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ABSTRACT

During the International Geophysical Year an artificial earth satel-
lite containing a 108-Mc transmitter is to be launched and placed in an
orbit around the earth. Although the Department of Defense is building
and installing a number of Prime Minitrack stations - installations to
detect and plot the course of the satellite and to record various types
of scientific data - a Mark 11 Minitrack system, based on the inter-
ferometer principle in like manner to the primary system, has been
developed, and this will permit amateur volunteer groups to spot and
measure the track of the in-flight satellite. This latter system, which
may be built and installed by amateur groups for a nominal cost, con-
sists in its simplest form of two Yagi antennas on a single baseline from
20 to 500 feet long, a tee junction at the midpoint, a converter to shift
the 108-Mc satellite frequency to one that could be amplified by a stand-
ard communications receiver, and an 'S' meter to be used as an indi-
cator of satellite transit. In this simple version the system will indi-
cate passage of the satellite but would provide no lasting or accurate
record of scientific value

By adding improvements in the system, a highly precise installa-
tion can be built that will yield data of interest to Project Vanguard
personnel at the Naval Research Laboratory where orbit computation of
the satellite is to be conducted. Some of these improvements consist
of a hybrid junction rather than a tee junction in the transmission line,
a graphical or magnetic tape recording in place of the "S" meter, a
precise time signal fed to the record, a baseline of 1000 feet between
an t e n n as, high quality-transmission lines and amplifier equipment,
antenna systems installed with high precision, and multiple antenna-
baseline systems to provide an increased quantity of geodetic information.

Data read and recorded by the precision Mark II systems may be
transmitted to the Vanguard Computing Center in Washington, D. C.,
where it can serve as important computational material to study the
flight and characteristics of the satellite and can also add to the store
of scientific knowledge desired for the IGY objectives.

This document presents all the aspects of the design, construction,
and calibration of the Mark II system for the serious-minded amateur
debiring to carry out radio observations of the satellite.

PROBLEM STATUS

This is an interim report; work on the problem is continuing.

AUTHORIZATION

NRL Problem A02-86
Project No. NR 579-000

Manuscript submitted September 3, 1957
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MINITRACK REPORT NO. 2
The Mark U Minitrack System

INTRODUCTION

During the International Geophysical Year an artificial earth satellite containing a
108-Me transmitter is to be launched and placed in an orbit around the earth. The
Department of Defense is building and installing a number of Prime Minitrack stations
at strategic points on the earth to detect and determine the coordinates of the satellite
and to record various types of scientific data which will be telemetered from it. These
Minitrack stations are complex installations containing specialized antenna systems and
a large trailer of electronic equipment, requiring the services of some ten specially
trained electronics personnel for proper operations and service.

Inasmuch as radio and telemetry signals roming from the satellite may also be rec -
eaved by relatively simple gamateur types stations, the Naval Research Laboratory has
devised the Mark 13 Minitrack - a comparativel," inexpensive system which may be built
and installed using materials and supplies within reach of many serious amateur groups.
This system, based on the interferometer principle in like manner to the Prime Minitrack
system, may actually be built in quite simplified form to indicate merely the passage of
the satellite or it may be built in somewhat more complex form to record and measure
the flight of the satellite.

The Mark n Minitrack Satellite Observation Program represents a joint NRL-ARRL
Program designed to aid interested volunteer groups wishing to track the earth satellite.
It is felt that two types of groups will be interested. The first type will want to observe
satellite transits only out of curiosity. For this group a very simple system is described.
The second group will wish to track the satellite and record useful data. It is for this
group that this document is primarily intended.

A question often asked is 'Why, if optical observations can be made more accurately
than radio measurements at this (108 Mc) frequency, are radio observations needed ?
The answer is that optical observations will be rare and dependent on the time, the weather,
and the range tc. the satellite, whereas radio observations can be made each time the satel-
lite passes the station.

The exact position of the satellite will depend on the influence of gravity among other
things. Since the gravitational field varies because of anomalies in the shape and mass of
the earth, the satellite will not describe a perfectly smooth path in space; rather, it's path
could be described as 'noisy. 3 Under these conditions a great many moderately accurate
observations may give significantly more orbital data than a very few highly precise
observations.

The precision needed at any one station really depends upon the proximity of this
station to other stations. Since there are three Prime Minitrack stations in the United
States, it is felt that Mark II stations here should have the same order of accuracy (20
seconds of arc). The added stations can further increase the amount of useful data
obtained by having their baselines oriented at a considerable angle to the East-West line,
since the Prime Minitrack system gives its best data on meridian crossing.

1



2 NAVAL RESEARCH LABORATORY

Other stations, far removed from the Prime Minitrack system, can have poorer
accuracy and still contribute significant data to the program. It is difficult to assess the
required accuracy, but certainly stations having an accuracy of I minute of arc will obtain
useful daitA when isolated from more accurate stations by 1000 miles or so.

THE SATELLITE TRANSMITTER

Four groups of satellites are planned, each group being designed for special experi-
ments and therefore requiring its own specialized transmitting equipment. The Group I
satellite, measuring solar Lyman-alpha radiation and environmental parameters, will
transmit telemetry signals continuously through an S0-milliwatt unit (Fig. 1). The infor-
mation will appear as bursts of audio modulation on the carrier frequency, and modulation
will be confined within a band from 2.6 to 15 Kc.

Fig 1 Modulated 80-milliwatt Minitrack transmitter

The Group II satellite, measuring meteor erosion of the skin and cosmic ray intensity,
will have both continuous telemetering and command telemetering at a power level of about
50 milliwatts.

The Group m satellite, measuring the geomagnetic field, will have two transmitters:
a cw tracking transmitter operating at 108 Mc and a command turn-on transmitter oper-
ating at 108.03 Mc.

The Group IV satellite will perform one of two currently proposed experiments. In
one case this satellite will be similar to Group I, and in the other case it will have a com-
mand transmitter, capable of emitting about 1 watt, in addition to the tracking transmitter.
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The tracking transmitters for Groups I and U1 will be crystal-controlled at 108 Mc
within about 2 Kc. The Group M satellite will be crystal-controlled but the crystal will be
cut to have a definite frequency-temperature characteristic. The frequency can vary in
the range 108 Mc *5 Kc, but should vary only slowly. A typical frequency-temperature
curve is shown in Fig. 2.

08 006

10 004 + +

10796

+r9 MO

-20 -'0 0 +10 + ZO +30 +40 +90 +60 +70 +0
TEMPERATUK (*C)

Fig. 2 - Frequency-temperature characteristic of tracking
transmitter for Group III satellite

Since the satellite transmitters may operate in the ranges 108 Mc t5 Kc and 108.03
Mc *5 Kc, the Mark 11 Minitrack system should have the capability of tuning to receive
signals over a band from 107.995 Mc to 108.035 Mc.

The satellite antenna system consists of four radiators spaced equally around a great
cirrle on a sphere to produce circular polarization in the plane of the radiators. When the
satellite is launched the direction of polarization will be normal to the direction of travel.
When the satellite has travelled 90 degrees around the earth, if disturbing torques are
negligible, the radiators will be parallel to the earth's surface and staticn below would
receive a circularly polarized signal.

In areas where the polarization of the signal from the satellite is linear, a linearly
polarized ground antenna will receive a signal that will vary as a function of the degree of
polarization. As the satellite passes through the antenna pattern, the received sign A1
strength will vary approximately sinusoidally beca:se the Faraday rotation is dependent
on the angle between the radio path and the ior:,sphere. The frequency of the variation
can be used to measure the total ionization content in the radio path, and this information
can be used to correct the measured satellite position for ionospheric refraction.

THE MIITRACK SYSTEMS

Two tracking systems, known as gMinitrack,* have been designed for this project.
The more complicated 'Prime Minitrack' will be used at a number of stat.ons in the
Western Hemisphere and Australia to obtain basic orbital data. This system is nonam-
biguous and will provide satellite ephemerides so that after the first few satellite orbits
the future path of the satellite over the earth's surface can be predicted.
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Since the Prime Minitrack system requires a large installation, a simpler tracking
system called the 'Mark U1 Minitrack' has been devised. While this system in its simplest
form will give ambiguu3 data, the ambiguities can be resolved at the Vanguard Computing
Center in Washington, D. C., by the use of data from the Prime Minitrack stations. Thus
it will be possible to determine the position of the satellite over any ground point as accu-
rately with the Mark 11 system as with the Prime Minitrack system.

The Mark 11 syxtem, like the Prime system, is based on the interferometer principle.
This principle is well known to radio astronomers and to students of optics but may not be
familiar to all radio amateurs, so it will be described in some detail.

The interferometer principle as applied to the Mark U Minitrack system is illustrated
in Fig. 3. Here two antenna arrays are separated by many wavelengths and are connected
together by transmission lines. The mid-point of the transmission lines is connected to a
hybrid tee and to a receiver (or receivers) which actuates a meter or recorder.

The geometry of the situation is shown in Fig. 4. It is assumed that the satellite S is
a distance which is great compared to the separation between antennas. If we make the
distance SP - SA then A P will be approximately perpendicular to SA since the angle
An S c is small. The phase difference that will be read will be proportional to the distance
PA2and coo a will equal PA./A 1A .

PATH OF
I'LL (SATELL,,E

SATELLITE S (SATELLITE)

H Y- I

i moucT tE ~ 30

RECEIVE TIMING

OTPUT VLTAGE D
M ERS

"\ /\ \__~OOCT ~ nkor -2

-3 40-Iwo O" WO 340* , k COSINE a - PHASE MEASUREMENT SYSTEM

Fig. 3 - Radio interferometer principle as Fig. 4 - Geometry of Minitrack phase-
applied to Mark II Minitrack system measurement angle tracking system

Now assume that the distance PA2 is an integral number of wavelengths. Then the
voltages from the two antennas, arriving at the hybrid in Fig. 3., will be in phase and the
meter will record a maximum output. If the distance PA2 is an odd number of half-
wavelengths the voltages from the two antennas will be out of phase and will cancel at the
hybrid in which case the output will be at a minimum.

As the satellite travels across the antenna pattern the distance PA will vary so that
the receiver output will vary from a maximum to a minimum nearly siinusoidally. The
number of maxima and minima which occur during a transit can be increased by increas-
ing the baseline distance A IA2 For a 100-wavelength baseline a minimum will occur for
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approximately each angular half-degree travelled. For Example, if the satellite is at an
altitude 200 miles and is travelling at 25,000 feet per second, null will occur about three
times per second.

The antenna and receiver system needed will depend on the signal strene.h received
from the satellite, on the received signal-to-noise ratio required for the system, and on
the noise in the system.

Assuraing a transmitted power of 10 milliwatts, a transmitter antenna gain of 0.5
(referred to isotropic), a receiving antenna gain of unity, a wavelength of nine feet, and
range of 1000 miles (5 x 10' feet), we can compute a tneotetical signal strength from the
following well-known formula:

Pt Gr Gt X
2

r (4 - R)2

(0.01) (1) (0.5) (81) w 10-16 watts.
16 2 (25) 1012

The noise puzer in a perfect receiver at 300'K is about 4 x 10" watts/cycle or 204
dbW/cycle. A noise figure of 4 db and a pre-detection bandwidth of 10 Kc gives the noise
as 160 dbW or 10-" watts. The temperature of the sky at 100 Mc is perhaps 5000K, and
for about 2 hours in 24 it may reach 5000*K. This increases the noise (for the 500 K
case) to about 2 x 10' watts. For the 5000' K case the noise will be 2 x 10" watts.

Since a pre-detection S/N of at least 10 db is desirable, either the bandwidth must be
reduced, the receiving antenna pin increased, the transmitted power increased, or the
distance reduced. The pre-detection bandwidth can be reduced to perhaps 5 Kc initially
and reduced further when the exact frequency is known.

The transmitted power and the range may be considered as fixed, leaving only the
receiving antenna gain as a variable. The Prime Minitrack antenna can provide a gain of
about 50, or 17 db. These changes give a theoretical received power of 5 x 10 "1 watts
or 0.5 ,v . With a 5-Kc pre-detection bandwidth and a 5000K background temperature, a
pre-detection S/N of 13 db is obtained. For the 50000K temperature case the pre-detection
S/N will be 2.5:1, o' 4 db.

THE MARK 11 SYSTEM

This section describes the various forms of the Mark r1 Minitrack system that can be
-L built. One must select that unit which fits his finances and produces his desired results.

The components required for construction of these systems - antennas, rf transmission
lines, hybrid junctions, receivers, and preamplifiers, phase detectors, recorders, and

La timing units - will be described in greater detail in later sections.

The Mark U Minitrack system in its simplest form is shown in Fig. 5. It utilizes only
two Yagi antennas on a single baseline from 20 to 500 feet long feeding a tee junction cen-
trally located on the base:ine. The output from this junction feeds a converter to shift the
108.0-Mc satellite frequency to a frequency that could be amplified by a standard comuni -

cations receiver. The OS' meter on the receiver would probably suffice for an indication
o. of satellite transit.

_ Such a system provides a meter indication of the presence and passage of the satellite,
but because no accurate recorded correlation of the data is obtained with respect to time,
these data are of little scientific value except in the improbable event ttit the satellite had

Iow
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been established in an orbit that was very different
than planned and none of the other tracking stations
had yet acquired it. To those who wish only to ob-
serve passage, this simple meter indication would

L be adequate.

To improve this system, a piamber of modifi-
CoNVEfte ] cations can be made. (1) The Tee Yunction can be

replaced by a hybrid junction feeding two converter-
receiver units, thereby doubling the amount of data
obtained. (2) The output indication of phase data

COMMUINKT can be changed from a simple meter to a graphical
or magnetic tape recording. (3) A source of time
precise to 10 milliseconds or better can be included

Fin. - Silniest form of Mark II in the system to be recorded simultaneously with
Minitrack system the phase data. (4) A longer baseline (from 500 to

1000 feet) can be used to provide a greater system
angular resolution. (5) Special care can be taken
in the quality of the rf transmission lines used, in

the placement of there lines to afford temperature equalization, and in making their lengths
identical. (6) A low-noise preamplifier can be included in the converter unit to increase the
system sensitivity. (7) The antennas can be located precisely and assembled carefully to
provide a baseline with an accurately known mid-point. (8) Addit!ir"I baselines, requiring
additional electronics and recording, can be added. While East-West baselines can give
valuable data, other bast-lines at, say 60 degrees to the East-West line can give information
even more valuable. The most accurate Prime Minitrack data are taken on the East-West
baseline transit. For geodetic reasons, measurements on other brselines are very desirable.

A system embodying all of these modifications is shown in block diagram form in Fig. 6.
This system, utilizing 1000-foot baselines, provides a time indication of satellite position
about every 1/4 degree in the Bast-West direction. The output data consist of (1) two
detected output voltages which carry the angular position data, (2) two age voltages, and
(3) recorded time. If the antenna field for this system is established with sufficient pre-
cision, these data may be considered for use as an input to the Vanguard orbital computer
to aid In determining, the orbit.

This system is the most complete that is suggested for construction by amateur or
university groups. There is, however, a similar but somewhat more complicated version
of the Mark n system that has been constructed and tested by the Naval Research Laboratory
for use by the Department of the Army. This system utilizes the standard Mark n hybrid
junction conversion from phase angle to amplitude, but utilizes a dual-channel receiver with
common local oscillators f.,eding a phase-sensitive detector to improve the system signal-
to-noise ratio. This system will be described in detail in a forthcoming Naval Research
Laboratory report.

The Baseline

The baseline is required to so-parate the antennas so that rapid changes In output phase
will be obtained as the satellite passes the station. The longer the baseline the faster this
phase will change and, all other things being equal, the more accurate the measurement
that can be made. As the baseline becomes long, however, the readings become more
ambiguous and the transmission line loss becomes important.

For the standard Mark II Minitrack system it is desirable to have a baseline of the
order of 500 to 1000 feet long. Baselines shorter than this can be used, but with reduced
accuracy. Baselines longer than 1000 feet may be used with low-loss transmission line.
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0
0

60*

Fig. 6 - Advanced Mark 11 Minitrack system

The most satisfactory system uses both long and short baselines. The numerous
interference lobes obtained with the long baselines are used to give accuracy and the fewer
lobes obtained with the short baselines are used to identify the central lobe of the fine pat-
tern. If no short baseline is used, the central lobe must be identified either by counting the
total number of lobes or by using information (such as will be available from the ephemer-
ides issued by the Vanguard Computing Center) concerning the position of the satellite at
the time given. If the center lobe is to be found by counting the lobes, the antenna band-
width should be made narrower the longer the baseline, so that the number of lobes will be
constant. Ten lobes in an antenna pattern are about the maximum that can be counted and
even with this number the possibility exists that the wrong lobe will be selected as the cen-
tral lobe.

For thp 4 'clined equatorial orbit of the Vanguard satellite, an last-West baseline
ordinaril) . .1 give the most rapid phase changes. Additional baselines should be placed
to have an last-West component; for example they could be placed NE-SW or NW-SE.
The additional baselines (Fig. 7) would give additional information and would require only
additional antennas, transmission lines, and hybrid junctions. The same receivers could
be used for the different baselines by switching receiver inputs. Except for the case of a
near-zenith pass, there will be enough time to switch between baselines so that all of the
information can be obtained from one receiver system.

The components required for a Mark II Minitrack interferometer baseline are the
antennas, the transmission line, and the hybrid Junction. Since the main cost of a satellite
tracking system may be in these components and since the better stations will have at least
two baselines, much work has gone into the making of components with the desired quality,
yet which are reasonably inexpensive.
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zso
IA. o F

Fig. 7 Mark 11 Minitrack antenna field

The Antennas

The most expensive single component is the antenna. It rout meet many requirement- :
it must be unaffected by wind and weather and must prov 4d high gain and yet have a broad
beam in one direction so that a large number of satellite transits can be recorded.

To provide a piln of about 50, an eight-elemert array has been designed (Fig. 8). It
can be extended to any larger number of dipoles, as desired. Extending the length of the
antennas reduces the beamwidth only in the direction of the extension, so the pain can be
increased as desired without changing the width of the broad antenna beam.

Another antenna requirement is that the gain of the sidelobes and backlobes be so low
that direct and reflected signals will not interfere appreciably. This requirement, the most

limiting fro an antenna design point of view, can be analyzed approximately in the follow-
ing manner.. First, the system error that can be tolerated must be determined. A 100 -
wavelength baseline contains 36,000 electrical degrees. The measurement error resulting
from a phase error in the antenna system is given by the following equation:

anten~na ph~ase error
sin (error angle), =--baseline in electrical degrees

The desired system accuracy of 20 seconds of arc is approximately eq~al to 0.0001 radian,
so the tolerable antenna phase error is 3.6degrees. If this is considered to be an RM error,
i.e., half of the time less than 3.6 degrees and half ofinm than 3.6 degrees, the
maximum phase error will be 3.6o x /2, or 5.6 degrees. In each antenna the error can be

as great as

5.6 deg
4 deg.T
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Fig 9 - Diagram showing relationship of
error vector to error :n phase aigle

The geometry of the problem is shown in Fig. 9. The error vector can have any phase
with respect to the signal vector, so that angle B can have any value less than the maximum
angle shown.

error vectorB "arc sin

signal vector

For small angles,

error voltage
B.-

signal voltage

For R 40,

4 error
- 0.07 voltage ratio

57.3 signal

The power ratio is C.005 or 23 db.

Since one important part of the error signal is the signal reflected from the ground,
the reflection coefficient of the ground is important. This coefficient may be as low as
0.35 for dry soil, about 0.5 for ordinary soil, and 0.96 for salt water. If the value of 0.5
is taken, the error signal is reduced by one half. The minimum ratio of sidelobe to main-
lobe response can be as low as 17 db under these conditions.

Colinear Array

Two types of arrays have been investigated - the colinear and the broadside dipole
arrays. At first glance the colinear array appeared to be nearly ideal. The H-plane pat-
tern could be made broad and the elements placed a full wavelength apart, thus providing
a narrow E-plane pattern with a minimum of elements. The full-wave spacing results in
negligible mutual coupling between elements so that all elements can be individually matched
before being placed in the array. Since the elements are polarized along the length of the
array, the ground screen can be made of long wires.

The difficulty with the colinear array above the ground screen is that the theoretical
H-plane pattern is realized only for an infinite ground screen.

The reason that the actual H-plane pattern differs from the theoretical is that the
dipole has no directivity in this plane. The reason the signal is low along the ground screen
is that the image dipole current interferes with the current from the real dipole. At low
angles, with a limited ground screen, it may be impossible to see the image when the real
dipole is visible. In this case a finite signal will appear along the ground screen.
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Tne theoretical and actual patttrns obtained for the dipole 39 inches above the ground
screen are shown in Fig. 10. The signal strength at the screen is about 9 db below the
peak value. When the ground screen was widened to an equivalent 32 feet, the resulting
signal strength at the screen was about 15 db below the peak value. When the solid ground
screen was replaced by #8 wires spaced 2 degrees apart and centered on the dipole, the
resulting signal strength at the screen again was about 10 db below the peak value and the
depth of the dip in the center was increased to 6 db.

~~~~~~ I

+ * - ASRECD + -t + + + +

0 H., 1 170
+ +liI + t + + +

TcE(R"TiCAL
t + +N,13* * + + + + + + +

* T T 1 + + + + + +

0- + +t.~s*.

+ + + 4 +.

4 + + * - + . 4 ~ 4

+ " 4 4 * 4 * + + + +

+ + + + + + 4 + 4 4

+ + 4 t + 4 - + + + ,

+ + + + + 4

10 4

-00 - -60 -40 ' -20 0 + * 4 40* 60* W

AZIMUTH ANGLE (DEGREES)

Fig. 10 - Theoretical and actual H-plane patterns for
dipole 39 inches above solid ground screen

From this work it was apparent that with the colinear array it would be practically
impossible to have a ground screen large enough to make the ground effects negligible.
For this reason the broadside array was investigated.

Broadside Array

The broadside array has the advantagje that the dipole elements have directivity in
the plane perpendicular to the array, the I-plane; consequently a true null always appears
in the plane of the ground screen, even when the ground screen is so !;mall that ground
effects are present. Ground effects can be inferred if the antenna patterns change when
the size of the screen is increased. Figure 11 shows the patterns obtained from a 1060-
Kc model with the equivalent screen widths shown and with the dipole-to-screen spacing
held at a distance equivalent to 45 inches. From these patterns it is concluded that the
minimum ground screen width is about 15 feet.

The patterns obtained for different radiator-to-screen spacings are shown in Fig. 12.
These patterns were taken with a full-s!zed gamma-matched dipole above a chicken-wire
screen 16 feet wide. From these patterns a spacing of about 44 inches appears nearly
optimum, giving a beamwidth of 104 degrees.
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Fig. I I - Patterns of 1OBO-Mc broadside array with dipoles 4.5 inches
from screen, for three equivalent screen widths 4

For the broadside array the maximum element spacing is about 3 A /4. The H-plane
pattern obtained from a 1000-Mc model is shown in Fig. 13. Since all the elements are
fed in phase with equal currents, it would be expected that the first sidelobe would be 13
db down from the main lobe. The 10-db lobe on one side can be attributed to errors in
the phasing of the elements. At 90 degrees the response of this pattern is less than 25 db,
so It can be expected that a broadside array will give a low response in the plane of the
ground screen in all directions.

The Dipole Element

The dipole eiemer.t should be rigid, easily tuned, and simple to manufacture. After
severai type-r of mat( hing devices had been investigated the gamma-matched dipole was
selected for further study because of its inherent bimplicity and rigidity.

The simriest type of gamma-matched dipole (Figs. 14 and 15) h inherently unbalanced
and would thvreoax- be expected to have an K-plane squint as is shown by the pattern of
Fig. 11; the direction of this squint is on the same side as the feed loop. Although unsym-
metrical, the response at the ground screen is at leafi 19 db below the maximum response,
so it is satisfactory from an interference standpoint.

More important than the squint would be currents on the vertical support rod; however, Ii
negative re"i0*p - obtained on pattern measurements run to determine whether radia-
tion existed due to support rod currents.

Construction of the dipole is quite simple. It consists of three pieces of standard gal-
vanized p~pe and a standard tee, modified as shown in 71g. 14. The only machining needed,
apart frnm the drilling of holes, is that required to produce the flat on the tee; this can be
done conveniently on a lathe or a mill, but can also be done with a file. The capacitor is



S

NAVAL ISEARCH LABORATORY 13

T I. 1 T
+ + + + t t + +r t -* -+ + +- + , . *

+ +++SPACNG * +

4 . + - 4 - + +- +.- - - + -- - 4

+ . - -+.. , + + +. + + - +. . I + -
4 + + 4 4 + + 0 - ' - + + +. . . . . - +

, 44-- ,rt0 -4 ,*0 -O0 -3 40-4- 4----4'0 4- 40 'O *0~ 1O* +6 4

Fi . I - Patt-rn o- bro-dside *ra f-r four radia-t--- --- r--t -e -pcm

+- + +'- + + - - - -+ +4- 4 +-q---+-1 +-4

-- + +- .. + -- 4+ 4 4-4 4-4-- 144-'- + +-+-+

2? + + +-4 . *4 I . I 4 +- t + 'r ,- .' 4-* .- - ' + +

24 + + -+-- + j -+- + +4 +- - +44 +-4-,+
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soldered to the jack terminal before the external tube is soldered to the cable jack. Either
a tube of insulation or several turns of insulator tape can be placed around the capacitor
to prevent its shorting to g~round. I it is deemed necessary the entire metal tube can be
filled with silicone grease. The lucite block insulator effectively centers the brass tubingl.
The top of the capacitor is sealed by means of the pipe cap threaded to the capacitor base
and the pipe cap at the top of the nipple. The parts for this dipole element should cost less
than $7.00.

Probably the most rigid and simple means of supportingl the dipole is by embedding it
in a concrete pier as shown in Fig. 16. To permit threadi the coaxial cable through the
vertical tubingl, an opening to the outside of the pier must be provided. This openingl can
be made in a number of ways. A greased block which can be removed when the concrete
has set is one means. Another is a curved or angled tube which extends to or througlh the
form board's. These form boards should be extended as shown in Fig. 14 to hold the radi-
ating element. In this mannr all the radating ele,tnents can be made level and parallel.
In addition the dipoles rf the two antennas e.n a single baseline should lie in as straight a
line as possible.

After the form boards are removed the ground screen can be built as shown in Fig. 17.
The ground screen must fuflfil one principal requirement- it must be sufficiently large to
isolate the antenna from the conditions of the surrounding[ terrain.

Pattern measurements have indicated that the minimum screen width required is
abut 15 feet. A width of 16 feet has been selected because it is the nearest larger length
that is a standard lumber size. The screen can be laid either parallel to the dipoles or
perpendicular to them. If placed perpendicular to the radiators, the separate pieces of



NAVAL EiSEARCH LASORATORY

0

2 -4 . . - - r + 4 t r - -

-4-- -- 4-- 4- 4- + - 4 + - -t - +- -- ---

-4- -- -- - + -4- -1"----4 -- +---- --- 1

* t 4 --+ -4- 4 -- -- -- '+-
+  

..

10 -+ - * 4- - 4, - - 4-+ .. ... 4----+ -4-. -4-

-- + +* + +4 +t-4 - + + . -- -----

-- -- 4--- + t 4- - -4 ------ 4--+ ---- i- -I

-t------- + 4-- + . .-- + -- - 4--

:[-f7- +- © v 7-- i- ,----

20 -- 4-

- -+ + -------- 4- -

2 -+ - -4---- -4--

so 60 40 20 0 20 40 60 SO
DE GNES

Fig. 13 - H-plane pattern of i080-Mc broadside array

I



NAVAL EESEAUCH LAIORATORY 15

1

1' a

9

.74



16 NAVAL RESEARCH 6ABORATOEY

Fig. IS The completed dipole

4P- 1

46"

Fig. 16 -Teiniorary supports for embedding
dipoles in concrete
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Fig 17 - Ground screen

netting should be bonded by twisting and soldering or wlrhbg together and soldering every
few inches. To eliminate the soldering problem the radiators can be placed a standard
wire width apart so that the screening can easily be placed parallel to the dipoles. Such
a configuration can be built conveniently by placing the dipoles an even 6 feet apart. The
screen should be supported and stretched so that the sag is less than 1/2 inch. The effect
on the antenna pattern of decreasing the dipole spacing from 3 ' .4 to 6 feet will be a slight
increase in beamwidth and a somewhat greater coupling between elements.

Before the screen is built the transmission lines to all radiators should be installed.
There are several ways in which the feed structure can be built. One is the common
acorporate structure' in which lines to two elements -,re joined and matched impedance-
wise, then a line from a similar junction is joined to a line from the first junction and so
on until all elements are fed from a single source. A method that appears simpler is pro-
posed for this antenna. In this method, feed lines to all elements originate at a single
junction box. For such a system all lines may differ in electrical length only by exact

* multiples of full wavelengths. If the total line lengths from the junction to the antenna
* feed points are made an odd number of quarter-wavelengths, then all the antenna currents

will be equal, irrespective of mutual coupling effects.

The transmission line used to join the radiators to the junction box can be RG-8'U,
RG-9U or metal covered solid dielectric line. The aluminum covered line is preferable
for this use but RG-8/U is probably adequate.

IMw-tion Box

The construction of a junction box for an eight-element array is shown in Fig. 18. For
arrays with more elements, more feed points must be provided and the impedance of the
quarter-wave matching transformer must be reduced.
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Antenna Matching

To match the elements, because of their mutual coupling, all except the element to be
matched should be connected to the junction box and each element adjusted individually. A
convenient bridge for tiiiding Le best impedance match is shown in Fig. 19. Details on
makiig the hybrid will be described later. By means of the hybrid bridge the antenna capac -

ity is adjusted until a null reading is obtained on the detector. However, the standing-wave
ratio should be read using a standing-wave indicator, if one is available.

10 Mc
SIGN4AL

G E N E R AH 
Y I D

Fig 19 - Hybrid circuit for
minimizing \ #R

After all the dipoles have been matched they are connect'd to the junction and the
impedance into the junction is measured. The VSWR at this point should be less than 1. 1
if the calibrition ig hiy surveying alone. To achieve this VSWR it may be necessary to
make smadi changes in the impedance of the matching transformer.

Transmission Line and Hybrid

The transmission line joining the antennas to the hybrid junction must be free of
noticeable phase variation due to weather and must have low attenuation and negligible
radiation. Since long lengths of it are required, is cost should be nominal. The open
wire line shown in Fig. 20 appears to fulfill these requirements adequately. This line is
made of two 08 wires. For extra strength, machine-straightened copper-covered steel
wire was chosen. This wire costs about two cents per foot. The unstraightened wire costs
about 10% less but requires considerable stretching to eliminate kinks; the stretching pro-
cess is troublesome and dangerous.

The selectlon of the impedance of the line involves a compromise. A low-impedancc
line will give less line pickup but will alsu have a hig-her attenuation. The impedance of a
high-impedance line will be less affected by motion due to wind. With # wires a line
spacing of 1.8 inches gives an impedance of 400 ohms. The pickup on this line is inde-
pendent of line length and was measured as 26 db below that from a dipole. Since the
antenna gain is perhaps 14 db above that of a dipole, the satellite signal picked up by tho
line is negligible (-40 db) compared to the signal.

Although balanced transmission lines with balanced-line hybrids have been built for
phase-comparison purposes, it is preferable to build the hybrid from coaxial line. The
transmission line is matched to 50 ohms at both ends. A quarter-wave matching section
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made up of two 5/16-inch quarter -waves cappe tubee slipped mie the wire as ehewa is
Fig. 20 matches the line to 30 obas. The 1-type bahms shews Is ft. 21 mehees the SW
ohms balanced impedance to 50 ohms unbalanced. For best wwathR""Proflg tehe
should be supported so that its loop extends above the trasaetswi U"e.

The copper-covered steel wire will support tts*U for at least M@ tot. If a IM-60.
baseline is used, the two IelVhs of Lisa sol be ubde equal bsree tahT. be
spacing of the wires can be kW~ uniform by aiq spacers buit as ahewP is M 12 ~mt
placed every 30 inches or so appear to keep the Hae spmcag Whoet~ w a.

ft appears advantageous to terminate the trawalaMLa U&$& at the toe of ike tue-
line and to transform to unbalanced line* before adtfg the AeIgS I& the It#he0d A ttw=
nation pole at the center will in addition permilt the ame at s~ *Ia basetises all *fth Wh
same center.
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Fig L2 - Transmission line spacers

The Hybrid

A hybrid that has proved to be satisfactory is shown in Fig. 23. The ring is made of
70-ohm cable (preferably double-shielded) and the antennas are connected to A and C.
Then B has a mall output when the signals at the antennas are out of phae, and D has a
null output when thy are in phase. The measured isolation betwen arms B and D with
matched lads on A and C is shown in FIg. 24 as a function of frequency.
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Fig 4 Measured isolation betwten arms 5 and D of hyl.irid
(Fig. 11) with matched loads on arms A aund C

The Preempitr 'Converter Unit

Ttw Ianteroeft of the way". from the two antevanas has now been accomplishe in
the hybrid junctio. The outputs from Mhe hybrid wat be amplified in low-noise amtplifier
system*. The preamplifier is tbe secret ad the low-noiso system. After suafficient low-
noise ausplificatios, tOe signal can be converted to a frequemy avit&IA* for amplification
io a commskiatioas receiver.

It now appears that swersi converter sasmdeetusrers will market presmplifiertb (or
tkis porp.e. Ru"since. soe of these were availabottat, IWL a deftription will be given
of a revamplifter developed at the Laboratory for ttlt Prime Minitrack system. ft is very
simaliar to the preamupliffer described in the December 199 Isome of Q9T.

The o~oomistic of W Iso~mp~tflr is shows in ftg. 21. The lospi circuit is designed
to match a 50-ohm traassaloe" line. This match is deairable to asare matching of the
hybrld termialss ad therehy obtain majnimma taolatloa between cross terminals of the
hy*ei. The *fe of aa ImW~fact-mtee input increases the receiver noise figure
referred to 3W from teo" tha 3 4b to siomiathl wider 4 db,

The low-softe aW4WttM*alo is obtained by meaw of two p ndctd-Crid amiplifiers.
This citet tomftgutetkua iven a good **ist fiure and freedom from netutralizationi
i equtreftefisate ades ft Inh~rent SM~lty.

Vollowing thes twe MAfts the sUIga to coseetted ite Owalanced mixer shown. ror
the Pviese lWooit system the balanced mintr is a atevotztty but for the Mark i system
ft Is only a oreawio owing to Nos low taw tift loss"s, Mlt to local otwltlator
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Fig. 25 - Preamplifier developed at Naval Research La-boratory

isolation and ocal-oscillator nolse cancellatlon. If a sillge local oscillator is Used for
both presmpliflers, isolatio, of the signtal oscillator from the local oscillator is desirable
to prevent litersction bewe the two signal channels.

Local Oscillator

The local oscillator (Irig. 26) consists of a fifth-overtone crystal oscillator, a buffer
amplfer, a hybrid power divider, and attesintors. Much of the circuitry Is needed to per -

mit the use of a simile local oscillator for two or more well Isolated receivers. The hybrid
gives a crose-arm Isolation of about SQ db and the attenuators contribute 10 db of attemus-
ti each, iving a total Isolation of 50 db. The balanced mixer ivs an additional isolation
of aboig Ii di. The buffer ampIfier Is needed primarily to provide sufficlent power (approxid-
mately 1 milliwatt) to each amtplfier despite losees In the hybrid and attenuators.

The crystal operates In the series mode at the fifth overtone. The emct fifth-overtone
, frequecy was chse. to beat wth 106 Mc and produce 11.25 Mc for the Prime Minitrack
: ~intermediate frequency. If the communications receiver used will tune to 11.2t5 Mc, this
~frequeny can be used. if not, a cr/,tal operation at a different frequency should be selected.
, In arty case the coil LI4 should be chosen to resonate with the crystal holder capacitance.

Thbe amplifier Is conventlonol. The hybrid for power division can be built out of lumped
components or of transmission Lines as shown In Fig. 26. The converter and local oscilla -
tor can be placed at the center of the t-ansmlsslon line with the intermediate frequency
transmitted to the receiver by transmission ine, or the signals can be transmitted to the
converters and receiver by low-loss transmission lines.

1-XAk A
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Fig. 26 - Local oscil t ator

The Receiver

The receiver needs only to be tuned to receive the 11.295-Uc frequency, and a suitable
pro-detection bandwidth perhaps as narrow as 1 Kc can be used. The poat-detection band-
width, to maximize the signal -to -nois'.i ratio, should be as narrow as is practical. To min-
imize phase shift, however, It should be about ten times the expected post-detection signa!
frequency. The maxtimum expected frequency for a 1000-foot baseline is about 3 cycles
per second, so a maximum poist-daection bandwidth of about 30 cps is indicated. Narrower
bandwidths may be used for more distant satellite trznsits. For radio-star tracing, the
pro-detection bandwidth should be as- wide as possible and the post-detection bandwidth very
narrow. Using ten times the detected signal froquency as the criterion for radio stars, this
post-detection bandwidth can be 0.1 cps.

The Recorder

The recorder can be any of several types. The most desirable type is one of the
direct-writing models with a frequency response up to 30 cps or so. Galvanometer -type
photographic recorders may also be used, but they are. not so convenient and the higher
frequency response is unnecessary. The paper speed used on any of these recorders
should be at least 3 inches per second. Preferably three channels should be avrilabie:
two would be used for outputs from two receivers and one would be uz,&-d for the time
standard. The time standard can be the rectilied 1000-cpa WWIV cote In case the satel-
lite passes during the 4-minute WWY silent period tho paper should b. ran until WV
reappears. Then, assuming linear paper speed the time of nulls can b,, approximated.
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Another type of recorder that may be used is a low-noise tape recorder. SuitAble
circuits are shown in Fig. 27. For this type of recording the receiver outputs are detected
anid filtered in a low-pass filter with a fairly high-frequency cutoff (about 100 cps) so that
its phase shift will be negligible when compared to the phase shift of the final post-detection
filter. After this filter the nil outputs are modulated by the different frequencies from the
audio signal generator to give a signal suitable for tape recording.

RE SONANT
AT iptC 024

.02 5W I H UTC s
RCV Y - MQA-I o

*JSKC

AUDIO
6 EP N OOK

PIESONANT

22K IOOK iOP ATI.18KC 470K T

I WC J0 oK o -cpe TO TAPf

tion, and OMe reor 4 Uh si:L tape now 'conti ut 11rm n t1000DcE ad n
ACV*# Mine oiatdb . ~cadao r odulated11-4.1 .

F27

Th tap Fir.corde Ciuits fa b se o writtewnoireor t e, codein.Apsil

Theui WWs sec nd tik. colsTs o fiv cycptl en f e of the 00cp ial-TKi figlt can bhe
filerinfomtinstkeof by means of he|the fr618Kc ilterso diedwt h sgascetengte nl infme-

grated by meas of an appropriate low-pass filter.

Figrures ZRf, 30, and 31 show recordings taken from tape for vatrious signall level .
FPor these recordings the second pulses were added to the upper signal.

The Naval Research Laboratory wail have the necessary equipment for making paper
copies of the data taken If the tape recordings are sent to the' Vanguard Control Center at
the Laboratory.

CALIBRATION OF THE MARK 1 4NITRACK

The purpose of calibrating the Minitrack systems Is to determine the orientation of
the equaF phase plaig of each baseline with respect to the local coordinates. The direction
of the equal phase plane will depend on the orientation of the ground antennas. The tilt of
the plane will be a function of the lengths of the transmission lines from the antennas to

the hybrid.
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To assure that the system will be capable v.t giving dAta accurately .3 30 seconds of
arc, the position of the antennas should be leae] to this accurz--'y. Fur a 1000-foot base-
line the antennas shoulJ be cvel to 3/4 inch or, if the antennas cannot be level, the angle
of tilt should be known to better than 20 acconds of arc. The dipules should be in line
azimuth-wise.

Once the baseline is set up the system should be checked b: an independent nr.ethod of
calibration. Such a method Involves the passage of a transmitted signal on kno,'m coordi-
nates over the antenna field.

A calibration transmitter could be carried by an aircraft, the position of which could
be measured by an optical instrument on the ground. A syst6in to do this has been designed
for the Prime Minitrack system but Is too complicated for Mark rl use.

Another source of radiation from known points is radio stars, including the sun. Apart
from the sun, only two of the stars, Cassiopeia A and Cygnus A are of sufficient intensity
to permit detection on the system with pro-detection bandwidths of 5 Kc or so. A descrip-
tion of use of these sources has appeared in the April 1957 issue of QST. The intensity of
108-Me radiation from the sun varies greatly from day to day and the center of radiation
varies about the face of the sun; thus it is felt that the sun Is not a good calibration source.
There remains one natural object that can appear as a transmitter - the moon. The signal
appears as a reflection from a powerful transmitter system on the earth.

As a calibration source the moon has a nmber of desirable foaturec. The moon
always presents nearly the same attitude toward the surface of the earth, so changes in
the effective center of reflection will be small. The decil:ation of the moon varies over
about 40 degrees in two weeks, so the moon can be used to c.librte a large part of the
ground antenna pattern in that length of time. It cpn also caliTrate Lhe receiving syste-n
in sensitivity and frequency of operation. The disadvantages of he n'on as a source are
the doubt ab, to its reflection center and the large amout of power neede4 to make it appear
as an effective calibration signal.

The work that has been done using the moon has been a joint WRL- UBABL. (U. S. Army
Signal Engineering Laboratories) operation. The Diana radar at Fort K-.nmout.N, operating
at 151.11 Mc, was used as the transmitting source. Antennas were mtchqd for the correct
frequency, and on May 15, 1957 tr.Ots were begun.

For most of these tests the transmitting and receiving antennas were cro.ns-polaz ized;
thus for maximum return the transmitted signal had to be rotated by an odd multiple of 90
degrees. The signal strength varied greatly from night to night and within a single night.
On most runs there were mo.ugh high-amplitude responses to permit drawing a li, e throu,-h
regions of maximum responsl thereby obtaining a null reading. In view of this sigal-
strength change with time, the VBASEL has started developing a circularly polarizet trans-
mitting antenna for this purpose.

Since this system shows great promise an 2 c'libration scheme for all Minitrack
stations over half of the earth's surface, a joint NRL-USASEL pro~oct is being initiated
to furnish a calibration signal at 108 Mc. On a crash oasis it is hoped that a suitable
antenna and transmitter will be available cttring November 1057. In view of this, a sit-
able target date for operation of amateur stations would be late fall of 1957. The sch,'k'.c
of Diana operation will be announced through amateur channels.

The sipial obtained from such a reflection will be weak, in the order of 130 dbm, with
an anterna &sin of 50, o it is important that the maximum possible ground antenna gair, be
utilized. The signal will be so weak that any system capable of receiving thi3 signal reflec-
ted iumoz Lhc moon should have no difficulty In ree,.vlin a signal trannmhitted from the arti-
ficial earth satellite.
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It is felt that groups so located an to bE unable to use the moon reflection ystem will
probably be widely spaced, so that system accuracy of 1 minute of arc will give valuable
data. The radio stars are easily usable to this accuracy.

Moon reflectlons can be used for stations within 90 degrees of Belmar, New Trrsey.
This includes the Western Hemisphere, parts of Africa and Europe, and some Pacific
Islands. For these stations calibration accuracies to about 20 seconds of arc should be
possible.
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