable variableos. Thercfore
there 1s no interaction between any other controllable variables on the

.th : , . : , A ,
1 one and we may consider this as N one-dimensional maximization

problems in which the functionality 1s unknown — except that it is
unimodal in each one dimensional problem over some period of time. }
If we simply define the phase of the first term (or reference
antenna) as zero we can do our maiximization relative to this term.
Now consider the sccond term (or signal from the second antenna) —
holding all others constant. Then the phase which maximizes the out-
put will maximize that second term because we have as follows
N
E(wt, ¢ ,9_ ....,¢ ,¢ ,a.,...,¢ ) = z'cos (wt +¢ + ¢ )
172 n 1 2 n n n
n=1

or considering only the second term’
,O0 ., ¢ = cos (wt ¢ + + K
E(wt ) Z) cos { ¢2 cz)

where K is nowa constant with respect to change in e, (the alphas are
our phase shifters). This is just a one dimensional search problem
in a,. At any instant of time the function might look like what is shown

below

* RE. Bellman. and S. £, Dreyfus, Applied Dynamic Programning,

Princeton University Press, Princeton, N.J.., 1962, Chapter IV.
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Poowe conerder cuat the targe fromn o o borthe funot onoos uromodal,
Tros repron vouid be scatchoed optime iy By 2 Fualionaccr Search procedure
to fnda . Ther foorg this we conld procede 1 the same manner wath

C ¢ . Since this would be accomplished ona computer we
would def e the rnumber of points to be searched as one of the Fator aco:
vumber:. Tre Faborzoo: pumbers are generated by adding the two
previous Frlomace numbers. FO ard I'l may be defined os 1. Thenr
F, 1 +1.2 2‘3-2&1-3 14"4"3{2 5 Fﬁ-‘)i%'B

2

6

Supposc we had a fun-tion as shown below to scarch (defined on drscrete

.8+ 5 15 F 13 -8 21 F 2+l 34 F o5 34 421 - 55 et
} 2 }8 P() an

points ?

e
¢ «
‘F(XD '. .
L3 [ 4
[ ‘. )
U JESUN SN DS DU NSNS NN MR SN WHN SO )
I 23 ¢ 5¢ 7 86 9 101 12
X‘

Sirce 1t 1s defined on a Fibonacci number of points we would procede
as follows: F,I‘ 13. So we would place one point at Fb - & at the
other at FS - 5. Since f{5) > {(8) ar.d the function 1s unimodal we can
elimirate point where x - 8 and all points to the right of 31t. Place
next experiment symmectrically in the range. i.e., at X - 2. Notice

that after each experiment the number of remaining points s a F:bonacdi

number. After the first two our region looks like this

AFTER 3™ .

EXPERIMENT - .
i .
i -
L3
. |
i1 J. § S S | L.t
1 2 3457
After placing the next one at & we can ¢ himnate x ~ 2 and x -0 x - 1,

since F(z) < f(s) and f{x) s ummodal. We now have 5 points to scareh
I

63



w

= T3 o 32

o |

|

D

s

optimually x = 3, 4.5, 6. and 70 We have a pont at xS whiach s I"4.

So we place our next experiment at F‘ and FZ,' But we have ore at I-‘,)'
nd ;

so we place one at }‘24 2 point in remaining interval, 1.e., x-4.

Then we can elinunate x° 3, and x4 and have only x5, 6,7, to scarch.
We place one at x 6. If {{6) < {(5) we are through, if not, we must also
look at f(7). Therefore., at most we have searched 14 points in 6

experiments. Notice that if we have F number of poirts ve can
: n

+1
search them optrmally 1n n observations. Example: Suppose we had
56 points. 55+ 1 = 56 but 55 = F9 so we can scarch 55 points in 9
experiments and do it optimally.

This procedure has been programmed and can be dorne fairly
easily.

If this search procedure were considered further

, the effect of

noise should be taken into account.
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level of the grating lobes with respect to the miain bearn.,  For g laiear
array composcd of uniformly illuminated circular apertures of diameter
D with a spacing d between cach element the suppression may be sketched
as in Figure 5.20. * It is obvious that the grating lobe is reduced only
slightly if the multiple aperture is to have any significant look angle.
For example a scan of +60° required d/D=2 (from Figure 5.5) so that
two grating lobes exist, one -2.8 db below the main beam and the other
-15 db.

Thus far the multiple aperture has been considered to be
a linear array, but because of grating lobes created by the relatively
large element spacing (to allow scanning), and because the pattern
needs to te controlled in more than one dimension, the multiple
aperture anterna couldbe in a planar array configuration. A contigura-
tion of the multiple aperture is suggested in Section 8, and the advan-

tages and disadvantages of the multiple aperture system are summarized.

* Note that a partially suppressed grating lobe exists even when d/D - 1.,
This is because the beamwidth of a circular aperture used as tke
element factor is slightly larger than for a rectangular ape~ture
whose side is of length D. Any mutual coupling effects have been
ignored.
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APPENDIN VI
GCombining Methods for Inter planvtaly
Range Communivativgs

Most of the anralysis of combining methods thas {ar discus-cdon
this report have Leen concerned with efficrently combining the outpul-
of several informat on Channels which contam 2 narrowband prlot
signal. A portion of the availlable transmitter energy must be made
available for the pilot, thus lowering the total encrgy aviarlable for
the information content. As long as the total energy is sufticient for
maintaining wideband communications the amount tuken by the carmier
is generally negligible. However. as the range of communications 1s
increased the available bandwidth (informatron rate) must be decreasced
in order to maintain the trangmitted energy per bit to a reasonable
value. As the bandwidth 1s shrunk a point is reac hed where the energy
in the pilot is no longer an insignificant part of the total. One method
of operating under such circumstaneecs 15 to Continue the use of the
pilot signal for combining even though 1t is less efficient. This
appendix discusscs several other possible proc edures for operaluing
with narrow band information channels. Pr obably the best tec hnical
solution, but not necessarily the most e¢ onomical, is to lncrease the
spacecraft power and antenna gain so that a pilot can be utilrzed.

The combining technique {that would be used for the lunar distance
where the modulation bandwidths were several orders of magnitude
wider than the equivalent noise bandwidth of the telemetry transmitter
signal would not limit the number of antennas which could be combined.
However, since the modulation bandwidths are much narrower and arc
more nearly equal to the eguivalent noise bandwidth of the telemetry
transmitter in the interplanetary range different (Qm!)imng techrnque s
must be considered. These techniques must be compatible wrth the
optimum modulation method and in g(*nemxl should not be the Limsting

factor in the number of antennas which can be combined. Brnary
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svmmictric phase nmodalation sty pulse codes seoms to pate pood

performarnce.  All of the tranemitted pover should be used 1o1 the
modulation.  With these assumptions, the best technigue —~ the phase
lock loop — cannot Le used for combining the antenna outputs. The
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pbase lock loop is not stuble under the conditions of rap:d phusce modu-
lation of the signal. Normually this is overcome by transmitting a
continuous, unmodulated carrier or pilot on which the phasc lock loop
operates. This pilot energy is subtracted from the total available
transmitted s:gnal energy and 1s therefore, a less efficient system.,

There are at lcast four combining techniques which can opcrate
with a phase modulated signal and which might be applied to the inter-
planetary case. In general any prior infor mation about the frequency
of the signal will shorten the scarch time. Also, the interplanetary
telemetry transmitter must transmit a ""clean" signal and have good
short term frequency stability. Knowledge of the transmitted frequency,
and the doppler frequency should be known to within several modulation
bandwidths. 1f this be so, the main acqui§ition problem is the relative
phase betwcen the signals of the several antennas.

The first system is shown in Figure VII. 1. The binary phase
modulated signal 15 filtered, then doubled in frequency by a times-
two multiplier. The output of' the multiplier has the same phase regard-
less of the state of the phase modulation. The phase modulation of 290°
becomes a modulation of +180° at twice frequency therefore, there will
be no modulation component at twice frequency to confuse a phase-lock
loop. The phase-lock loop is completed by using a reference oscillator
signal, a loop filter, voltage controlled oscillator and frequency
divider. The loop will perform as described before. A signal may be
extracted from the loop which contains the modulation. In the loop
shown this would be at one-half the reference frequency. This sigrial
may be summed with all the corresponding signals from each receiving

aperture. The modulation is recovered from the sum signal. The
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performance of tha o sy =ternis T late d to the siptal-to-rotse Tatio st
the multiplier . The mimmam Landwidth of the phase lock loop s
related to the no.se bandwaidihs of the sipgroals and the orlatal paranm RIS

The second system is showroin Frgure VL2, Arn additional
reference oscillator and burdpass Dilter ave it tuded so as to yield «
signal with the appropriate frequency and pbase for adding to the signals
from other channcls. The cquation of the loop is the samce as the first
system. The squnal s pr ovessed by heterodyning :tagalnst a voltage
controlled oscillator with two outputs 1u quadraturce with one another.
After an additional muxing opcration the resulting difference frequency
is filtered out. The passband of these low pass filters must be sufficrent
to pass the modulation compornents. One further multiplication and falter '
ing gives the control signal for the voltage controlled oscillator. This
dual channel loop will lock the oscillator to the phase of the incoming
signal. As beforc. there is a signal which may be used to add to the
signals from thc other channels to yield the sum signal.

The performance of this system is related to the signal-to-noise
ratio at the final multiplication. The bundwidths are more easily con-
trolled to match those of the signal on this circuit than they are in the
first system. Also this circuit does not destroy the phase of the modu-
lation. so there is no phase ambiguity. Slight variations in the crrceuit
allow it to become an autornatic frequency control circuit dur:ng initial
acquisition. St:ll other modifications convert it into ar ampl:itude
detector.

The third system is shown in Figure V1.3 and. as far as is
known is an original development. It is based on the phase lock loop
but the usual loop filter is replaced by a computer. Each loop in the
system would provide inputs to the computer. and it would control the
phase shifters and various reference oscillators. The usual phase
lock loop does not estimate the frequency or phase error from the
error signals. However. a computer could analyze the average 2€vo

crossing rate for all of the channels and arvive at a good estimate
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of the frequency of the froguenay ertot. The compnter conld rot deter -

mire the dircction of the [rogueney vrro Lut 1t would only have to make
two trials {one for cach of the two possible directions) to find the vorredt
frequency. Then the phasc lock-up could proc ¢de under computer d rec-
tion. The advantage of this approach is that the computer can analyze
and compare the signal statistics in a more complete mannet for all of
the channels. The other s hemmes must operate by themselves since
it is difficult to interconnect the various feedback loops. The computer
could also recover the most probable modulation.
The fourth system 1s shown in Figure VIIL. 4. In several respects
this is the simplest system. The signals are added. imperfectly, most
probably. at the start. Thenin a systematic way such as discussed in
Appendix VI eac b (hannel phase 1s varied and compared with the result-
ing amplitude variations of the output. Each channel's phase 1s set in
turn to give the max.mum output. Since it is an interacting process,
after the first adjustment. a sccond setting is made. The limit on the
accuracy of this phasing process is the signal-to-noise ratio. However,
since in any real system the signals must add to a +15 db S/N, the
problem reduces to that of seeing a small perturbation of amplitude as
the phase is changed. A small variation in output may be due to a
change in receiver gain, so periodic modulation of the phase and recovery
of resulting modulation in a synchronous detector will reduce the effects
of receiver gain changes.
In the remainder of this Appendix 1s presented a brief analysis of
some common ¢ohcrent demodulation systems which use the information
signal as the reference or synchronizing signal. Van Trees* has shown

Lat the receivers shown in Figure VIL.5 and V1.6 are identical as far

AAcan

(s

s o
1o

as the information part of the signal input to the low pass f.liers

concerned. Using analyses similar to Van Trees the above statement

* H.L. Van Trees "Optimum Power Division in Coherent Communici -
tion Systems, ' MIT Lincoln Laboratory Technical Report No. 301

19 February 1263.
10
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Assumung that the infornation is vsed to baphase modilare o

carrrer. the signal at the receiver may be written as

e. () Ay smlutin (1)) (VII. 1)
in C n

where A(t) 1s the information o onsisting of a random sequence of pulse s
of amplitude 2A. each pulse having a duration of T seconds. The rar-
dom phase modulation (),m(t) 1s causcd by the time varying channel
through which the signal pr opagates.

Consider the receinver shown in Figure VII.5. The signal given
by Equation VII-1 is multiplied in the upper channel by the output of
the oscillator which is given by
(1) = B cos [wct t 8(1)] (ViI-2)

e
LOi

i

e (t)=A()Bsin[wt+6 (1)) cos [wt+ 8(t) ]
1 o in c

= ég_)ﬁ_ (sin [Zuct+ 6. (U4 0(t)] + sin [Oin(‘) g e(z)]} (VII-3)

Assuming that the low pass filter in the upper channel is ideal so that
it passes the low frequency term without distortion and completely
attenuates the high fzéqut-'ncy term, the filter output is

ez(t) = é%)—}i sin [Om(t) - 0(1)] (VII-4)

In the lower channel the output of the local oscillator is advanced
in phase by 900, so the VCO input into the multiplier is

eLOZ(z) = -B sin [wct 1 0(t) ] (VIl-5)

The mixer outpu*

e (t) - -A()B sin [w t+ 6 ()] sin [w t 4+ 0(1))
3 C mn C

(V)1-6)
AW o (6, () - 600 ] - cos [20 v+ 8 (1) + o(n)])

n

1s filtered by the low pass filter (assumed ideal) to produce
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The signals from the two low pass filters are fed to the phase detector

where they are multiplicd. The phase detector output

2 2 »
e (t) = _:,éA_(QI_S_. sin [U (l) - O(l;] COSs [U (l) - O(t)]
5 4 in in
2 B2
A WB G200 1) - 26(0] (V1I-8)
8 in

is sent to a filter which operates on it and feeds it to the voltage con-
trolled oscillator.
Assuming the same input signal, Equation VII-1, for the receiver

shown in Figure VII-6, the output of the squarer

1

Az(t) sinZ [uct + Gm(t)]

2
= .f‘-z—(ﬂ- {1 - cos [Zuct+ 26, (1) ]} (VI1I-9)

is filtered by a flat bandpass filter with a center frequency of ch.

el(t)

The signal component input to the multiplier.
(O '
= = 2 26 -1
e,(t) 5 cos | Wt in(t)] (VI1I-10)
is multiplied in the mixer by the VCO output
-B
e (t) = = sin {20 t + 26(1) ] (VII-11)
3 2 c

The mixer output 1is

5 ,
e (t) :f_é‘,.ﬁlﬁ cos [2w t 426 (1)] sin [2w t 4 26(t) ]
4 4 c in c

A.AZI 135! \

+ A 1R . [4 -~ o~ PR | : fans. » 7

= 2L (sin |40 t + 206 (1)) + sin (26{t) - 26 {1} ] (VII- 12}
8 c in n J

which has a low frequency output given by
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[
0
[
[
[

A 2 i.{(‘({) - éU (‘)}
in

A%
8

sin (20 (1) - 200 ] (VII-13)
The low pass filter for 04(1) 13 included 1n the loop filter shown in
Figure VII-6. Thus 1t is seen that the signal input to the loop Hilters
of Figure VII-5 and VI1I-6 are 1dentical.
In order to be used with the mult:-aperture antenna system, the
receivers shown in Figures VII-5 and VII-6 must be modified as shown
in Figure VII-7. Each antenna of the system would have a receiver,
but now the signal from the VCO in Figure VI1I-5 would be set to operate

at a radian frequency of (w ) so that 1ts output signal would be

- w
1F

- B cos - 0 VII-
eLOlm B cos [uc )t ()} (VII-14)
The voltages el(t) and e}(l) then become

- A(t)B )...) - 4 H 3 [} -
elm 5= {sxn {2 . IF)uom(z) : 0(t)] + sin | IFuom(t) Q(t)]}
(VII-15)
- :._é.(..t)_?— ~ [ - - W oW 3] +
e3(t) s {os[ IFt+9in(t) 8(t)] - cos [(2 : IF)t+ in(t).O(t)]}
(VII-16)

If the low pass filters in the upper and lower channels of Figure VII.5

are replaced by bandpass filters centered at Y then

e, (t) - —4—%—)—& sin [wlFt +0_(t) - 8(t) ] (VII-17)
and
e, (t) = 5—‘5‘—52-9-& cos [ulFH 0 (t) - 0(t) ] (V11-18)
The phase detector output would be
-Az(t)liz )
e (1) - —p = sin (2t 28in(z) - 2001 (VII1-19)

If the phase detector output is multiplied by the signal from a local

oscillator which has a frequency ZWEF. then

74



oo JENE wme: SR Stave:

s

€inlt)

vCO

FIG.VI1.7-BAND -PASS EQUIVALENT OF FIG.¥IL.5

SQUARER

€ (1)

BAND PASS €2l

FILTER

L.O.
€ (t) €g(t) PHASE

* FILTER = DETECTOR
BAND PASS

FILTER e4t)

L.O.

BAND PASS
FILTER

€,it)

g €4(t)

BAND PASS

FILTER

€4(1)

vCO

4

FILTER

FIG.YII .8 - BAND-PASS EQUIVALENT OF FIG.YIL.6



o ¢ o

d e £ CO OO OO o0 ooy oo™

o |

Az(t)l’;Z
LI S LA I 3o 4+ 20 26 b S1 20 - <
(»6(1) e {sxn [4 lFt 1n(ﬂ ()] + sin [2 jin(t) 3{’(1)}}
(V11-20)

: - b '
It is seen from Equation V11-20 that ¢ (1) has a low frequency term of

2 2
(1) - _é_f_;l’}_ sin [26 (1) - 26(1)] (VI1-21)

ebLF in

which 1s needed to control the VCO.
The IF equivalent of the receiver shown in Figure VII-6 is given

in Figure VII-8. The respective voltages are

2

el(t) g é—é-(-tL {l - cos [Zuct + Zom(l)]} (V1i-22)
-Az(t)

ez(:) s =5 cos [c‘.wct 1 ZOin(t)] (V11-23)

e () = 2 sin [2w t - w_t 4 20(1)] C (VII-24

3V T2 C IF (VIl-24)

2
AT()B | . o
e, (t) = __%9_ {sm (40 t- L et +20in(t) +26(1)] - sin [ule -20(t) 4 zemm]}

C
(V11-25)
2
cAMB L
es(t) s ———— sin [ i 20(t) + ZOin(t)] (VII-26)
eb(t) Fcos w it (VI1-27)

-

2
e (t) = ————*'AIL”B {sin [ZwIFt - 20(1) 420, (1] + sin[ZOm(t) . 28(1)]} (VI1-28)
An examination of Equations VII-21 and VII-27 show that the receivers
of Figures VII-7 and VII-8 are mathematically equivalent as far as the
low frequency signal component of the input to the loop filter is concerned.
Essentially the function of the two channels in Figures VII-5 and VII-7
and the squaring device of Figures VII-6 and VIi-8 1s to reconsiruct a
constant frequency signal (pitot signal) from the biphase modulated

input signal to use as a coherent reference.
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The multi-aperture antena systermn would tabe the JF siptial
from cach antenna Equation VII-17 or VII-18 for the Fagure vit.?
(‘Onflgurdll.un and Equation VII-26 for the Figure VIi-§ contiguration,
and add it to the IF signals from the other antennas to arrive at the

total information sipnal. Since the rec €wvers at the individual anterngs

are independent, the phase errors at cach antenna would be independent
and the system operation would depend on the ability of cadh phase lock

receiver to follow the random pha<e modulation at eac h antennia.
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APPLENDIN VI - Notse Analysis Of A Multiple Aperture Systemn

Following S hrader's derivation,  assume that the anpltudes of
the signals from co b antenna are weighted such that they are propor -

tionial to their signal-to-rorse ratios {as inmaximal ratio combimng).

Then
")
Sm
"un an B .15 T (VILL. 1)
Nm
where I-:Sm' })S!n and me are the rms signal amplitude, signal power

. . th i
and noise power respectively at the m antenna,  Therefore, the rms |

. : th
noise amplitude at the m  antenna s

an )
‘J Nln (VIIL, 2)

Nm

If it is assumed that the signal combining is ideal (the signa’s are
added perfectly in phase), the rms value of the sum signal from M

antennas 1s

el p
= k Z VIII. 3
S}\«io ( )
and the total signal power is
2
2 M\ pSrn
= N = .4
PSNIO (ESMO) k Z P (VIIL. 4)
Nm
m=]

Further assuming that the noise between antenna elements is

incoherent,
M

E._. k z S— (VIil.5)
m:

‘U

NM P
1

and

1. J.H. Schrader, "Receiver System Design for the Arraying of Inde-
pendently Steerable Antennas,” IRE Trans. en Space Electronics
and Telemetry, Vol. SET-8, No. 2, pp. 148-153; Junc, 1962,
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The sigral power at each antenna may also be written as

& = W A \Y .
ISm m m (VI )

. . th
where W 1s the power deusity (watts per square meter) at the m
m
. , : th
antenna element and A is the effective receiving area of the m
m

: th .
antenna. The noise power at the m  antenna is

P = KT B (VIi1.9)
Nm m m

. -23 . K
where K is Boltzmann's constant (1.38 x 10 3 Joule per degree Kelvin),

-

. . ) th .
Tm is the effective noise temperature of the m  antenna and B 1s the
m
. . . th .
effective noise bandwidth of the m = channel. Therefore the signal to

. L th
noise power ratio in the m  channel 1s

P w A
Sm m m

P " KT B
Nm m m

(VIIL. 10)

Using the expression in FEquation VIl 10 and Equation VIII-7, it1s seen

that
SMo Z “Sm Z __m m (V1L 11)
pNMo . PNm KTm Bm
m:l m:= 1

If the received power density is the same and 1if the effective area and

fouiws: BEREE wwane BN sowve BN s B oun: IS sooiuts

bandwidths of the charnels are identical, then Equation VIII- 11 beconies.

Y S\o WA i
7 = Ty Z - (V1. 12)
NMo ' m
m.- |
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The overall equovalen’ noise temperatare i the =y -tern o

})
T N Ao )
¢ KBG (VI 1 3)

Since the gain of the recerver s equal to the signal power ont dovoded by

the signal power an,

5 NMWA : (VILL. 14)
n

If Equatious VIil. 12 and VIIL. 14 are stbatituted into Equation VIIT 13,

the effective noise temperature becomes

T e ' VIIL, 15
e M ( 15
y oL
i 'In]
m=1
Since the average of the individual channel temperatures as
M
)T
m
. m-= 1}
Tav =T (VIII. 16)

2
'Iav M
'Ie = ﬁi K (VIIL. 17)
N oL
‘_>_ Tm L T
m
m=1 m= 1
Now
M M
- - 2 .
3 T \ —-L = M (VI 18)
yau mo T
m
me= m= 1
so that
T = T (VI 19)
e av

Equation VIIL. 19 shows that the ¢ffective noise temperature of the
system is less than or vqual to the average effective noise temperatures

of the ind:viduil Channels,
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A s:ntlor type of araly s nay e perforied for the case where
the signal pover and also the norse power are arsuwned cgual at vach
antenna element and the outpat of cach antenng i werghred equally . In
this case if the .-;:gxmlrx are added coherently, then the total signal power
out for M antennas -

2
- M (V111.20)

p }.\ R
SMo Sm
where PS 1s the s.gnal power out for one antenna. Us.ng Schrader’s
m .
definition of sigral power in

pSMm - M wanxn (vii. 21)

where W and A are as defined previcusly, the gain may be written as
m m

2
pS!\AO M PSm Sm
P T T et I . \
G ) S MWA WA (VLI 22}
SMm

for antennas with equal area when the power density is the same at each
antenna element,

The equivalen' noise temperature is

PNMO
Te  TRG (V1ii.23)
where PNMO is the total noise power output for the system of M antennas.
Assuming thalt the ~o:se from the individual antennas 1s incoheren', then
PNM = M me (VIII.Z‘?)
o

. th
where PN 1s the noise power in the m  channel, which may also be
im

written as

. =KI B ' (VI1I. 25,
Nm m

Substituting the relationships of Equations VIIL. 22, VIIL. 24, and VIII.2%
into Equation VIII.23 gives the following
WAT "
T = ———— T (VI 26)

e P m
Sm
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The two results deroved onothes sootion i are ot wher tho
amphitude of the signals oo the andin sduad ctannels s made proport.onal
to the channel s'gnal to nosse raiioz, that the cqguivalent nolse tempera
ture of the system s less than or cqual to the average of the temperatyre
of the indivadual ;u:h-m:g;:‘. If the s:rgnals from the andevidual antennaes
are equally werghted hoefore combining and if the signals as well as
noise are equal tn the various channels, then the cquivalent nocse teni-
perature of the system is equal to the norse temperature of a single

channel since cach channel noise temperature is the same.,
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