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Abstract,

Alr traffic information collected by long
range radars is avallable to the CAA at the ra-
dar sites. This Information will be remoted to
the air route traffie control center. A theo-
retical study is made here of resclving power
and the informatlon rate inherent in the air
traffic, radar video signals, displays, and vari-
ous transmission techniques. Air traffic pro-
vides the basic information and radar video es-
tablishes the maximum information rate for the
system. On the other hand, a dleplay can show
only a limited amount of thia information. But
if the display magnifies a amall area, it can
show all the information the radar collects. Be-
twoen the radar and the presentation, the infor-
mation may be transmitted by a wide band communi-
cation channelthat transmits all the radar video
information or it may be compresssd by analog,
digital or mamial methods so that it can be
transmitted cver a mich narrower communication
channel. The final cholce of aystem components
will be decided by the requirements of the basie
problem for -resclution, off-centerad displays
and the needs of the traffic eontroller.

A, Introduction

A theoretical study is mads here of the in-
formation rate inherent in the air traffiec, ra-
dar video signals, displays, and various trans-
mieeion technigues. Alr traffic provides the
basic information and radar video establishes
the maximum rete for the syastem. On the other
hand, a display can show only a limited amount of
this information. But if the display megnifies
a =mall area, it can show all the information

the radar collects. Betwsen the radar and the
presentation, the information may be transmitted
by a wide band commnicatlion channel that trans-
mits all the radar video information or it may be
compressed by analog, digital or manual methods
so that it can be transmitted over a much narrow-
or communications chamnel. The final cholce of
asystem components will be decided by the re-
quirements of the basic problem for resclution,
off-centered displays, etc. The basic problem
is to remote information from varloue radars
such as the ASR's at airporte and the long range
radars at other sités to a traffic control center
such as AOEC. Previous studies indicate that the
ASR's will be used to cover a circle of 30 miles
radius up to 10,000 feet.

The long range radars will provide low altitude
coverage out to 30 miles radiuvs and high altitude
coverage out to 100 miles ranga. Figure 1 shows
a suggested PPI coverage pattern for a long range
radar in a typical enroute area.

B. Air Traffic — The Data Sourca

The source of the data for air traffic con-
trol 1s the traffic itself. Ths rumber of air-
craft within ths contrel area determines the maxi-
mum information content of the system. Various
studiee have been made of traffic density in busy
areas. Predictions of future traffic densities
ars also available, Since this subject has been
treated elsewhers, we will not treat it here.
However, we will quote two estimates for the New
York City area to provids an order of magnitude.
In VFR weather psak hour aircraft movements are
betwaen 107 and 163 per hour. In 1960 the New
York Port Authority estimates there will be 240
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Fig. 1 ~ Suggested PFI coverage pattern for a long range radar,
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movemente in the pesk hour in the New York areal.
Assuming a radar with a 100 nautical mile range
and an average aircraft speed of 200 knots, an
average of 120 aircraft will be visible at any
one moment.

C. Radar - The Dats Collechor

The radar set gathers the data for ths ays-
tem. With the present alr traffic densities,
targsts are seldom closs snough so that the radar

imposes a limitation on the information available.

The exceptlon occurs when ailrcraft are at or near
the same slant range and ssme agimuth but diffsr-
ent altitudee. The method of collecting the data
1s fixed. Radars.locate targete by the polar co-
ordinates of range and agimuth., The characterie-
tlcs of the eet determine the target resolution
and information rate and affect the design and
u;e of the other components of the eystem (Table
I.

The target resolution in range and azimuth
and the maximmm rmmber of targets the radar can
acquire can be determined from these characterls-
tics. The rahge resolutlon 1s determined by the

pulse width since Range Resolution (nautical miles)

o Pulse width (microssc. )

12,2
Pulse width also determines the information rate
of the radar set. The informatlion rate of targst
reflections 1s the reciprocal of the pulss width.

The azimith resolution of the radar is de~
tsrmined by the antenna beamwidth. Thls does
not affect the minimum bandwidth for the system
but it does affect ths mumber of composite tar-

gets acquired per unit time, It alsoc Influences
the design of narrow band syetems and their
bandwidtha.

The size of the radar reflection is a func-
tion of the physical elze of the target and the
characteristice of the radar set, In general,
alrcraft dimensions are small enough when com-
pared with pulse width and beamwidth to be con-
sidered point sourcss for reflections, Since the
duration of a reflection determines its range
dimension, a point target wlll have a minlmnm
length equal to the pulse width. The maximum
mumber of targets along any range sweep 1s the
selscted range divided by the pulse width.,

This same point target reflects ae long as
it ie in the rotating beam, Thus the agimmth
dimension of the average radar targst will be
about one beamwidth wide. The maximm number of
targets at the same range is 360° divided by the
beamwidth.

The total number of radar targets that can
be resolved in a c¢ircle of given range 1s: Maxi-
mum No. Targets =

360° x Range(nautical miles)
beamvidth x pulse width(nautical miles).
For the two radar sets beilng conesldered,
the number of resolvable point targets and the

maximm informetion rate in targets per second
are listed in Table IT.

While resolution is important, the accuracy
with which a target is located is also important
to the traffic controller. For radar sets in

Table I
RADAR CHARACTERISTICS

Characteristic Short Range Mm
Pulss length, microseconds 0.83 1.0
Range resolution, nautical miles - 0.07 0.08
Minimm bandwidth, cps l.2 x 106 106
Antenna rotation rate, deg. per second to 180 36
Azimmth beamwidth, degrees 3 1
Maximum range considered, nautical miles 30 100
PRF in pulses per second 1200 350

Table I1
MAXIMUM RESOLVABLE NUMBER OF RADAR TARGETS

Maximum Resolvable Number of Point Targets .

Selected Range Total per Total
Radar Set {nautical miles) Range Azimmth Rotation per_gec.,
Long Range Radar 100 1220 360 440,000 44,000
30 366 - 360 132,000 13,200
ASR 30 L0 120 52,800 26,450
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general the relative positlons of targets can be
located to at least one third of the resolution
in both range and azimuth. The absolute ac-
curacy of a targetfs location dependa on the
circuit and components of the radar set and the
calibration of the whole system. This addition-
al detail available from the radar information
ie an ald to the controller in vectoring air-
craft and maintaining radar separations.

D. Displays

The way in which the radar information is
displayed determines the information rate which
is required for the narrow band systems.

A rule of thumb states that 150 epots can
be resolved on t.he radiue of a PPI dieplay on &
cathode ray tube? With increasing tubs size
the epot size also increasee and resolution
stays about the same. However, with more modern
gun constructiond,4 additional resolution be—
tween 300 and 400 spots/radiue can be expected.
If the long range radar set has a resolution of
<08 nautical mile and the scale chosen for a
centerad dieplay on a 30" tube is 2 nautical
miles per inch, then the maxirmm sige desired for
a resolvable spot i1s 1/25 inch and the maximum
mumber of spots per radiue is 390. S8ince an ASR
radar has a pulse length of .83 microseconds, Pts
resolution is .07 nautical miles. A resolution
of 430 spots per radiue 1s required from the 30M
diesplay to use the maximum range resolution of
the radar set. This spot sizme ies 1/2% inch in
diameter. When off-centered displays are used,
the range resclution of the dieplay does not
change if the range ecale is not changed.

Azimith resolution for a FPI display varies
directly with the radial distance from the center
of the tubs. On the basis of 150 spots per ra-
diue, thare are 942 resolvable spots around the
periphery. So at the periphery of the scope the
azimth resclution is .38, On a scope having &
resolution of 400 spots per radius, the resolu-
tion at the periphery is .14*, These resclutions
are better than one beamwldth for both the short

and long range radars, As mentloned in section C,

the azimith accuracy of a search radar set is
generally accepted to be 1/3 of the beamwidth of
the anterna pattern. Whether the resolution of
the system should be good encugh to present this
accuracy needs to be determined for short range
targets. In gensral it is better than this for
long range targets. The accuracy with which a
target must be located probably will nesd to be
decided by operational experiencs.

The azimth resolution mst be considered
when using off-centered displays. Then the azi-
muth scale is magnifisd, A display 60 miles in
diameter with ths center offset 40 miles sub-
tends an angls of approximately 53°. A scope
having a resclution of 400 spots per dlamster has
a resolution of 7.5 epots per degree or 0,14 de-
gree between adjacsnt spots at the center of the
scope. Thus the limit on azimith resolution ie
not the off-centsred display, but rather the asi-
mith accuracy of the radar,
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There 18 a circle betwsen the origin of the
display and the periphery that has a circumfer-
ence such that each resolvable spot on the cir-
cumference is equivalent to a beamwidth. We can
call this the minimum circle of rescluticn. With-
in this circle, sweeps one spot diameter wide
overlap., The overlap ies 100% at the origin and
zerc at the circumference of the minimm circle
of resoluticn. The redundancy within thie eircle
can be computed as follows: The number of ele-
ments or resclvable spots on the circumference of
the circle is defined as = 360°/9 where © is the
beamwidth of a scan. Elemente/radiue = 360/0 x
2x. The number of resolvable elements covering
the arsa within a circle of this radius

2 2
2 (0 YV _ (%9)° L
= R "(9::21:) (9) xlut
The numbsr of elements "painted™ in this area =
(No. sweeps) (Elements per radius)
st )

9 x 2n

The redundancy =

"Painted” Spots - Resolvable Spots
MPainted" Spots

L G@fﬁ

&) -
3] 21!
1.1
-2_1‘1.%‘01- 50‘
2

The display paints twice as many spots as are
actually needed. This redundancy is inherent in
the way the radar set gathers information. Thus
there is no need to eliminate it in a normal PPI
presentation of radar returns. However, the
bandwidth required for narrow band relay systems
can be reduced if this redundancy is eliminated.
How much reduction depends on the particular
scanning system used, such as TV or spiral to
form either an embedded or a square pattern of
apotsy Figure 1. Redundancy in the scanning
pattern 1s considered further in section F.

E. Wide Band Relay For Data Transmission?

To transmit the radar videc or raw beacon
video information without distortion of the sig-
nals requires a very wide video bandwidth. This
bandwidth should transmit at lsast the fundamen-
tal frequency corresponding to the raciprocal of
the pulse width. Thus the minimum bandwidth re-
quired is 1.2 MC for the ASR radar or 1.0 MC for
the long range radar. Beacon pulses are only
0.35 microseconds wids and require a minimum
video bandwidth of 2.86 MG,

In addition to the video information, the
relay link mst provids channels to transmit ra-
dar and beacon trigger pulses, radar range marks
and azimth information., By using a microwave
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relay system, all the information inherent in
the radar and beacon signals is transmitted to
the air traffic control center. HNo information
is lost through encoding and decoding systems
for ths compression of the data. This allowe
radar data to be shown on magnified displaye
such as off—csntered PPI scopes without any loese
in ranges or asimith resolution over the originel
radar picture. It also allows the beacon re—
turns to be .decoded most convenlently at the
traffic control centsr.

Where coding ie by aircraft altitude, for
example, decoding must be done at the center un-
less complicated swltching systems, multiple de=
coders at the receiver, and multiple narrow band
relay links are furnished. This decoding re-
quirement is the most important reason for using
& wide band microwave relay system,

F., Narrow Band Systems For Data Transmission

A narrow band system is predicatsd on the
basis that the radar picture contains less in-
formation than the radar video signal and possi-
bly more information than the user needs. There.
are two general types of narrow band systems:
namely, analog and digital. One such as the
Rayfax ie an analog system. Here a scanning
system reads the composite radar picture rather
than the individual pulses and transmits this
information to the remote location where it ia
prasented in time synchroniem with the scanning
system. The othsr is a digital system which lo-
cates a target on a coordinate system by its nu-
merical coordinates, transmits these numbers to
the remote location, and locatea the target on a
asimilar coordinats system. The requirements for
a digital system will be diecussed in the next
section. ’

Rayfax System

The Rayfax system manufactured by Haller,
Raymond & Brown, State College, Pa. is discussed
below., A detailed description of the Rayfax
system will be found in references 6, 7, 6 and 9.
The Rayfax system limits the range and azi-
mth resolution as follows. Hange resclution is

of the scanning slot.

the optical syestem. While a slot size small
encugh to provide a range resolution of 150
spots per range sweep has been. built, production
models use a range resolution of only 100 epots
per radius. Thie is more satisfactory and
trouble free. Thess resolutions are obtained
with & cathode ray tube which ie 3% in diameter
and on which the circular display is 2" in dia-
meter. Azimuth resclution is limited by the
ecarming rate of the optical system which reads
the J-scope. The maximm spesd &t which the
present scanning head can rotate is limited to
3600 RPM or 60 RPS by the large bsaring used.
Thus the maximm information rate of productiom
Bayfax units is 60 x 100 or 6000 bite per second.
Other Rayfax units having a slower scamning rate
as low as 1.2 x 103 bits per second..

Haller, Raymond & Brown adviee that some
simple modifications would allow the resclution
and picture stabllity to be increased. A new
bearing arrangement was designed for the scan-
ning head which wonld allow it to rotate at
spes{s up to 167 revolutions per second with in-
creased rellability and azimmth resolution. The
ultimate degree of azimuth resolntion would al-
low the Rayfax preassntation to match the accu-
racy of the radar. For search radars thie 1is
asbout 1/3 beamvldth. Table III shows the char-
acteristics of the radar which are nsed o com—
pute the scanning rates needed to provide this
uwliimate resolution for the Bayfax.

The tabulation also shows that the number
of radar pulses per optical scane is 7 for the
ASR radar and only 3 for the long range radar.
At once the question arises as to how many hlte
are required on a target to provide a sufficisnt
signal for the optical eystem. Haller, Ray-
mond & Brown made some tests using a signal
generator. Results showsd that a single hit
equivalent to a radar return from an aircraft
at.about 50 miles range would provids a eignal
output. Since multiple returns are integrat-
ed, three hits were believed to be adequate
and ten hits would be a good margin of safety
to provide a Rayfax aignal. The resclution
and scamning speed necessary to provide 10
pulses per optical scan are shown below.

determined by ths dlamstsr of the circular trace Badar
on an intensity modulated J-scope and the width Eharacteristic AR Long Range
The minimm slot eize is Scanning Speed 120 RPS 35 RPS
determined by the light gathering qualitiee of Agimuth Resolution 1.5¢ 1
Table III
RADAR CHARACTERISTICS NOTED IN RAYFAX DESIGN
Radar Set
Characteristic ASR Long, Range
Rotation rate in deg. per sac. 180 36
1/3 beamwidth in deg. 1 1/3
Matching scanning rate in rev. psr sec. 180 108
Pulse repetition rate, in pulsee per ssc. 1200 350
Pulses per optical scan about 7 about 3
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Theoretically it seems that maxdmum scanning
rates provided by Rayfax designs may be ade-
quate but this must be confirmed by experimental
teats.

When a scanning rate is choeen, several
other design parametsre must be matched to it.
The antsnna rotation rate, beamwidth, persis-
tence of the phosphor and pulse repetition rate
are all related to the optical scanning rate.
The acanning time can be as long as the storage
time of the phosphor. If it is shorter than
this, targets will be smeared in the direction
of rotation. Conversely the longest acanning
rotation time should be no longer than the tar-
get illumination time so that no targets are
missed. This includes the time required for the
radar antenna o rotate one beamwidth plus the
phosphor decay time. GQGreater range resolution
can be obtained by increasing the diemeter of
the J-ecope display while the slot size in the
scanning head remains the same. The increased
range resolution must be cbtained by increasing
the length of the display rather than decreasing
the width of the slot because the minimm width
is limited by the amount of light required by
the optical system. By increasing the size of
the J-scope to a 6™ display on a 7" cathode ray
tube, the range resclution could be increased 3
times. This would allow 3 x 100 or 300 spots to
be resclved in renge. On presently available
30" cathode ray tubew this is comparable to the
maximm resolution obtainable on a centered PPI
display and is about one-half the resolution ob-
tainable on a display off-centered by one radius.
If more resolution 1s desired for dieplaye off-
centered more than one radius, a delayed sweep
might be designed so that the delay corresponded
to the additional off-centering. Thus the dis-
played portion of the sweep would still have
about one-half the resolution of the cathode ray
tube.

The maximum information rate for the modi-
fied system can be calculated. If the sweep
apeed 1s 120 sweeps per second and the range re-
solution is 300 spote per radins, the information
rete is 36 x 107 bits/sec.

While the present mechanical scanning ap-
proach is simple, direct and practical, future
designs might employ an electronic scanning sys-
tem. A tube with separate reading and writing
gums could perform the eame functions now per-
formed mechanically. Moreover, ecanning speed
and range resolution would not be limited by the
mechanical design. Electronic reading speed
could be as high as the writing speed, and the
range Tesolution need be limited only by spot
size. Puture requirements will have to determine
the need for such a desigm.

In the final analysis, the way in which the
Rayfax information is used and displayed will de-~
termine the bandwidth requirements for the systam.
For example, the amount of range information re-
quired from the Rayfax to present a centered dis-
play i= only half that requifed for an equivalent
diaplay off-eet by one radius and only one-third
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that for one off-set by one diameter provided
range delay is not used. Azimuth resolution on
the other hand is about the same as that of the
radar and is not as 1likely to be influenced by
the magnification of the sector displayed. It de-
pends on ths rotation rate and antenna beamwidth
of the radar, where azimuth read-out rate =
Hofatlon 1818, For the ASR, the azimith rate is
60 beamwidths per second, while for the long
range radar the rate is only 36.

Not all the range and azimuth information
from the radar set may be required in the dis--
play. Just how much detail is required to follow
an aircraft or to resolve nearby aircraft from
each other must be determined by operational
testa. However, if a fixed bandwidth is avail-
able for tranemitting the Rayfax signal, -there
may be an optimim compromiss between range and
agimith information., The total information con-
tent is the product of these two items; again any
compromise should be determined operationally.

When decoded beacon returns are transmitted
over a Rayfax systsm, three codes may be required
They are the single blip, the double blip, and
the bloomer. If the distance between the two
spots in the double blip reply can be adjusted
easily, the setting where the Rayfax encoder will
resolve thess spots can be determined. The spot
size required to transmit a bloomer can also be
determined. Whether or not these spacings and
sizes are sultable for ths controller can then be
determined by operational test. Where multiple
beacon interrcgations occur, it may be possible
to eliminate the "fruit" by the proper setting of
the Rayfax encoder. Where only the strong beacon
returns are displayed there may be considerable
latitude in the adjustment. If mixed radar and
beacon returns are displayed, some method of set-
ting the level must be devised so that weak radar
targets are not eliminated. Separate encoders
for radar returns and beacon returns may be the
required solution. These two eignals could then
be mixed and transmitted as a single signal., If
synchronizing problems occur in the mechanical
system, an electronic scanning system might solve
the problems.

(ne trouble encountered in the Rayfax sys-
tem 1s the stability of the picture. Synchroniza-
tion is eetablieched mechanically at north on
every rotation. This tends to allow the presen-
tation to shift a few degrees in azimuth. By eli-
minating this mechanical sync and depending on
the electrical syne, the shift shculd be elimi-
nated after the Initial registration of the pic-
ture. A north strobe would still be provided to
check registration.

The transmiesion of raw beacon returns will
require different techniques. This problem will
not be dealt with here.

A Digital System For Narrow Band Transmission

The basic design of a digital system de-
pends on the coordinate system used. Various co-
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