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ABSTRACT

Because of the fluctuating nature of the radar echo from randomly
distributed precipitation particles, several individual echo measure-
ments have to be averaged to provide a meaningful estimate of intensity.
Photography of a cathode ray tube inevitably provides some averaging
by integration on film, over the area of the writing spot.

Further areal integration has been achieved by rectangular scan-
ning of fast-processed film at a rate of a few lines per second with
a spot of diameter one-half mile. The effective area of integration
by first writing and then reading the pattern is one square mile. The
areally-averaged signals are subsequently stepped into seven levels,

a factor 10 apart in received power, and displayed on a stepped grey
scale on facsimile paper. This presentation is well suited for a
visual quantitative estimate of echo intensity. Slow scanning results
in a low frequency signal that can be sent over a voice-quality tele-
phone line to provide within minutes radar weather maps in grey scale

at any number of remote facsimile recorders.
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1. INTRODUCTION

1.1 Radar as a Storm Detector

Meteorological echoes were first observed on military search
radars during the Second World War (Maynard, 1945). The observations
were made, by necessity, on displays primarily developed for tracking
aircraft. These observations revealed some of the characteristic.
features of the meteorological echoes, as well as limitations of the
instruments. Fig. 1.1 is an example of frontal precipitation observed
on a 10-cm radar. There is a fairly well defined line of showers
lying NE-SW,with individual showers ahead of the line (to the East).
Behind the line there is a region of grainy echo from widespread light
precipitation. The grainy texture of the echo is caused by fluctuations
in the received signal, and does not represent the actual pattern of
precipitation intensity. 1In this sort of picture only the echo outlines
convey useful information about the echo structure. (On the other hand,
the shadows behind the individual shower cells are due to the inability
of the circuits to display extended targets.) The rapid fluctuations
in the signal were often used to identify the echoes as meteorological
in origin (Kerr, 1951, p. 623). The abiliﬂy of the radar to detect
outlines of precipitation (but to give little additional information)
Justifies the term "storm detector',

Scanning in the vertical combined with display on a range-height
indicator (HHI) made possible studies of the vertical pattern of storms.
Differences in the vertical structure of echoes were observed and
associated with different meteorological situations. For example, the
"Bright Band" (Fig. 1.2) was identified with the OC (melting) level, and

was characteristic of widespread precipitation (Byers and Coons, 1947).
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The RHI display of Fig. 1.2 came from a 3-cm TPS-10A radar. To
scan in three dimensions with such a radar involved rapid nodding in
the vertical combined with slow rotation in azimuth. The scan in the
vertical was non-uniform due to large accelerations at the limits of
the elevation scan. The display, therefore, showed shading at the top
and bottom. In the later CPS-9 radar, the problem of shading was to
a large extent eliminated, but at the expense of scanning speed. The
multiple RHI as a scheme for scanning in three dimensions involved
too long a cycle to be practical.

Synthesis of precipitation maps, not unlike the original PPI in
Fig. 1.1, but at a set of constant altitudes, was adopted by the
Stormy Weather Group as an alternative to the multiple RHI. The scan-
ning of the antenna for £he Constant Altitude PPI (CAPPI) needs only
modest accelerations and is therefore compatible with larger and
slower antennas currently used.

Maps at a set of constant altitudes are a most efficient three-
dimensional display. Because the number of maps in height is limited
to the number of displays available during any one scanning cycle,
there is some loss of detail in the vertical. However, the signals
received during one scanning cycle are sufficient to reveal fine
structure in the vertical and only reqpire'the development of an appro-
priate display. (For example, a Height Azimuth Range Position

Indicator, proposed in Marshall and Gunn, 1962.)

1.2 Radar as a Raingauge

Early theoretical work (Ryde, 1946, and others) established that
at wavelengths long compared with the raindrop diameters, the average

power (E;) received by the radar is proportional to the sum of the
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sixth powers of the raindrop diameters in unit volume. This back-
scattering parameter (Z:Dé) is represented in weather radar theory
by Z. Thus P.ec Z. The quantity (Z) has been experimentally related

to the rate of rainfall at the ground (R) and found to be

Z = 200R"® 1.1

with 2 in mméme, when R is in mm hr™l (Gunn and East, 1954). Thus,
in its most simple form, we can express the weather radar equation as

P =cR"

1.2

where C is a constant. The relationship has been estimated to be
correct to within a factor 2 or better (Marshall et al., 1955). To
the extent that the relation holds, the radar can be used as a quanti-
tative tool to measure precipitation rates., (The assumption is made
that the precipitation fills the pulse volume.)

In equation 1.2, it is the average power that is related to the
rate of rainfall. However, the signal from precipitation at ahy instant
is derived from signals returned from all the randomly spaced particles
in the contributing region. Since the scattering is incoherent, the
instantaneous value of the received power fluctuates randomly about
its mean. A successful measurement of fainfall rate must involve
averaging over several instantaneous returns. Within practical limits,
the more data averaged, the better the measurement (Marshall and
Hitschfeld, 1953).

Several methods of averaging have been used in practice. For

example, the RHI photograph of Fig. 1.2 was exposed for ten successive
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scans, The ten grainy patterns were superimposed on film in one
exposure, and as a result the coarse pattern has been removed.
Although in Fig. 1.2 the averaging on the film surface is qualitative,
improving only the details of the pattern, such averaging has since
been made quantitative and is basic to the method used in the present
work.

Williams (1949) at MIT developed a pulse integrator in which a
number of successive returns from a single contributing region are
averaged. The instrument is highly useful in radar calibration, but
is not applicable to scanning the whole volume surrounding the radar.
More recehtly, a proposal was madé by Hall et al. (1963) to use
several hundred simplified pulse integrators for scanning in space.

At MIT, the extension from averaging at a point to averaging at
all points within radar range was made by Kodaira (1959), who used a
quartz delay-line to re-circulate video information and thus average
successive returns from each range. Subsequent quantization of the
signal by a set of two thresholds, separated by 5 db in received power,
resulted in bright echo outlines on the display. On the one side of
the bright outline, the received power exceeds the upper threshold;
on the other, the echo is below the lower threshold. The width of the
outline is a measure of the gradient in echo intensity. The technique
has since been extended to display simultaneously several such contours

(Niessen and Geotis, 1963).

1.3 Radar as an Operational Tool

Efforts to make the radar into a quantitative instrument were
paralleled by its development into an objective instrument for opera-

tional use. Introduction of a programmed scan automated the process
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of collection of the data. East (1957) used a storage tube to
accumulate the information and then retrieved it by scanning in
rectangular coordinates for presentation on a standard television
monitor. However, subsequent introduction of a wide dynamic range
into the McGill CPS-9 (Legg, 1960) has precluded the use of storage
tubes as the memory in the scan conversion because of their narrow
useful dynamic range. Instead, Legg used photographic film as the
storage medium. The system described in the present work uses in
essence the same technique. |

Storage tubes have continued to be used in systems where only a
two-tone presentation is required. Recent examples include & scan
converter developed by Kodaira (1963) and a similar system by Martin-
Vegue and Hiser (1963). Attempts are also being made to use the
dynamic range of storage tubes. Schaffner (1963) at MIT is using a
storage tube to store intensity information, which is qpéntized prior
to storing. The plan there is to store ten intensity levels, although
it is not yet known whether a sufficient dynamic range can be obtained
on the storage tube.

A digital memory has been used in the STRADAP processor (Storm
Radar Data Processor) developed for the Air Force Cambridge Resea;ch
Laboratories (Sweeney, 1961; Atlas et al., 1963). In this system,

. both the pattern and intensity information are carried in digital form
and displayed locally, or at a remote location, as an array of digits
representing the echo intensity in five-by-five mile squares.

The objectives in developing these various systems fall into one
or more of the three broad categories:

(1) Automatic collection of information,
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(2) Averaging of the fluctuating signals,
(3) Displaying the information in an easily readable form at
both local and remote locations.
Previous work at McGili evolved a scheme to perform the first function;

the purpose of the present work is toward the other two objectives.

1.4 The MceGill Weather Radar

(a) CAPPI

An automatic method of scanning in three dimensions has been used
for several years in conjunction with the McGill CPS-9 radar (Langleben,
1955; East, 1957). The antenna rotates uniformly in azimth (12.5
seconds per rotation), with each succeasive rotation at a higher angle
of elevation; In seventeen rotations,bthe antenna progresses from 0°
to 15°, after which the antenna descends during the 18th rotation,
ready to commence the next cycle,

The constant altitude map is built up on film by displaying on
the cathode ray tube only the range interval at the appropriate height
during any one rotation (Marshall and Gunn, 1961). After seventeen
rotations, the complete map ié synthesized on the negative in 3.75
minutes. Fig. 1.3 shows a typical CAPPI map. In the scheme used on
the Montreal radar, maps at six heights are produced in succession on
any one display, the whole sequence taking 22.5 minutes, The heights
chosen for summer precipitatipn are 5, 10, 15, 20, 30 and 40 kft, and
for winter 5, 10, 15, 20, 25 and 30 kft.

(b) Grey Scale

The range of intensities that are of interest (at Montreal) cover

a dynamic range of about 60 db (Marshall and Gunﬁ, 1961). The dynamic

range of a conventional radar seldom exceeds 15 db, so that four
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successive scans, each at a different gain, are required to study the
whole range of intensities.,

A fourfold increase in the dynamic range of the radar was achieved
by Legg (1960), so that observation of the whole range of 60 db is
possible without any increase in scanning time. By using a logarith-
mic receiver and an exponential amplifier, Legg established a power;
law transfer characteristic between the received power and the luminance
on the display CRT. By setting the index of the power law to 0.2, the
dynamic range of 60 db in received power is compressed into 12 db in
luminance. (The CRT, itself a power law device, is included in the
over-all characteristic.) Steps are introduced in the exponential
amplifier té display signals in each 10~db interval as a constant
brightness on the cathode ray tube. The seven steps in brightness
bounding the six 10-db intervals are spaced 2 db or a factor 1,6
in CRT luminance apart. At this stage, the display is quéntitative
with one exception. The picture is painted out by radially converging
lines, so that for an echo of constant intensity the brightness.
varies inversely with radiel distance or range. An optical filter,
whose transmission is proportional to range, corrects for the variable
brightness (Gunn, 1963). The use of a half-tone filter to obtain the
necessary correction preserves the resolution of the display, which a
continuous-tone filter would degrade.

A photographic reproduction of the display is a quantitative
record of the precipitation pattern. However, the bqundaries in grey
shades are barely discernible in the pictures because of the fluctua-
ting nature of the signal. Integration over two pulses in range

before stepping removes some fluctuations (Legg, 1960), but'not
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sufficiently to make possible quantitative visual inSpection of the
reproduction., Further processing of the data can reconstitute the
information for quantitative analysis. A manual and somewhat laborious
analysis can be made, involving measurements on a five-mile grid on a
projectected grey scale transparency (see, for example, Russo,

1961). Painting the signals on the surface of the cathode ray tube
with a spot of finite size doec result in integration on film, but it
does not sharpen the boundaries between shades because stepping has

taken place earlier in the system.

1.5 Present Work

The purpose of the present work is to provide controllable areal
integration and then to quantise the signals into well-defined inten-
sity categories. The integrated, then stepped, picture will be
composed of plateaus of grey surrounded by sharp boundaries. A quanti-
tative analysis of the areally integrated picture can then be made
visually.

The pictures described in the preceding section (Fig. 1.3) are
obtained on 35-mm film in the upper row of blocks in Fig. l.4. A
flying spot then reads the picture in a rectangular scan and transforms
the information back into an electrical signal. In addition to the
averaging on film by the writing spot, averaging occurs over the area
of the reading spot, so that the over-all resolution and the area of
averaging are determined by both spots. Stepping of the signal into
the seven intensity categories and subsequent display leads to the
integrated, then stepped, picture.

A suitable form of displaying the signals is facsimile, because its

use leads to an economic means of remoting the display for operational
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tion of a facsimile display during the swmmer months in 1963 in the
Aviation Briefing Office at the Montreal Airport demonstrated both
the usefulness of such a display;and.its ready acceptance into the
operations of the Briefing Office (Rose, 1964).

Fig. 1.6 shows two maps at 5 kft of the same precipitation on
facsimile. (Each of the two pictures is 5.5 inches wide and 4.25
inches high.) The seven intensities are distributed between the two
pictures: Intensities 1, 3, 5 and 7 appear in the left picture, while
intensities 2, 4 and 6 appear on the right. By limiting the number of

shades in each picture, a great improvement in the distinction between

grey shades is achieved,
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The scale on each map is 50 mi inch™l. The coverage of the map
is a rectangle 275 miles by 212 miles., A pair of maps at one height
emerges from the recorder every 3.75 minutes. The situation shown in
Fig. 1.6 is the same as the CAPPI photograph of Fig. 1.3. Additional
facsimile pietures appear in the Appendix.

The 35~mm records of the "un-integrated" maps, both from the
regular cameras and from the rapid processor, are not the most useful
records for research use because of insuffieient pre-~threshold inte-
gration, The pictures on facsimile do have the benefit of areal
integration, but suffer from grain of facsimile paper and are not
archival. Arehival stepped pictures on film are the best form of
presentation for research use. A small number of such pictures was
produced by displaying the signals on a cathode ray tube, instead of
on facsimile, and photographing the CRT on 35-mm film. In this scheme
three cathode ray tubes are used: (a) the PPI CRT, (b) the Scanner
CRT, (c) the Slow-Scan Display CRT. Fig. 1.7 shows a stepped picture
produced this way. Being also available on a transparency, the
picture has sufficient dynamic range to display (for visual analysis)

all seven intensities on one picture.
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2. SIGNAL FLUCTUATIONS AND INTEGRATION

2.1 Fluctuations in Signal

The signal returned from a random array of scatterers is fluctua-
ting,and one instantaneous value of intensity has little significance.
The intensity level of an individual return falls within the range from
-20 dbito +10 db of the most probable level (Marshall and Hitschfeld,
1953). The standard deviation of the distribution is 5.57 db, and as
a useful guide one canbsay that most of the returns fall within two
standard deviations on either side of the mean. Averaging k measure-
ments leads to an improvement of';l in £he scatter of the signal. A
single measurement, or a unit datuﬁ, is the instantaneous return from
the whole illuminated volume bound by the béamwidth of the antenna and
by the half-pulse length. In general, a number of data obtained from
the same volume in space at successive times can be averaged (integra-
tion in time) or data from adjacent non-overlapping volumes can be
averaged (integration in space), In the first case, the number of data
is limjted by the time available to collect them. In the second case,
the limitation is the loss of resolution that can be tolerated. The
most common practice is to average successive data from overlapping
volumes at successive time intervals, so that the average is obtained
partially by integration in time and partially by integration in space.

Averaging over several data leads to a decrease in the range of
fluctuations only if the data are independent. In averaging successive
returns from the same volume, the time between successive returns should
exceed the time required for the particles to alter their radial dis-
placements from the antenna by a sizable fraction of a wavelength.

While a small contribution toward achieving the independence is made
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by a coherent motion of the scatterers with the wind, the major mechanism
is the independent motion of the individual scatterers. The time to
independence, which is prdportional to the wavelength, is of the order

of 2 to 20 milliseconds for'rain at 3 cm. Measurements of this impor-
tant parameter are unfortunately scarce. Hitschfeld and Dennis (1956)
hﬁve found some evidence that the times for snow are longer: up to

30 msec at 3-cm wavelength.

Considerations of the physical mechanisms leading to decorrelation
suggest that there may well be a range-dependence of the decorrelation
time. When the beamwidth becomes several thousapd feet, the timevmay
become shorter. Such a dependence, if substantiated experimentally,
would be significant because the number of data decreases with range.
Since the number of data per unit area is our ultimate interest, and
in the case of the CPS-9 it‘is only about 4 per sqpare.mile at 140

miles, it is vital that these be independent data.

2.2 Resolution in Space and in Intensity

In weather radar, good resolution (i.e. a small cdntributing
volume) is required to avoid partial beam filling at ranges beyond
about one hundred miles, which would lead to a degradation of peak
intensity. Because of the fluctuating natﬂre of the signal, resolution
is also directly related to the measurement of echo intensity, and in
this respect it differs from resolution as used in describing a
surveillance radar. Intensity resolution needs to be considered in
assessing the capability to observe intensity gradients in the preci=-
pitation. Before any integration is introduced, the steepest gradient

that can be observed is a change in intensity over the full dynamic

range of the radar from one pulse volume to the next. The minimum
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recognizable change in the average intensity is limited by the signal
fluctuations. Averaging returns from adjacent volumes decreases the
range of fluctuations, and so decreases both the minimum detectable
gradient (which is desirable) and also the maximum (which is not
desirable). The extent of integration involves a compromise between
the two effects. Introducing time integration of the data from
overlapping pulse volumes reduces fluctuations without a corresponding
decrease in the maximum detectable gradients.

Integration in range is most easily introduced into the radar
either by introducing a filter into the video stages of the receiver,
or by narrowing the pass-band of the intermediate ffequency stages.
Extension of averaging to the second coordinate of the radar scan
(azimuth) is a natural one, but it introduces some disadvantages.
Pulsé-to-pulse integration in azimuth can be either'confined to pulsés
practically within one beamwidth by increasing the number of pulses
per beamwidth, or it can be extended to include several adjacent
beamwidths. Whatever the choice, it applies equally tq all ranges,
while the dimension of the unit area varies with range. Int;gfation
over the same unit of area at all ranges, or areal integration, is a
useful alternative. Such averaging preserves at maximum range whatever
ﬁangential resolution there is at maximum range, but at close ranges
this averaging sacrifices resolution in position in order to improve
intensity resolution.

The scale of intensity gradients in precipitation makes a unit
of resolution of one miie a reasonable capability for a weather radar.
A useful criterion is to specify that the resolution should be one

mile out to the range at which the beamwidth is one mile. (For the
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CPS-9 with the one—degfee beam this range is 57 miles.) Beyond this
range out to the maximum range the resolution would be determined by
the beamwidth, although the unit of resolution at other points in
the system will remain one mile. Decreasing the beamwidth below one
degree is costly, especially if the system described here is to be
used with a radar operation at a wavelength of 10 cm. Because of the
attenuation by rain, the change from 3 cm to the longer wavelength is
mandatory for quantitative intensity measurements. In the work
described here, the AN/CPS-9 radar was used. In Fig. 2.1 its beam
pattern is sketched in relation to the one square mile area at three
ranges. The rate of rotation of the antenna is 29° sec™X, With the

1

"long pulse" pulse repetition frequency of 186 sec™, about six pulses
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are transmitted-each time the antenna rotates through one beamwidth.

As the antenna scans pas£ a one-mile square target at 57 miles, signals
are received on eleven successive pulses. The tangential gradient at
the edges of the echo is actually sharper than one beamwidth, but is
displaced away from the true edge of the target, so that in effect the
tangential dimension of the target has been stretched to nearly two
miles. The.fact that’the antenna gain (two-way) at 1%0 is 6 db less
than on axis reduces somewhat the stretching from the oversimplified
case of uniform power distribution implied in Fig. 2.1. Additionally,
the meteorological targets do not have infinite gradients such as thosé
in Fig. 2.1, but more likely approximate those observed after smoothing
by the antenna beamwidth. Actually, Donaldson (1963), in making
numerical calculations, assumed a "square law” model of a precipita-
tion target which he has used to study the distortion by the antenna
beamwidth. In either case, if the signals are then quantized into
10-db intervals, the most intense core will again appear about one mile
in size but will be surrounded by a ring of lower intensity, extending
another half-mile on either side of it,

?he number of data contributing to one square-mile area for the
CP5-9 is plotted against range in Fig. 2.2. The number varies inver-
sely with range, from 65 at 10 miles to 4 at 140 miles. The dashed
line is a plot (against the right ordinate) of the standard deviation
of the distribution after averaging (compared to 5.57 db for the
original distribution).

The total number of data at each range (k) can be broken into
three factors, k., kg and k;, each subscript denoting where the data

originated. The three factors are plotted separately in Fig. 2.3.
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The quantity kG denotes the number of contiguous, non-overlapping

beamwidths within a tangential distance of one mile. The-value of kg

varies from six at ten ﬁiles to one at 57 miles. Beyond 57Vmile§ kg

remains unity because the square mile is contained in one beamwidth.

The number of returns within the beamwidth contributing to one square

mile (k.) is six out to 57 miles, then falls off inversely with range

as the beamwidth exceeds the unit area. The product kt‘ke is just the

number of pulses within a tangential distance of one mile at any range r.
One point that emerges from Fig. 2.3 is the transition at range

57 miles at which the one degree beam is one mile, equal to the side

of the unit area. Beyond the créss-over range ﬁhe integration is all

within the beamwidth (kg = 1). The only contribution in azimuth is

therefore from k. The effective value of ky may well be less than

that given in Fig. 2.3, if the decorrelation time exceeds the time

between pulses. The fact that the square mile is smaller than the

beamwidth beyond 57 miles is only a limitation on resolution, but it

does not affect integration. Within each square mile there are k data

contributing to the mean intensity; for example, four at 140 mi.(Fig. 2.2).

If the four data are independent, the standard deviation of the fluctua-

tions is reduced byyrz s, even though two of the data are directly

correlated to those in the adjacent square mile.

2.3 Areal Averaging by the Writing Spot

The received signals are painted in polar co-ordinates on the
screen of the cathode ray tube. Successive traces overlap, leading
to averaging by the writing spot. The integration at the writing stage
is over an area of 0.5 by 0.5 miles, the size of the spot. Further

averaging results from reading the information from film with a spot
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0.5 miles in size in the scanning process.

On the display in the CPS-9 radar, successive traces are only
slightly overlapping at the edge of the CRT (Fig. 2.4). At the range
of 57 miles, the brightness of a small element of area (dA in the
figure) is made up of contributions from three traces., At shorter
ranges, the number of overlapping traces increases, but the area of
the running mean remains the same, that of the writing spot. The
number of pulses contributing to one mile tangentially at the three
ranges is listed in Fig. 2.4, anticipating the increase of the unit

area to one square mile in the scanning process.
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2.4 Signal Shaéing

The preceding parts dealt with the geometry of the collection
of data by the rotating antenna, and the geometry on the display CRT.
Now, before the signals are applied to the display, they are shaped
in the video circuits. Integration over the two pulses in range is
performed at the output of the logarithmic receiver before the signals
are stepped in the first set of thresholds. A low-pass filter (resistor-
capacitor) is used to filter the fluctuating component of the signal.
Integration at this point in the system has been used by Legg (1960)
to provide pre-threshold integration for the CAFPI display on the
first cathode ray tube., Before the scan-conversion system described
here was installed, the photographs of the display represented the
final product. The extent to which the display achieves any kind of
grey plateaus is solely determined by the range integration, because
it alone comes before stepping. The areal integration on the screen
of the display helps to smooth out the fluctuations, but coming after
the signal stepping does not improve the sharpness of boundaries.

After integrating over two data, the distribution is narrowed so
that about 90% of the data fall within a 10 db interval in power level
(estimated from Marshall and Hitschfeld, 1951, Fig. 3.3). After
quantization into 10 db intervals, the signal will therefore fluctuate
between two, or three levels, depending on the mean intensity in
relation to the thresholds,

The seven discrete intensity levels are displayed on the cathode
ray tube as equal factors in brightness. The characteristic is

sketched in Fig. 2.5 (solid curve). On the abscissa the thresholds

are separated 10 db in received power (Pr)‘ Each step is arranged
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to be 2 db in luminance (ordinate), Because of the overlap of traces,
the total brightness of an element of area is made up of contributions
from several traces and will therefore be of any intermediate value
between the discrete intensities. The dashed line in Fig. 2.5 shows
the average brightness of a number of data with a pre-threshold
integration over two data. Ideally, the solid curve of Fig. 2.5
would be achieved if the pre-threshold integration were over a large
number of data. Instead, for k = 2 there is a "plateau" for which
the input ranges over 6.5 db, and a transition region over 3.5 db

in received power. For comparison, the chain-dotted line of slope

¥ =0.2 represents a continuous power-law characteristic,

The actual characteristic response of the stepping amplifier
departs from the one shown on Fig. 2.5. While in the figure the
‘transition range of the threshold itself is infinitesimal, in the
actual case the transition occurs over a range of about 2 db at the
input, and as a result the A-sdope trace as in Fig. 2.6 shows shading

between the horizontal lines. Ideally, there should be no shading.
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Fig. 2.6

The effect of this finite step on the dashed line of Fig. 2.5 is not
easily assessed without numerical computations on the actual distribu-
tion. However, qualitatively one can say that the dashed characteristic
is thus even closer to the continuous response at a slope of 0.2

(radar gamma). The resultant picture on film is therefore fairly
continmuous-tone transparency. Because of the integration on the

screen by the size of the spot, the fluctuations from individual

traces are not resolved on the screen or the reproduction.

245 Further Integration by Scanning

A reading spot transforms the information on the 35-mm film into

an electrical signal by scanning the frame in a rectangular raster.

The detail variations in signal intensity have been previously removed
by the integration in range and the subsequent integration by the
writing spot on the first CRT. The modulus of the scanning lines is

0.5 miles on the scale of the map and the size of the spot is also
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0.5 miles. The signal derived at any instant depends on the average
transmittance through the area on the film on which the spot is
imaged. As the spot reads each line, the signal represents a running
mean along the scanmning line. In an analogous way to the stretching
of echoes by the antenﬁa beam, the scanning spot stretches the images
of echoes on film and causes a further decrease in gradients of the
precipitation patterns. The signal obtained by scanning the image now
has the benefit of areal integration in two successive stages. Passing
the integrated signal through & quantizing amﬁlifier with the second
set of steps and then displaying it on the final display results in a
picture as in Fig. 1.7. Here the grey shades are true plateaus and
are bound by‘sharpAedges, dreating an impression of a higher contrast
between shades than would the equivalent picture without the boundaries.
The half-mile reading spot averages out mainly the grain and noise
pattern introduced by the radial display. The spoking is caused by a
transverse modulation of the spot position at a frequency of 60 c¢/s.
The modulation appears to be caused by the magnetic fields due to
60-cycle wiring. The modulation creates an interference pattern with
the raster of converging radial lines, resulting in an intensity
modulation. The use of the reading spot to average instrumental noise
represents an unnecessary sacrifice in fidelity and intensity resolu-
tion. The grey plateaus on the final display are uniform because
stepping the signal removes the distracting instrumental non-uniformi-
ties. The shape of the boundaries is, however, distorted by the
spurious modulation.

The one-mile areal integration can be accomplished by other
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combinations of writing and reading spot diameters.l While equal spot
sizes were used here, one could use either of the following two alter-
natives:

a) small writing spot (0.2 mile) - large reading spot (1 mile)

b) large writing spot (1 mile) - small reading spot (0.2 mile)
Neither of the two altermatives is economically sound because in each
a high resolution is provided at a cost in one part of the system, and
is then thrown away at ; subsequent stage. From the point of view of
performance, the first alternative would at first appear attractive in
that the averaging comes at the last point in the system beyond which
only the grain of the final display surface could affect the presenta=-
tion. On the other hand, the spoking and other spurious intensity
modulation will likely be enhanced if the writing spot is made small,
The main difficulty would be caused by gaps between traces at the
extreme range, unless the pulse repetition frequency is raised
correspondingly. Additionally, averaging out spurious variations in
film density of amplitude equal to, or greater than, the separation
between two shades leads to severe distortion of intensities. This is
discussed more fully in chapter 4. The second alternative is even less
attractive unless the display non-uniformities can be sufficiently
suppressed that only the natural signal fluctuations are to be

averaged.
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3. FACSIMILE DISPLAY

3.1 The Facsimile Recorder

Two facsimile recorders manufactured by Muirhead Instruments Co,
(Model D-611-F) are used to display the radar maps at Montreal Airport.
One recorder serves as a monitor at the transmitter near the radar
console, the other is in the Avigtion Briefing Office one mile (cable
length) awa&. Plgns in the immediate future call for installation of
a third recorder at the University, twelve miles away.

The recorders were manufactured for wire-bhoto reception in news-
paper offices. The picture is produced on a chemically treated paper
which darkens when current passes through it., The signal is applied
to the paper by a flying contact. The paper passes between a blade
and a plastic cylinder carrying a helical wire. Rotation of the
cylinder, once every 500 msec, results in a transverse motion of the
instantaneous contact between the blade and the helical wire. The
paper is pulled by a pair of rollers at a rate of 1.2 inches/min,
resulting in a line density of 100 lines inch-l. The helix is rotated
by a synchronous motor, d riven from a stable frequency source. Once
the recorder is started, the stability of the local frequency source
determines how well the recorder will remain in synchronization with
the transmitter. This differs from television practice where a syn-
chronizing pulse is received after each line. With a stability of
three parts in 10% a horizontal shift of 10% in the picture occurs in
about 3 x lOL rotations, or 4 hours.

The block diagram of the D-611-F recorder is shown in Fig. 3.l.
Following first through the signal channel in the upper section of the

figure the received signal on a balanced audio line is first amplified,
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and then demodulated. The detected video envelope is'shaped to match
the response of the paper, after which it is made to amplitudefmodulate
an 8 kc/s carrier. The modulated carrier is rectified and without
filtering is applied to the two marking electrodes. On facsimile
paper black marking is produced by the maximum current through the
paper. The specifications for facsimile transmission laid down by
CCIT (International Telegraph Consultative Committee) call for a
polarity of modulation on the audio line in which black corresponds to
the minimum signal on the line. The necessary polarity reversal is
accomplished after the incoming carrier envelope has been detected in

the demodulator (Fig. 3.1). At the same time high frequency compensa-
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tion is inserted to make up losses on the line.

Non-linear shaping of the picture signals before remodulation
results in a wide dynamic range at the input. Fig. 3.2 shows a plot
of paper reflection density against input signal strength. In accor-
dance with telephone practice the dynamic range on the telephone line
is 32 db (or a factor 40 in voltage amplitude). Operation over a wide
dynamic range on the telephone line offers several advantages. While
the noise on the line can usually be kept 32 db below the maximum
signal level, the common disturbance is variation in path attemation.
The use of a wide dynamic range and a logarithmic distribution of

information over the dynamic range minimizes the effect of attenuation,
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While on the one-mile path used here attenuation was not a problem,
there was for a period a transmitter instability of +1 db. The change
was noticeable on the paper but it did not result in a loss of inten-
sity information. If the shaping stage is disabled, the input dynamic
range is narrowed to 18 db. The resultant characteristic is shown as
curve B in Fig. 3.2. The curve is of some relevance because for a
period the system described here was operated with this characteristic.
(Section 3.5).

weather chart system, use a simplified receiver cireuit, m&m the
and applied to the paper. The response of such a system is shown as
curve C in Fig, 3.2, The signals producing the dark greys are crowded

on the input power scale resulting in a system somewhat more sensitive
to variations in path attenuation than the recommended response of
curve A. Of course, the three curves imply that the same recording
paper is used in the three schemes. The overall response curves can
be changed considerably by using recording papers with widely varying
characteristics.

Returning to the block diagram in Fig. 3.1, the method of starting
the recorder in phase is indicated: The phasing signal is received
from the transmitter once every line, when demanded. The signal
closes a relay in the phasing circuit and so operates the clutch at
the right instant. In the manual version used here a push-button is
pressed to allow the signal to reach the phasing circuit. The optical

trigger pick-off has been added to one of the recorders to derive a
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The usable width of the record is 11 inehas &% tha stanﬁarﬂ

speed of 120 lines per minute the length of record produced in one
CAPPI cycle is 4.5 inches, A reasonable format, 9 by 1i inches, could
have been produced in two cycles (775 min), but one map evefy two
cycles is not sufficiently frequent for the users. Thus, we settled
on one map per cycle. To fit in with the format of 4.5 high by 11
inches wide, two maps of the same precipitation are displayed side by
side, with the seven intensities distributed between them. Each
picture is actually 5.5 inches wide and h.25 inches high. Between
successive pairs of pictures, a 1/4-inch strip is inserted displaying
a test pattern of the appropriate shades of grey (Fig. 3.3). The

position of the boundaries between shades in the test pattern is of




Left Picture

Shade

white

light grey
medium grey
dark grey

black
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Right Picture

Approx
Intensity Rainfall Rate
Level mm hr-l
0 <. 0,1
l 0-1 = 1.6
3 1.6 - 25
> 25 - LOO
7 > 400

Approx
Intensity Rainfall rate
Shade Level mm hr~l
white 0 <O
light grey 2 O = 6.4
dark grey b 6.4 - 100
black 6 > 100
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some value in monitoring the performance. A set of six pairs of
pictures emerges from the recorder every 22.5 minutes. The CAPPI
heights displayed are in sucecession 5, 10, 15, 20, 30 and 40 kft.
The scale on each map is 50 mi inch™l, The coverage of thé map is a
rectangle 275 miles by 212 miles. The cirele of 140 miles range of
the original CAPPI display falls within the rectangle in the corners
limiting the coverage of those areas, as shown on the overlay of
Fig. 3.3. |

The seven intensities are distributed between the pair of
pietures side by side, as listed in the lower paft of Fig. 3.3. In
this way the relatively narrow range of reflection density of the
facsimile paper is divided into 4 in the left picture and 3 in the
right picture, instead of 7, Thus a great improvement in distinction
between grey shades is achieved. By displaying the alternate levels
in each picture, the separation in received power level between
thresholds in each picture is 20 db instead of the 10 db on the original
transparency. The width of each grey plateau is therefore twice

what it would be for 10-db separation.

3.3 Visual Analysis of Facsimile Pictures

One objective in displaying the grey scale pictures on facsimile
is to allow a visual quantitative estimate of the echo intensity.
The areal integration and subsequent stepping of the signal makes the
information well suited for visual presentation. The spurious detail
introduced by the fluctuating nature of the signal and by the short-
comings of the PPI display has been removed by the integration .

The problems encountered in displaying grey scale pictures have

been summarized by Legg (1960). He was mainly concerned with analysing
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positive reproductions of a PPI displa&. This display actually falls
short of achieving plateaus of grey with sharp outlines because of
insufficient pre-threshold integration. He points out that a quali-
tative judgement can be made by inspection of'the picture. Also, the
partially stepped picture is an adequate archival record of precipita-
tion. At worst, it becomes a contimuous-grey picture retaining the
intensity information, which can be recovered by means of photometric
measurements. In the case of facsimile the requirements are more
| demanding. Photometric meaéurements are nbt easy, being on a reflec-
tion scale, nor are they practical operationally. In an operational
system the user wants the information with minimum effort on his part,
and certainly without resorting to photometric measurements. For this
reason the number of grey shades that can be displayed is not only a
function of the dynamic range, but also of the ability of the eye to
identify the shades,

Studies of the ability of the eye to distinguish between grey
shadeé were carried out by Blackwell (1946). The findings are well
summarized by Legg (1960), establishing in essence that for large
areas of grey with adequate illumination, the least perceptible step
in luminance is the same throughout a large range of brightness. The
smallest step, sometimes known as Fechnef Fraction (James and Higgins,
1960) is 2% of the background luminance, which is surprisingly small.
The result of this finding is in agreement with the Weber-Fechner law,
establishing that the response of the éye is essentially 1pgarithmic.

‘In the specific problem here, additional factors were found to
modify the basic findings. The grain of the paper surface affects the

size of a perceptible step., Both the amplitude and the spatial
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frequency of the grain are of relevance. If the texture is finer

than the unit of resolution (0.01" on facsimile), it is not disturbing
to the viewer because it is integrated by the eye., The most distur-
bing grain is one whose spatial frequency is about the same as the

unit of resolution (by electrical analogy it is within the pass band

of the filter - the eye). Such grain is annoying in the large plateaus,
but is severely detrimental in the case of small echoes which them-
selves are only a few units of resolution in extent. Besides adding
texture to the plateau, the grain affects the sharpness of a transi-
tion in reflection density (Fig. 3.4). In this case the amplitude of
the grain is important in relation to the size of the density step.

A subjective estimate suggested that graininess began to be objectionable

when the amplitude appeared about equal to the step. One guide became

Grey background and grain result in a loss
of one usable shade, Insert shows an im-
proved grey scale.

Kip, 23
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soon apparent: The facsimile reproductions with the best resolution
(finest grain) are those on which the scanning lines are clearly
discernible. Since there are two lines on facsimile per mile, the

line pattern is just acceptable, If the grain obscures the line struc-
ture, it tends to be coarser and therefore highly distracting. On the
other hand, spurious intensity modulation on a much coarser scale,

such as 60=-cycle power line modulation, surprisingly is not objectionable,
although its presence mars the appearance of the pictures. The 60-cycle
modulation would produce vertical bars with a horizontal spacing of
about 0,4 inches. Because the ripple is
introduced after stepping, the pattern is

continuous and the eye could easily learn

to ignore it in picking out the grey con-
- tours. (Actually we have no problem in
suppressing the 60-cycle modulation.)

Assuming that the grain of the picture is fine enough, the number
of shades that can be operationally displayed depends on the method
used in estimating the intensity of an echo. Referring specifically
to the geographical scale of 50 mi ineh™ and the intensity scale
described in section 3.2, one can establish two possible means of
identification of the echo intensity. One way is to count the steps
from the background up to the maximum intensity. This was possible
in most cases of summer precipitation, and of course presents no problem
in winter when the gradients are gentle., In convective and cold front
situations during the summer of 1963 the steepest gradients were about

50 db in 1 to 1% miles, and in these it was not possible to discern

and so count the steps. However it was always found possible to ascend
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to the maximum echo from some other direction where there was a less
steep gradient.* If counting is used, the total number of grey levels
that can be displayed is to some extent a function of dynamic range
but mainly of resolution, or better still the ratio of the width (or
sharpness) of a transition to tﬁe smallest width of a grey plateau

in the direction of the gradient. Fig. 3.5 illustrates how the sharp-
ness of boundaries affects the ability to count steps. The picture on

facsimile was made 7" by 11" and then reduced photographically to the

TS &
5 ; 19427 7AU63

L. 8l
L oY

Figl 305

t‘I'he gentler gradients behind the storm are usually reél and are only
partly a result of distortion caused by attenuation due to the inter-
vening storm,
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standard width of 5.5".; The steps, incidentally, are separated by

16 db instead of the usual 20 db to display some realistic fourth
shade. The contours can be identified eagily, even though both the
plateaus have been narrowed by shrinking the threshold separation, and
the precipitation is’one of the more intense storms of the summer
1963. For example, the intense core in the north-east reaches 48 db
above the lowest threshold in one mile, However, if the number of
well-defined shades is reduced to about four (in addition to background),
the eye can make an absolute estimate of the intensity. It is easy
with three shades in the right picture. It can just be done with four
shades if the distribution of the shades is modified, from one with
equal density steps to one that takes into account the relative areas
of the shades and the environmental viewing conditions.

There is a basic difference whether the echoes are presented as
grey-to-black on a white background as in Fig. 3.3, or grey-to-white
echoes on a black background as on a photographic print, for example
in Fig. 1.3. There are at least two reasons why the presentation with
white echoes is better. First of all the most intense echoes are the
ones of greatest interest to the analyst and their presence is not
known a priori. On the ''white echo" presentation they are near the
white end of the scale and are least affected by glare. A 'black echo"
display needs adequate lighting to minimize the danger of not discerning
the intense core. At a low illumination or adaptation level there is
a "black point" below which a dark grey will appear as black (Evans,
1959). A small patch of black on the background of this dark grey
will merge with the surrounding. By increasing the illumination, and

thereby raising the adaptation level, one lowers the black point
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sufficiently to cause the dark grey to appear lighter than the black
patch,

Another difficulty with the black echo display is caused by light
specularly reflected from the surface of the picture, or glare, If
the diffuse reflection density of the black is 11 db, the diffusely
reflected light is about S%IOf the reflection from a white surface,
If, for example, the glare term is 5%, the total reflected light is
13%. A measurement of the total light by means of a spot photometer

will yield a density of only 9 db. Fig. 3.6 is a plot of the effect
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Fig. 3.6
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of a glare term on the reflection density. Curves for three values

of glare are shown: 2, 5 and 10%. A similar problem arises in cameras
and other optical instruments where it is usually referred to as flare,
In both cases it reduces the apparent contrast in the dark end of the
grey scale.

An attempt was made in the early transmissions during the winter
1962/63 to display white echoes on a black background. It soon became
apparent that such a display could not be run operationally. Rapid
wear of the marking blade resulted from the fact that over 90% of the
area was maximum black. Carbon accumulation on the helix caused
severe vertical étreaking in the picture so that after four hours the
recorder had to be cleaned and the blade replaced., Several modes of

operation were tried and are briefly listed in section 3.5. The

0 1,0 3.0 4.5 1.5 &b

’ | ¥
/

o &

left: 3db step from dark grey to black.

right: 5db step.

above: four shades used in the example
on the right. '

Fig. Suf
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presentation offering the best compromise is shown in Fig. 3.7. In
order to compensate for the loss of ability to distinguish between
grey shades at the black end of the scale, the step from dark grey to
black is made 5 db of the total 11.5 db. The four shades uéed in the
left picture are shown at the top of Fié. 3.7. The step from background
to the first shade is made only 1 db. The viewer intuitively knows that
the first shade is in the picture because usually darker shades are also
present. The eye only has to find the outline. In the case of the
highest intensity echoes, difficulty arises as shown in the lower part
of Fig. 3.7. While in the test pattern the 5-db step from dark grey
to black appears comfortably large, in the actual echo it is barely
enough. On the left a 3-db step to black is definitely not sufficient.
It should be noted that all the reflection densities quoted refer
to the original facsimile picture. Reproduction through two processes
to obtain the photograph in Fig. 3.7 has led to compression of light
greys in the toe of the paper characteristic. Incidentally, the seventh
intensity is not real; the sensitivity of threshold seven was lowered
to display the sixth intensity as black in the left picture for purposes

of illustration.,

3.4 Facsimile Paper

(a) Sensitometric Characteristics

To be suitable for a grey scale display the recording paper must
have an adequate range of contrast from black to white. Typically, the
range is a factor 12, or about 11 db: The light diffusely scattered
from the darkest patch is 8% of that scattered from the white portion.
The paper is not archival, and if exposed to light after marking, it

exhibits a shift in the grey tones. The contrast range of 11 db is
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typically the highest range of facsimile paper. (For comparison, the
best glossy photographic print has a range of 16 db (factor 40) and a
full-matte print has 13 db.) The main limiting factors are the surface
texture of the paper after recording and the ratio of line width to
line modulus in recording.

Examination of the paper under magnification reveals a texture of
black elements mixed with light grey elements, analogous to granularity
of a photographic emulsion, but on a larger scale. At maximum marking
power the residual white grains are reduced, but in the limit they
contribute to the reflected component.

In the black areas of the picture the marking lines tend to merge,
but there remains a periodic variation in density as one traverses the
record across the scanning lines. In the mid-greys the spaces between
lines in effect result in a half-tone shade. In a black patch the
remaining spaces contribute to the reflected light, limiting the
maximum contrast. Because the spaces between lines vary with marking
current, their relative contribution to'the total reflected light also
varies. In this respect they differvfrom the glare component which is
fixed and to a first approximation independent of the reflection density.

Three types of paper were used in the D-611-F recorder:

Muirhead Instruments, type E

Hogan, type 63S

Muirhead Instruments, type H
The first two were found to be quite similar. They have typically a
10-db contrast range immediately after marking. The reflection density
of the black then increases to about 11 to 12 db about 24 hours after

marking. Part of the increase can be accounted for by a gloss acquired
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by the surface, so that the contrast range increases just as it does
with a photographic print after its surface is made glossy. As the
meximum black increases in density the dark greys do also and tend to
merge with the black, while tones near white remain unaffected. The
higher contragt range does not offer any advantages, however, because
it is not available immediately after recording when the pictures are
used operationally. In general the archival quality of the type E
paper is worse than that of the type H paper. The type H paper has a
range of 9 to 10 db after marking, which can be maintained operationally
without undue demand on the recorder. The increase in'density in the
first 24 hours is not more than 1 db and the picturés could be stored
for several months, élthbugh this is not an operational requirement.
(b) Measurements of Density

Density measurements were made in the laboratory 24 hours after
recording. Measurements with a spot photometer (SEI’ were difficult to
make because of the glare problem.. More accurate values were obtained
by photographing a facsimile step wedge on a 4 x 5 inch high contrast
plate (Kodak, Contrast Process Ortho)., The plate was then processed
together with a sensitometric test strip. The densities of the facsimile
paper were obtained through the transfer characteristic of the film,
determined by means of the test strip. A set of grey cards thén served
for a direct comparison in quality control at the recorder. Placing a
card next to a grey patch on facsimile paper and comparing by eye proved
to be an adequately sensitive method. The cards were made from grey

"color-vurik paper of known reflection density. Following the technique

X Exposure Photometer, Salford Electrical Instruments, Great Britain.
**The Craftint Manufacturing Company, Cleveland, Ohio.
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Figs 3.8

used in spot photometers, the cards have a hole with a sharp outline
(Fig. 3.8) and are placed over the grey patch on facsimile. The patch
must be big enough to fill the hole in the test card. The difficulty
of measuring the reflection densities directly suggests that for viewing
the product care must be taken in locating the display and arranging
the lighting of the facsimile pictures, if the full use of the contrast
range is to be made.
(e¢) Electrical Characteristics

The signal applied to paper is derived from an amplitude-modulated
carrier by full wave rectification. The marking current is pulsating
D.C., but the individual pulses are not resolved on the record.
Fig. 3.9a is a plot of the paper resistance against applied voltage.
Because of the variation of the resistance with signal, the amplifier
output impedance is matched to the paper only at maximum marking level
where efficiency is important. The density of the paper is a function

of the marking current rather than marking voltage. (The characteristic
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FIG 3.9a

PAPER: MUIRHEAD, TYPE H
RECORDER: D- 6li—F
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is shown in Fig. 3.9b.) 1In the light greys the mismatch results in
variations in the marking current as the resistance of the paper varies
slightly from point to point, resulting in a worse graininess in the
near whites than in the dark greys. A useful test would be to devise
a marking amplifier whose output current is stabilized by feedback
(constant current source) and thus hope to improve the graininess. The
characteristics of the paper were found to deteriorate as the moisture
content of the paper decreased. A roll stored in the machine for one or
two days had usually higher resistance and a worse graininess. Similarly,
rolls from different batches showed some differences. Consistent per-
formance appears to require rather close tolerances on the moisture
content.

| The uniformity of the record depends to a large extent on the
pressure exerted by the writing blade on the paper. Raising the blade

pressure above the recommended 140 gms resulted in a marked improvement
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Recorder blade pressure used in the left picture 140 gm; on the right 210 gm.

Fig. 3.10
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in texture and sharpness (Fig. 3.10). A pressure of 100 to 120 gms
resulted in a poor record. The recommended value was, however, not
exceeded in operation to avoid damage to the helix wire.

The pressure of the writing blade is necessarily unbalanced in
normal operation. The side on which the helix wire enters under the
blade has to be reduced to avoid knocking and damage to the helix wire.
The picture on that side therefore shows coarser grain than the other
side, and unfortunately this is the side with four active shades where

grain is particularly detrimental.

3.5 Signal Polarity
During the experiments both the black background and the white

background pictures were produced. At the same time both positive and
negative modulation polarity at the transmitter was tried, The system

evolved through three stages before the final display form was arrived

TRANSMITTER LINE RECORDER
MODULATOR DENOD=-MOD PAPER
ON/OFF  MAX ECHO BACKGROUND

T el || 55 el -
Jz;e 20 db C;ﬁm —MWM- fg%iiii-‘?_g; c.:2 —WMMM}— LIGHT GheY
3 00 el g

Fig. 3.11



50

at, In previous sections reference was made only to the last form.

The intermediate stages in the development will now be briefly desciribed.
The relevant variables are tabulated in Fig. 3.11l. From April to

June 1963 white echoes were displayed on a black background. Since the

recorders had the polarity reversal of the modulation built in, the

modulation at the transmitter was positive. The positive modulation

(max echo-max carrier) is a natural one and rather straightforward to

align and understand, particularly for a stepped modulator. One dif-

ficulty encountered was a leakage of carrier through the modulator

gates so that with all gates open (no echo) the signal was only 20 db

INPUT REFERENCE LEVEL= O DBM—LINE ATTENUATION

BLACK —»

< WHITE
REFLECTION DENSITY (DB)

-40 -30 -20 -10 0
POWER INPUT FROM BALANCED AUDIO LINE (DB)

Fig. 3.2 (Repeated)
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below the maximum. Referring to curve A in Fig. 3.2 (repeated in this
section) the maximum black cogld never be achieved and the no-echo
reflection density would be only 7 db. The shaping stage in the
recorder was deliberately disconnected and the narrow dynamic range
characteristic (curve B, Fig. 3.2) was used. Except for the more
critical stability requirements due to the narrow range, the electriéal
performance was satisfactory. |

After early trials it soon became apparent that there was little
hope of using the black background display. The maintenance problems
were unmanageable, although the pictures were quite pleasing when the
recorder was in good condition. In June 1963 the polarity of marking
was reversed to provide grey echoes on white backgroﬁnd. First attempts
at reversing the polarity of modulation at the transmitter were unsuc-
cessful. As the echo increases, the carrier amplitude mist decrease
and the adjustment controls of the transmitter become interdependent
and rather difficult to adjust routinely.

A quick solution was found in bypassing the demodulation and
remodulation stages in the recorders, and feeding the amplified signal
from the line to the marking amplifier (curve C in Fig. 3.2). The
polarity of the transmitter output remained the more natural one:
maximum carrier for maximum echo. The maintenance of the recorders
was reduced to the point that Meteorological Officers in the Briefing
Room could keep the recorder operating adequately. However the result
left much to be desired. The limited dynamic range of 20 db on the
line led to slight marking of the background on the paper. As shown
in Fig. 3.2, the marking (at -20 db) produced a density of about 1 db.
Being at the white end of the scale the 1 db loss represented a loss of

one usable shade, and as a result only three shades (intensity levels
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1, 3 and 5) were displayed in the left picture.

In addition, the pictures exhibited vertical
streaking about 2 inches long, after an intense black
marking (Fig. 3.12). Presumably the maximum marking
locally changed the shape of the blade or caused a
local deposit.

To eliminate the shortcomings in the pictures
the system was changed in August 1963 to the final
form. The bypassed stages in the recorder were
reinserted, while the polarity of modulation at the

transmitter was made negative (max echo-min carrier).

The recorder was brought back essentially to the characteristic recom-

mended by the manufacturers. The transmitter circuits were modified

to eliminate the leakage and thus extend the dynamic range to better

than 4O db., An alignment procedure for the modulator was evolved

which enabled the sensitivities of the thresholds to be adjusted, as

well as the individual shade controls, without interaction. While the

shade adjustment is not as straightforward as one would like it to be,

the system is quite practicable because the circuits are sufficiently

stable that the output voltages have not drifted significantly over

a three-month period.,
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4. FLYING SPOT SCANNER

L.l Scanner Geometry

The rectangular raster, generated on the screen of the cathode
ray tube is 120 mm by 93 mm. The raster is composed of 850 interlaced
lines. The two sets of alternate lines produce the two adjacent
pictures on facsimile. An optical system,shown in Fig. L.l, is used
to image the raster on the transparency. The raster is imaged by the

objective lens (L1) on the film negative. The reduction (in linear

CRT
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dimensions) is 8.1 to 1. As the spot on the screen traverses each
line, the spot in the image plane scans the photograph of the preci-
pitation. A fraction of the light is transmitted through the film.
The fraction depends on the transmission coefficient through the film
emulsion over the image area of the spot. The transmitted light is
thus modulated by the information on the transparency. A condenser
lens (L2) behind the film gathers the transmitted light and directs

it at the photocathode of the multiplier phototube.

4.2 Uniformity
The fidelity of the scanning system depends to a large extent on
the uniformity of response over the whole frame. Any non-uniformities
in the scanner are super-imposed on the original echo pattern as a
spurious modulation. The two sources of non-uniformities are the
cathode ray tube and the optical system, The contribution of the CRT
is both a variation in light output over the area of the screen, and
a high frequency component caused by the granularity of the phosphor.
Scanner tubes are manufactured to tight specifications in this respect.
The cathode ray tube used here is not a special scanner tube, but
rather a high quality radar display tube. It was chosen for practical
reasons, in that the tube-mount and the deflection elements were
available for this particular tube (VCRX 365). The uniformity of the
tube luminance was found to be within 1/4 db over the area of the raster.
The noise amplitude caused by the phosphor grain is 1/4 db in light
output. The figures are adequate but not exceptionally good. It turns
out that the performance of a high-quality radar tube falls short of
a good scanner tube,

The uniformity of the optical system depends on the proper design
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and alignment. As in any optical system, the axial alignment must be
adequate., The condenser lens is chosen to image the exit pupil of

the objective lens on the cathode of the multiplier tube. This assures
that all the light passed through the objective is intercepted by the
photocathode. As the image of the spot traverses the optical gate,

the image formed on the photocathode is stationary and independent

of the spot position. One consequence is that the information is not
affected by non-uniformities in the photocathode.

The condenser lens has a focal length of 60 mm and forms a 36-mm
image of the 15-mm objective aperture. Thus, all the light passing
through the objédtive pupil passes through a point in the plane of the
film, then spreadé out to cover the stationary 36-mm disc on the photo-
cathode. One could, for example, use a phototube with a smaller
aperture and accept only a fraction of the total light without a loss
‘of uniformity.

" The choice of the objective lens also affects the uniformity.
Proper mounting of the lens avoided vignetting by any aperture except
the one in the image plane. It is, however, surprising that some
expensive lens assemblies suffer from this elementary defect. The
maximum angle of the rays from the object affects the uniformity and
should best be kept small. The objective lens with the rather long
focal length of 75 mm was chosen to limit the off-axis rays to 6°. In
a camera the response falls off as the fourth power of the cosine of
the angle. While in the camera the significant quantity is the light
per unit area falling in the image plane, in the scanner the signal is
derived from the whole flux passing through the image plane. As a

result, the response of a scanner varies only as cos? 9. The defect
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is therefore smaller, but on the other hand the requirement is
correspondingly more stringent than in the case of a camera. For the
angle of 6° between the marginal ray and the normal the fall-off is
- 1%. Also, when an objective lens with a long focal length is used,
e.g8. 75 mm, the design of the condenser is made easier. The plane of
the objective is the object plane of the condenser, and as the separa-
tion is increased the condenser can be made weaker.,

A small edge effect is caused by the contribution of the diffusely
scattered light in the film emulsion. The condenser lens is designed
to collect efficiently the specularly transmitted component. A fraction
of the diffuse componeht reaches the phototube and part of it is blocked

at the edges of the frame. Again the error is only 1%.

4e3 Scanned Format

The CAPPI picture with its peripheral test pattern occupies a
circle 17 mm, and is positioned in the 19-mm circular aperture of the
scanner. The scanned area is so chosen that the raster is wholly
contained in the aperture. The scanned material is a negative which,
in the absence of echo, has only the density of the film base so that
maximum light is transmitted. If the spot were allowed to overscan
the 19-mm aperture the light would be blocked by the opaque edge,
resulting in a step of maximum contrast. Such a step is not desirable
because at the recorder it would cause severe wear of the blade. The
scanned reétangle is shown in Fig. 4.2. The dimensions were chosen
to give a reasonable north-south coverage without scanning much beyond
the range of 140 miles in the corners. The range from 140 miles to
170 miles is reserved for the grey test pattern.. Of the four patterns

normally painted out on our displays three are blanked on the rapid
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processor display, leaving only the north pattern for monitoring
purposes. The space normally reserved for the remaining three patterns
is blank since the CAPPI circuits could not be easily modified to
extend the radar coverage beyond the 140-mile range, and yet display
the test pattern in the north. In the chosen format, the scale on

facsimile paper is conveniéntly 50 mi inch™L,

L.4 Photometric Relations

The photometry of the scanning system is to a large extent the
same as that of a camera and in part is followed here. The spot can

be assumed to be a Lambert source of an area A and having a luminance
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of B foot - lam.bertst with a cosine distribution with direction. The

total flux (F) intercepted by the lens of the diameter d is

BAL
F =

L.l
4u*

where u is the object distance.
This expression is derived further to give the flux per unit area,

or illumination (E) in the image plane (see, for example, Marshall
and Pounder 1957, p 587).

B T.
= —_— S ll-nz
E: 4 NZ :
where N is the f/ number of the lens.
Tg is the transmission coefficient through the
lens (nearly unity).
The flux per unit area is the relevant quantity in a camera, in that

it determines the exposure of the emulsion. Thus the sensitivity of a

camera is determined by f/ number alone. In a flying spot scanner the
total flux through the image plane reaching the photocathode contributes

to the signal. The total flux, given by equation L.l can be rewritten:

Fe =2 Ts-a .3

where a is the area of the spot in the image plane.

Tg can now, for convenience, include the attenua-

tion by the film base,

iy source, 1 sq foot in area with a luminance of 1 foot-lambert emits
1 lumen. The forward flux is 1/1T lumen/steradian.
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In general the flux reaching the photocathode thus depends on the
speed of the lens and also on the spot size in the image plane.
However, for a given application the required dimension of the spot
image is fixed. In this case the relation reduces to the standard
camera relation.

Af audio scanning frequencies used here, the noise originating
in the photomultiplier and its load is negligible compared to the
signal. The minimm flux at the photocathode is 6 x 1078 lumen, com-
pared to the dark current equivalent of 2 x 1079, The maximum flux
now used is 11 db above the minimum, There are still 10 db in hand
on either side of the dynamic range now u;ed, before on the one side
noise becomes a problem, or on the other side the CRT luminance becomes
excessive, The phosphor grain presents'a more serious problem. As the
spot moves across the screen the output current fluctuates, but the
term "noise" is only partly applicable. One component of the noise is
fixed and independent of spot brightness. The second compoﬁent is in
the form of a modulation of about 1/4 db. At the brightness levels at
which the scanner is operated, the modulation component is the larger

of the two,

4.5 Photometry and the Tmage on Film

The material to be scanned is a negative transparency on which
most of the area has not been exposed and is therefore clear. The
areas of echo have a density depending on the exposure and the film
characteristic. The seven steps on film cover a density range up to
11 db above base. The step from base to shade one is made typically

2 db; the other steps are 1,5 db., The densities of the emulsion refer-
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red to throughout this ﬁork have been measured on a Kodak 1A
.densitometer and are therefore diffuse densities. The quantity of
importance in the flying spot scanner is nearly the specular density,
which in general is the higher of the two.t The modulation of light
flux Ey'the film can be described as follows., Let the maximum flux
reaching the photocathode in the absence of echo be Fo? as determined
in section 4.4. Then, as the spot is imaged on a denser portion of

the film where the transmission coefficient is Ts’ the flux is
Fr=FfTs : s

‘The current from the phototube (i) is proportional to F, such that
(=(aF) T b5

where G is the phototube sensitivity (15 amps/lumen)

and F_ is 0.6 x 106 lumen.
The output current is thus linearly related to the transmission
coefficient. At first it would appear advantageous to distribute the
seven intensity levels linearly on the transmission scale of the
transparency. Such an arrangement would offer two advantages., (1) If
there are variaﬁions in the transmission through the film within the
area of the spot, the output is pg?portional to the total light flux,

which in turn is equally weighted by the transmission coefficient,

F::I:; 7;a'a.

area of spot heb

%4 half-tone screen is an example of a filter for which the specular
and diffuse transmission coefficients are identical because the
diffuse component alone is zero.
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(2) At the output of the phototube the seven intensity levels will
bé equally spaced on a voitage scale, The equal spacing is well
suited for the stepping circuits that follow the photocell.

Difficulties are however encountered with equal transmission
steps which tend to ocutweigh the advantages. The equal density steps
on film were chosen because the logarithmic quantity density is the
more natural quantity to describe a photographic process. In addition,
the uniformity and stability of the system have to be considered.
Non-uniformities in the optical system are fractional errors, as are
variations within the area of the CRT screen. Temporal variations
or instability of spot luminance is also a fractional error, If the
steps are logarithmic, these disturbances tend to affect all intensi-
ties equally. The equal transmission steps are difficult to produce
on the first cathode ray tube. Because of the third power relation-
ship between signal voltage and luminance of the first display CRT,
the video signals are compressed near the low intensities to produce
equal factors in luminance on the display. The compression in the
low intensities would have to be even greater to produce equal trans-
mission steps. Also, the stability of the first CRT would affect the
system in the same way as does the scanner CRT.

For these reasons, equal density steps of aboui 1.5 db are
produced on film. The first step from base is made 2 db to avoid
penetration of the lowest threshold by the background output of the
scanner léading to a noisy picture on facsimile. The overall transfer
power law from antenna received power to the density scale on film
is (9 db/60 db) = 0.15. The density is thus proportional to the

power level (log Pr). Since the density is itself a logarithmic
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function of Ts » the transmission coefficient, T, turns out to be:

KO-IS
TS = l&o70.

'Pr 0.5

where P, is the received power, range normalized
and K is a constant nearly equal to the radar

sensitivity.

The phototube current, i, is

The current

each 1.5-db
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decreases by 1.5 db. Fig. 4.3 is a plot of output current against
the film density. The seven intensity levels are indicated along
the abscissa.

The equal density steps leave two problems which are still
unresolved. The first is the inconvenient crowding of the steps in
the high echo intensities. The compression is objectionable particularly
in our system, where the signal is stepped by a thresholding circuit.
The difficulty has been almost eliminated by using a non-linear load
at the output of the photomultiplier, -as will be described later.

The second difficulty arises from the distortion which occurs
if the spot has to average out spatial variations in density within the
area of the spot. Since the signal depends on the average transmission
coefficient (equation h.6), the output will be biased towards low
intensities if there are large variations within the area of the spot.
The natural fluctuations in the received signal are partly averaged
when they appear on film. A numerical check on the distribution of
signals suggested that the bias error is not more than 2 db in received
power, which is comparable to, or better than, the limiting instru-
mental accuracy of the system. Integration in range over two pulses
before the first display helps in this respect by narrowing the distri-
bution before displéying. Therefore, even though there is areal inte-
gration in writing the pattern on the CRT and then reading it with the
scanner, the initial integration in range is uéeful to narrow the
distribution and was therefore not eliminated when the scanning system
was introduced.

The small scale variations in the film density, originating in

the radar itself can lead to greater difficulties. The ripple pattern
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caused by a modulation of the spot position at a 60-cycle rate is
still a serious unresolved defect in our grey scale displays. The
beat pattern is noticeable in the peripheral test pattern where the
line spacing is greatest. Since the thresholds are calibrated against
the test pattern, the fact that its densities will appear smaller will
result in an overestimate in the echo intensity. Defocussing the
camera lens (ahead of the film) is a practical if not an elegant way
of reducing the effect,

The considerations of the distortion of the intensity scale have
. led to the realization that the half-tone filter used to correct for
the variable line spacing will lead to distortion if the individual
dots can be resolved on film. Consider the following example: At
one teﬁth of the CRT screen radius the areal brightness is teﬁ times
what it is a£ the edge of the screen. The filte; at the short range
is made to have 103 clear area and- 90% opaque, resulting in the same
average exposure at both radii. If the filter is in focus and resolvable
on film, the exposure at 1/10 radius will consist of dark dots
covering 10% of the area surrounded by 90% of clear base. The average
de%sity will be nearly the base density. Fig. 4.4 is a plot of the
equivalent average density as a function of range for two values of
density at the edge, 3 db and 6 db. At short range both values tend
to be near base, Now the above example is extreme in that the pure
half-tone pattern will not be reproduced on film, and some averaging
will be caused by scattering and insufficienf resolution. However,
the case of a partly resolved filter can occur and, while the error
will correspondingly be smaller, it is best to focus the camera

h

Judiciously and, if necessary, to move the filter away from the CRT
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until the circié of confusion for the given f/ number exceeds the dot
spacing. In our case the dot spacing in the image plane of the camera
is 0.03 mm. The corresponding depth of field for a 40-mm lens, set

at f/2 is 3 mm. Thus, at the f/2 setting it is only necessary to

focus the camera properly. At the £/ lens opening used on our displays
the thickness of the face-plate is just sufficient to eliminate the dot
pattern on film if the object plane is set just behind the plane of

the phosphor., Once the filter pattern has been lost, its function to
correct the average exposure is completed., The negative can then be
passed “through further photographic processes (or through electro-

optical scanning) without distortion of the grey scale.

L.6 Spot Size

We have assumed so far that the spot is a disc of uniform

brightness. In actual fact the luminance varies over the area of the
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spot and is maximum at the centre. The distfibution of electrons in
the beam is gaussian. In the ideal case of no aberrations in the
electron optics the charge distribution falls off ekponentially with
the square of the distance from the centre of the beam, leading to

a similar light distribution in the spot (Soller et al, 1948). The
gaussian region extends outwards to where the intensity is about 10 db
below the peak intensity. Thus, if we define the luminance {per unit

area) B (foot-lamberts) then
2
B = B, exp. [ iz |
’ = o RX P 14412 L.8

B, is the luminance at the centre of the spot and r, is the radius
at which the luminance is one half of the maximum. At 1.8 r, the
luminance is 10 db below the peak. The spot diameter normally quoted
in the literature is 2
The light flux is detected by a phototube which is sensitive to
the total light reaching the photocathode. It is therefore of interest
to consider contours containing a given fraction of the total intensity
It' The fraction Ir/It can be found by integrating the function in
equation 4.8,
Fv ) r
- fd;ﬂ/ Brdr
.‘é.': = 2 ° —
21 oo
Ie  [Td¢["Brdr e
o o

The details will not be reproduced here but essentially the integral

of the volume of revolution of a gaussian is simpler to evaluate than
the more common area under the gaussian. The integral of equation 4.9

leads again to a gaussian and, in fact, the fraction of the total flux
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emerging from a circle of radius r, I, is given by

| Tt
II" , e _-—-—-r
—_— - X - 2
I.t F [ /.44 ] L,10

Comparing equations 4.9 and 4.10, we see that at radius r, the luminance
is ozie half of the maximm (equation 4.9) and half of the total inten-
sity is contained within the circle of radius roe Similarly at r =

1.8 r,B is 0.1 B, and In/Iy = 0.9.

As the gaussian spot scans past an opaque straight edge, the
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signgl decreases from the maximum through the full dynamic range in
two ﬂalf-intensity diameters. The waveform is shown in Fig. 4.5
(dashed curve) against a logarithmic ordinate. In actual fact, the
signél levels off about 13 to 15 db below the maximum, due to scattered
lighﬁ and background light (solid curve). In the context of the present
work where the dynamic range is about 10 db, the spot diameter measured
at tﬁe ~-10 db level is of greatér interest in determining the sharpness
of edges after scanning, as shown in Fig. 4.5. The half-luminance
diameter is more relevant to the averaging of the transmission coef-
ficient by the spot: The information within the half-density diameter
is weighted about equally, while beyond this diameter the contribution
to the total signal is small, except possibly at the edge of a sharp
transition.

The spot diameter on the flying spot CRT was measured by scanning
a sharp edge of an opaque material placed in the scanner optical gate
(a razor blade was actually used). The waveform from the photomltiplier
output was displayed on a cathode ray oscilloscope and recorded as the
spot emerged past the edge. The spot radius was measured by néting
the time required for the intensity to change from 1/2 I, to I, and
converting this time to distance on the face of the CRT. The half-
Juminance diameter turned out to be 0.2 mm or b.5 miles on the scale
‘of the transparency. The diameter at 10 db below the maximum luminance
is about O.4 mm, or 1 mile.

A more precise and a correspondingly more elaborate method has
been outlined by White (1959). White's equipment is similar to a
flying spot scanner except the optical system is arranged to produce

a magnified image (x5) of the spot rather than a reduced image as in
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our scanner. With the image suitably enlarged it is possible to scan
an aperture which is small in relation to the size of the image, and
thus:produce a detailed intensity profile of the spot,

One technique to measure spot size uses a TV-type raster which
is siowly shrunk until the adjacent lines appear to merge. The inten=-
sityiin the valley is the sum of contributions of two adjacent lines
and appears to be equal to the peak intensity if each of the contribu-
tioné is 3 db below the peak. The spot diameter is then equal to the
heigqt of the raster divided by the number of lines in the raster.

The Shrinking raster technique is known to yield diameters smaller
thanjthe diameter at the half-intensity. Another technique involves
measQring the spot size with a microscope. It gives a qonsiderably
largér diameter becauée the eye observes the edge of the spot much

lower on the intensity profile., Furthermore, the diameter measured

|
this?wayValso depends on the spot brightness and on the ambient light,

L7 halation

The contours containing a given fraction of the total emerging
flux follow the gaussian relation of equation 4.9 out to the contour
containing about 90 or 95% of the total. This gaussian region can
coﬁvepiently be called the primary Spot; The primary spot is surrounded
by a Lalo extending over an area of several square centimeters and
uhich;contributes 5.to 108 of the total light reaching the phototube.
A smail echo on the film of say a density 10 db above base modulates
the primary spot, resulting in a 10-db decrease in the flux in the
prima?y spot. The halation component will reach the phototube ﬁn-
attenhafed,or at most partly attenuated. Its contribution may then

be comparable to the modulated primary spot. The halation effect is
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quite similar to lens flare, but is larger. A camera lens is capable
of photographing an outside scene whose luminance range may reach 30 db,
The ci:ontrast range of a CRT is 10 to 13 db (corresponding to a halation
contribution of 10 to 5%).

zThe effect of the halation is to reduce the measured density
from the actual density, ’as shown in Fig. 4.6. The curve for a 5%
ha.la.ﬁion component is low by 2 db at the limit of the dynamic range

(11 db above film base).* A fraction of the halation will also be

HALATION
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_ Fig. 4.6

ZBecause the film base attenuates the total flux equally, it is con-
venient to measure all densities above base,
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reduced by some portion of the echo, the actual fraction depending
on the type of echo. The echo from wide-spread precipitation will
reduce the halation component more than small scattered echoes. As

a result, the operating point is confined to the shaded region rather
than remaining on the solid curve. The sensitivities of the seven
thresholds in the modulator are adjusted wﬁen the spot scans the test
pattern in which the 30-mile wide patches obscure a good portion of
the halation. The dashed line in Fig. 4.6 represents a likely locus
of operation while the test pattern is scanned. The actual weather
pattern will therefore fall above or below the locus, depending on
the areal extent of the echoes.

The total amount of halation in a flying spot scanner can be

related to the contrast range of a television CRT. Once the relation
':is established, the information on the television contrast range,
;which is available in the literature, can be applied to the flying
spot scanner., In television one defines the detail contrast in the
following way: A bright raster covering the whole CRT is displayed,
and in the centre a small area is electrically blanked. The detail
contrast is the ratio of the maximum luminance of the raster to the
luminance of the unexcited area (Law, 1939). As the spot paints the
raster, the halation that the spot contributes at any instant to the
tesﬁ area depends on the relative distance of the spot. The raster
is painted out rapidly and the measuring instrument integfates the
total contribution of all the picture elements. The detail contrast
is therefore directly equivalent to measuring the total halation of

a stationary spot. The figures quoted for the detail contrast can

thus be used directly as a measure of the dynamic range of the CRT
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when used as a flying spot scanner.

The results are also applicable to the shortcomings of the radial
CRT display. On the display CRT the definition of detail contrast
applies to the worst situation, seldom met in real precipitation. A
more realistic figure is the contrast at the edge of a bright semi-
infinite raster (for example the edge of shade 7 in our test pattern).
This contrast is equivalent to totalling exactly half the halation of
the stationary spot, and is therefore 3 db better than the total
halation. On the display CRT the greatest halation effect is due to
shades 6 and 7. The contribution of the halation, howéver, is only
significant in comparison to the luminance of shade one. Halation
associated with the highest shades also exposes the echo-free areas
and so raises the fog level of the film. However, by increasing the
density of the first shade and raising the first threshold (in the
scanner), the picture on facsimile can be kept clean.

Extensive measurements of detail contrast were made by Law
(1939). The values he obtained ranged from a factor 6 (8 db) to 25
(14 db). The method used by Law was to project images from the rear
on a glass plate with the phosphor backing, instead of using & com-
plete cathode ray tube.

The halation contribution on the scanner CRT was measured by
inserting appropriate test frames into the scanning aperture. The
frames consisted of an opaque disc, slightly bigger than the image
of the primary spot, surrounded by an annular ring of clear base, and
again opaque outside of the ring. The transmitted light was a measure
of the halation component within the annular ring. Measurements

with several rings were made to obtain some indication of the
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distribution with the distance from the primary spot. The results

listed below place an upper limit on the probable values,

mn on CRT Miles Fraction of Flux
0 - 0.4 0-1 90%
Ouy = 4 1-10 5%
L -8 10 - 20 2%
8 - 20 20 - 50 2%
20 : 50 1%

The most suspect value is theAS% for the range from 1 to 10 miles.
The difficulty was caused by the small size of the mask (0.05 mm).
The physical explanation of the causes of halation indicates that
close to the primary spot, where the measured contribution is 5%,
there should be less than 1%. Also, of the total 10% from outside
of the primary spot, 2% is due to scattered light in the optical
system; (2% is high for an optical system; a properly mounted camera
lens, instead of our enlarging lens, should reduce the flare to less
than 0.5%8). While the scattered light does not originate on the CRT,
it is part of the system as used in normal operation, and so must be
included in assessing its performance. Allowing for the 5% in the
annular ring from 1 to 10 miles as being somewhat suspect, the halation

contribution can be placed to be about 5%.

4,8 Cause of Halation

The halation surrounding the primary spot is caused by multiple
reflections in the face-plate of the cathode ray tube. A fraction of
the light is trapped in the face-plate ard is thrown back at the
phosphor. The specularly reflected components emerge in random direc-

tions and do not reach the lens, A portion of the light thrown back
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at the phosphor is diffusely reflected by the phosphor; and constitutes
essentially an extended source, each element of which has a cosine
distribution. The lens intercepts the flux from the extended source
in the solid angle subtended by the lens opening, just as it does
from the primary spot. The amount of halation is therefore the
intensity of the extended source as a fraction of the total intensity
of the primary spot. Surprisingly, in the older types of cathode ray
tubes without an aluminized backing on the phosphor, half of the
diffuse radiation emerges on the vacuum side and only half is thrown
forward. The halation of an aluminized screen which reflects about
80% in the forward direction can therefore bé expected to be consi-
derably worse. (In other respects the aluminized screen is superior
because of the increased luminance of the primary spot and because

of the protection against ion burns.)

If the phosphor is in optical contact with the face-plate, the
distribution of the flux in glass is a cosine disiribution (top-left
in Fig. 4.7). The flux beyond the critical angle is totally reflected
at the front surface and is trapped in the face-plate. If the phosphor
is not in contact the light is refracted upon entering the glass, so
that essentially all the light is contained within the critical angle
(top-right in Fig. 4.7).

Fig. 4.7 summarizes the two types of screen deposition, in
optical contact on the left, and not in contact on the right. In all
graphs the ordinate is related to the flux whiech arrives at glass-air
interface (front) in a 2°-differential cone, sketched at the top.

In the upper left graph 58% of the flux is trapped in the glass (area
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under the curve).t Of the 42% within the eritical angle another
5,3% is reflected (area under curve A, bottom left) so that only
3% emerges.

For the case of no optical contact between the screen and the
face-plate, the flux reflected at the front surface is 10f (area
under curve A, bottom right).

Normally one would expect a fraction (D) of the phosphor to be
in contact and a fraction (1-D) not in contact, so that the total
halation would‘be made up of the two components. Now, of the flux
thrown back at the phosphor, only a fraction is diffusely scattered.
The remainder is specularly reflected. (On reflection, the diffuse
component is again D, while the specular component is 1-D.) For any
fraction (D) between 20 and 80% one would expect to observe a set of
concentric bright rings due to successive reflections. No rings were,
however, obsefved, indicating that D must be close to unity. »On the
other hand, a high value of D would imply a halation componeﬁt higher
than 104, yet measurement indicates that it is in fact less than 10%.

Attempts were made to devise a way of improving the contrast
range of the scanner. Law (1939) has shown that halation can be
significantly reduced by using a face-plate which absorbs a fraction
of the light. The same observation was made by Hainés (1953). In
essence the advantage is taken of the fact that the parasitic light
has a longer path-length.in glass, due ﬁo the large angle off-normal,
and has to traverse the path three times. Law calculéted the detail

contrast for a typical phosphor, as function of the absorption of the

XThe fraction contained in a cone of angle © is sin?9. For 6 = 41°
the fraction is 0.58.
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light in the face-plate for different fractions (D) of screen in
optical contact. His graph is reproduced in Fig. 4.8.

In our case there was no possibility of adding such a face-plate
to an exdsting CRT. There was, however, a possibility that an anti-
reflection quarter-wavelength coating could make a considerable
improvement. Retuming to Fig. 4.7, curves (B) in the lower graphs
are the calculated reflection components for a face-plate with a
coating. In both cases there is a large improvement at angles, less
than the critical angle. On the left, however, the coating has no
effect on the radiation beyond the critical angle, which is by far
the more significant fraction, while on the right the improvement is
considerable: from 104 to 2%Z. (Calculations were also made for a
somewhat thicker coating - 1.2/L - to aliow for the peak in the flux
distribution being near 30°. A further improvement results, indicated
by curves C in Fig. 4.7.)

A quarter-wavelength coating was evaporated on the scanner CRT
and the spot characteristics were re-measured. There was no noticeable
improvement, indicating that at least 30% of the phosphor must in fact
be in optical contact. There remains therefore the conflict that

(1) Absence of concentric rings in the halo indicates a high

value of D.
(2) Measurement of halation indicates a low value of D.
(3) Lack of improvement by an anti-reflection coating indicates
a high value of D.
Although our system has a limited dynamic range and there is no direct
way of increasing it with the existing CRT, it is reassuring that a

special CRT with an absorbing face-plate could improve the contrast,
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Such cathode ray tubes can be manufactured on request. At present,
absorbent face-plates are being applied to the 23-inch television
CRT's, both to increase the contrast and t§ provide an integral
safety plate. (In the past the absorbing safety glass was mounted

about one inch in front of the screen, leading to a loss of contrast

instead of a gain.)
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5. FLYING SPOT SCANNER CIRCUITS

5.1 Photomultiplier
The gain of a photomultiplier is a highly sensitive function of

the operating voltage «}G=V5). To meet the stability requirement
a well-regulated supply is used (John Fluke Co. Model 409A). The
maximum anode current is limited to 10 pa for stable operation. The
scanned material is a negative transparency with most of its area at
base density. The 10 pa current is therefore maintained continuously
in operation, minimizing the effect of dark adaptation of the photo-
cathode. As the flying spot scans denser portions of the frame the
current decreases from the maximum 10 112 to 0.8 pa, for a density of
11 db above base. Since the information on film is distributed uni-
formly on a (logarithmic) density scale, the seven intensity levels
appear as equal factors in phototube current. The signal from the
phototube is to be stepped in the subsequent circuits. The stepping
circuit, which is essentially a voltage-sensing device with a sharp
transition, must be a direct-coupled circuit due to the low frequency
of the picture information., Because of inherent drifts of direct-
coupled circuits, the seven intensity levels should preferably be
distributed as equal increments in voltage at the input to the thres-
holds. The analogous requirement existed in the stepping amplifier
used by Legg (1960) in the video stages of the radar. There the loga-
rithmic'receiver provided just the right form of signal for stepping.
A thyrite element at the output of the photomultiplier introduces
a non-linearity in response to overcome the compression of the low
signals (high density end of the scale). The thyrite element is a

power-law device of index O.45, rather than being a logarithmic
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transdﬁcer. The useful dynamic range is about 10 db; beyond 10 db the
thyrite offers little advantage over a linear load. A circuit with a
logarithmic response was tried experimentally. A string of three
silicon diodes were used as the load for the photomultiplier. At

low current levels the characteristic (I-V) for a silicon diode is
nearly logarithmic. The results were encouraging but the signal-to-
noise ratio was inadequate and the circuit was rejected.t Fig. 5.1
shows the transfer characteristic of the phototube with the thyrite
load. The low power-law shapiﬁg is only partially successful. At
higher densities the compression is still apparent, but is less serious
than with a linear load (dashed curve). The waveforms at the top of
Fig. 5.1 illustrate the improvement brought about by the shaping cir-

cuits. The calibration curve for the thyrite element was determined

+300V
V2 A
WA THYRITE 12 AX T
5819 ELEMENT
I \. SIGNAL OUT
L 100
RI :[ 220k
..... I 4 2w
R2
-300V
RITO RO
100 K
]
W
R9
M S.-CONNECTOR NOT USED
o -935V
Fig. 5.2

Xrhe current of 10 pa was too low. It is possible to use diodes as feed-
back elements in an amplifier (preferably solid state) to achieve a
satisfactory logarithmic response and a good signal-to-noise ratio.
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by means of gelatin neutral-density filters covering the dynamic range.
The density values on the abscissa are the nominal values for diffuse
density quoted by the maker, rather than the specular density actually
measured. |

The circuit diagram of the photormltiplier is shown in Fig. 5.2.
The output from the anode of the phototube is passed through a cathode
follower (12AX7) before it is sent to the equipment rack. The cathode
follower introdﬁces a shift in the voltage level, equal to the self-
bias of the tube. When no light reaches the phototube, its output
current is zero and the output cathode assumes a potential of +2.5V
necessary to bias the cathode follower to 1.5 mA plate current. As
light reaches the photocathode the voltage decreases by the amplitude
of fhe signal. The CRT brightness is so arranged that the light flux
through the base density produces a signal'of -2,5 V (upper scale in
Fig. 5.1), making the cathode follower output exactly zero volts
(lower scale in Fig. 5.1). Two limits of operation are established
in this way.

(a) Maximum density (opaque): The cathode follower output
is +2,5 V determined by the bias characteristic of the
tube, which is quite stable,

(b) Clear base: The cathode follower output is zero volts.
The ground potential is a convenient standard for

comparison,

5.2 Signal Flow Diagram

The signal flow diagram is shown in Fig. 5.3. The response curves
for three parts of the system are shown in graphs (1), (2) and (3),

while the overall response is shown in graph (4). This convenient
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form is often used to describe several steps in a photographic process
(see for example James and Higgins, 196l). Graph (1) shows the transfer
characteristic of the radar receiver as modified by Legg (1960) to
display the received signal on the density scale of the film. The
gamma of the system is 0.15, compressing 60 db at the input to the
receiver into 9 db on film (from 2 to 11 db above film base). As
described in chapter 2, there is some evidence of stepping but the
steps are not well defined. The actual characteristic, instead of
being on the line of constant slope, is alternately above and below
it. Over the range of the lowest 5 db in received power the actual
curve (solid line) shows some distortion and differs from the expected
one (dashed line). The distortion is caused by suppression of the
trace on the PPI display in the absence of signal. The suppression was
originally introduced by Barath (1961) to improve the appearance of
the reproductions of the radial display when these were considered to
be the final product from our radar. Now that the pictures are proces-
sed further in the scanning system, the aesthetic appearance of the
picture on the first storage medium is not of great importance.
Blanking the trace does offer a distinct advantage by keeping the
background of the film at base density. The light flux through the
clear base provides a reliable reference in the scanning process, and
therefore at no time in the adjustment is one'obliged to remove the
film to establish a reference level. The distortion caused by the
blanking will lead to a loss of sensitivity of about 1 db. The effect
is kept small by making the step from base to the first shade 2 db

(or more) compared to the other steps of 1.5 db. The loss of 1 db

could be further reduced by increasing integration in range (e.g. by
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shortening the pulse-length before the signal is blanked and applied
to the CRT).

" The information on the negative transparency is next transformed
into an electrical signal in the flying spot scanner. Curve (2) is
the transfer characteristic of the photomultiplier, and is identical
to that shown in Fig. 5.1. The signal from the phototube is stepped
in the subsequent circuits. The seven lines denoting the boundaries
between the 10-db intervals are carried through the diagrams. Step-
ping of the signals occurs twice in the system: Once in the video
stages resulting in curve (1), and once again beyond the scanner. The
two sets of steps should be related properly, in order that some
benefit be derived from the first set, The system depends solely on
the second set of steps to achieve weli-defined contours on the fihal
product. BEach threshold after scanning should occur on the steepest
ascent of curve (1), as indicated by the flow lines. A mismatch in
ﬁhe two sets of steps does not lead to any significant degradation of
the contcurs because the fluctuations are adequately smoothed out on
the transparency. A mismatch will however lead to significant varia-
tion of area of a given shade with small changes in the sensitivity
of the second threshold. This is apparent in curve (1) if a flow
line is displaced vertically and intercepts the transfer curve in
the shallow region.

The third graph describes the rest of the system, from the
stepped modulator through to the recorder output. The input variable
is the (slow) video signal from the scanner and the output is the
reflection density of the facsimile paper. Two paths are shown: One

leads to the left picture with four active shades (curve 3a) and the
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other leads to the right picture with three active shades (curve 3b).
The two pictures appear side by side on facsimile. The signals which
produce the two pictures are transmitted in alternate intervals of
250 msec,

The steps in graph (3) have been drawn as being vertical, implying
zero dynamic range of the transition region. The actual transition is
of course finite but is made sufficiently small that the sharpness of
the contour is far more dependent on bandwidth beyond the modulator
and the surface characteristics of the recording paper.A On the abscissa
of curve (3) the width of the transition region is less than 4 nV out
of the total 2.5 V,representing 60 db in Pp. 1If this value is carried
back along the flow lines to the received power scale, it corresponds
to 0.2 db in received power at the high intensity levels and 0.1 db
at the low intensity levels. The difference is due to the compression

of signals at the output of the.phototube,

5.3 Stepped Modulator - Description

The modulator performs two functions in the system. ‘(1) It
introduces sharp steps in the areally averaged signal. (2) It provides
at its output an amplitude modulated carrier suitable for transmission
to the facsimile recorders. The output signal is at about O dbm level
into a balanced 600-ohm line. The carrier frequency is 2400 c/s.t In
principle, the modulator consists of seven transmission gates or switches.

Each gate (top of Fig. 5.4) has three terminals: (1) Input (2) control

XThe 1ink at Montreal Airport is over private (McGill) lines. During
trials various levels of transmission up to +10 dbm and carrier fre-
quencies up to 4000 ¢/s were used experimentally. When the link to
the University, using leased lines, is added the operation will be
restricted to the parameters referred to throughout the text.
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(3) output. The gafe can be compared to a standard "and" gate used

in digital computers, with the exception that inputs to terminals (1)
and (2) are not interchangeable. The 2400 ¢/s carrier is applied to
the input terminal no. (1). The carrier will only appear at the output,
depending on whether the control potential at the terminal no. (2) is
above avpre-set threshold. The control voltage is the video signal
from the scanner.t As soon as the control voltage crosses the threshold

the gate changes its state., The controlling circuit used here is non-

KTt is in the audio range, but the shape of the signal is peculiar to
video: The direct-current component represents the average luminance
of the picture, while a truly audio signal normally has no DC component.
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regenerative: The transition range is narrow but an intermediate
state is possible if the control voltage remains in the transition
region. By making the transition region narrow it was not necessary to
resort to regenerative circuits. In these the transition is initiated
by the control signal but it proceeds to completion, driven by the
regenerative feedback.

The video information is applied to all seven gates simultaneously,
as shown in the lower part of Fig. 5.4. The Qutputs of the seven
gates are then subdivided into two groups, one to be displayed in the
left picture, the other in the right picture. Each group is added
in a sﬁmming circuit. A high-speed telegraph relay samples the outputs,
switching between the two terminals every 250 msec, in synchronism
with the scanner line frequency. A conventional line-driving amplifier
drives the 600-ohm audio line. |

The individual outputs from the seven gates are also used in an
experimental apparatus to derive areal coverage within radar range
(chapter 6). To maintain flexibility and independence in the auxiliary
system, switching between the two groups Qf intensities (left-right)
isrdone at the output of the gates rather than at the input. Each
gate is therefore operating during every line of the scanner, even
though its output appears on facsimile only every other line. Having
a meaningful output from the gate on each line is particularly helpful
in observing the waveforms on a normal cathode ray oscilloscope. The
eye can Just observe the features in the waveforms at the repetition
frequency of 4 sec™l without a storage oscilloscope.

The circuit of the modulator is shown in Fig. 5.5 and 5.6. At

the foot of Fig. 5.5 a block diagram indicates the sections shown on
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each sheet. The input video from the photomultiplier is connected

for the normal modulation polarity to Jl, by-passing the inverter V1.
The video signal is amplified in the amplifier consisting of V2 and V3.
The amplifier is direct-coupled and is stabilized by negative feedback.
Its open-loop gain of 2000 is reduced to about 50 by feedback, resulting
in a stable and linear operation. The video waveform, 2.2V in ampli-
tude, is amplified to 110 volts before being applied via J4-2 to the
control terminals of the seven gates, shown in Fig. 5.6.

Each gate is a shunt-type gate: An active element shorts the
carrier to a low impedance, allowing no signal to reach the output.
Referring to the first gate, the carrier is applied to the gate through
the capacitor Cl. The secondary side of the capacitor is restored
through R2 to the +150 V potential. The carrier passes through the.
series resistor Rl to the actual switch consisting of the four diodes.t
Whether the carrier reaches the cathode follower V3l or not depends
on the state of the four diodes. If the diodes conduct, the left plate-
cathode junction is shorted to the junction on the right. The latter
is connectea to the low impedance source of 150 V. If, on the other
hand, the diodes are cut off, the signal is not attenuated by the
diodes and is passed through Rl to the cathode follower. The output
side of the resistor Rl is thus either at a steady potential of 150 volts,
or follows the carrier voltage, which itself is restored to 150 volts,

There is no change in the quiescent point of the output and therefore’

the gate does not introduce a voltage pedestal. The gate can be

X .
A similar circuit is used as a synchronous clamp in colour television
receivers., The demand for this circuit has led to the marketing of a
tube 6JU8 containing four diodes connected to form such a switch.
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considered to be a balanced modulator because the DC component (the
pedestal) at video frequency is not introduced to the output.

The four diodes are controlled by the differential pair V9. The
grid of the right tube is grounded, while the amplified video (control
signal) is applied to the grid of the left tube. If the potential on
the control grid is below zero, the left half is cut off and the
right half is conducting 0.6 mA. The diodes are also conducting and
the switch is open. As soon as the control grid crosses zero volﬁs
in the positive direction, the tubes reverse the states, cutting off
the four diodes. The controlling video at J4-1 is 110 volts peak to
peak (from 110 to 220 V), Controls RV1l to RV17 adjust the sensitivi-
ties of the seven gates, and are therefore the threshold controls.

As the video volfage at the input to the differential amplifier V9

-
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crosses zero volts, the two plates cross the 150-volt potential, but
in the opposite direction. The waveforms are sketched in Fig..5.7.
The transition range at the plates of each differential amplifier is
10 volts. The necessary swing at the input grid is abéut 0.2 volts,
out of a total range of 110 volts.

When the gate is closed the carrier is attemuated by a factor two
in voltage amplitude., When the gate is open the attenuation results
from shunting the 1 Mohm (Rl) resistor by e;sentially half the forward
impedance of a 6AL5 diode, or about 100 ohms. The attenuation in the

open state should theoretically be(lgé)z, or 80 db, Leakage and pickup
| 100/
limit the attenuation to about 40 db (factor 100 in voltage amplitude).

During the early part of the summer 1963 the on/off isolation was only
20 db., The leakage of the carrier occurred along the +150 V bus. The
glow tube regulator (OA2) and the bypass capacitor now reduce the
leakage to an acceptable limit,

The seven outputs from the gates are returned to the shade controls
shown on sheet 1, Fig. 5.5. The shade controls, RV2 to RV8, adjust the
signal amplitude and therefore determine the reflection density on the
facsimile recorder. The weighted signals are added in the 100 Kohm
summing resistors in conjunction with the two feedback summing circuits
V4 and V5. The outputs of the summing circuits are sampled by the
' relay contact (Sigma type 72A0Z-TCP). The composite signals for the
left and right pictures are applied to two identical line-driving
amplifiers. A test circuit is included in this chassis which can be
used to display on a monitor oscilloscope the important waveforms, as

indicated on Fig. 5.5.
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5.4 Stepped Modulator - Adjustment

The signal at the output of the photomultiplier ranges from

-2.5 V (clear base) to -0,.3 V (11 db above base). The cathode

follower shifts the signal to the range OV to + 2.2 V. The level

of O V serves as a reference for setting the CRT brightness. The CRT
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base level after amplification occurs at +110 volts and the signal
through the maximum density then is about +220 volts,

Before describing the setting of the gates the desired transfer
characteristic for the modulator will be established., Fig. 5.8 shows
the signal flow diagram through to the output of the modulator. The
first two curves are the same as those in Fig. 5.3, described earlier,
The third curve now shows the transfer characteristic of the modulator.
For simplicity, the signal will be traced only to the left picture
containing four active shades representing intensity levels 1, 3, 5
and 7. The abscissa of curve (3) is as before the output from the
scanner. The ordinate is peak-to-peak carrier amplitude into the
audio line. The modulation on the line is negative, such that the
output is at its maximum in the absence of echo (clear basé). The
level of the output is just sufficient to produce no marking on the
recorder, and therefore results in a clear white background. As the
spot. scans past an echo, the scanner output decreases, and as it
crosses the thresholds the modulator output decreases in steps until
for the seventh intensity all four gates are cut off.

Referring to point (A) in the third graph of Fig. 5.8, the loca-
tion of the point (A) is determined by the two controls of gate seven.
The threshold control (T7) locates the point (A) on the abscissa, and
thus determines the sensitivity of the seventh intensity level., As
soon as the video crosses the seventh threshold the gate is cut off
and black is painted on the left picture. The output of the seventh
gate, when it is turned on, determiﬁes the ordinate of point (A) and
therefore establishes the shade of the fifth intensity level (S5).

In a similar way the sensitivity of each gate is controlled by its
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threshold control. The output amplitude from the gate determines
the next lighter shade. The signal from the first gate therefore
serves onl& to provide sufficient output to cut off the marking
amplifier in the recorder and produce no marking.

The third graph of Fig. 5.8 offers the key to an objective
adjustment procedure of the modulator. The thresholds are first
roughly distributed throughout the input range, but their order must
not be interchanged, nor should two thresholds coincide. The shade
controls are then adjusted, starting from the seventh, then the fifth
etc. A convenient input signal to the modulator for the shade adjust-
ment is a sawtooth waveform derived from the horizontal sweep generator.
For the threshold adjustment the input signal is derived from the photo-
multiplier with the regular processed frame in the gate. In practice,
while the adjustment proceeds the processor is in operation and a new

frame enters the gate every 3 3/4 minutes. The scanning line on the

B 2 4 6
PHOTO-TUBE OUTPUT LEFT SUM RIGHT Sum
A B e

Fig' 5-9
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scanner CRT is positioned in its "test" position and the north test
pattern on film is scanned. The position of the test line was shown
earlier in Fig. 4.2. The output from the scanner is displayed on a
cathode ray oscilloscope, synchronized with the horizontal line
frequency. Fig. 5.9 (a) shows typical waveforms. The horizontal
position of each transition is marked on the face of the CRO., The
output from the left group of intensities (Fig. 5.9b) is then displayed
on the CRO by switching the selector switch of the test circuit in

the modulator (circuit diagram in Fig. 5.6). As each threshold control
is rotated, the horizontal position of the corresponding transition in
the output waveform changes. The positions of the four transitions

are set to occur at the appropriate positions, previously marked on

the face of the CRO,

5.5 Stepped Modulator - Stability .

In order to establish a stable operating system, precautions were
taken wherever it was possible to eliminate sources of drift in the |
circuits. The processor and the scanner run unattended for periods of
20 hours or longer. The foremost requirement for an automatic operation
is adequate freedom from drift. In the particular case of the modulator,
the approach was taken to use as many tubes as required, but to operate
each tube at a conservative performance level. One consequence of this
is the fact that as many as 34 tubes were used. The tubes are used
in configurations similar to those used in transistor circuits where
drift is a known problem, and there precautions are taken to compensate
the circuits for drift. The input video amplifier and the two summing
circuits (left group and right group) are operational amplifiers with

feedback. The gains of the amplifiers therefore depend on resistor
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ratios rather than on tube characteristics. In fact both the
ihreshold settings and the output amplitude (or shade) settings are
determined only by passive circuit elements. The output amplitudes
have not had.to be reset in three months<of operation during the fall
of 1963. The threshold settings are checked daily but the primary
reason for drifts is a variation in the film processing. The perfor-

mance of the processor is discussed in section 5.7.

5.6 Flying Spot Generator

The flying spot generator was constructed by modifying a high
quality radar PPI‘display.* The basic feature of the display that
made it suitable for conversion was a fixed-coil deflection system,
with deflection amplifiers direct-coupled from the input through to
the déflection coils. In the R-0 operation the necessary waveforms
to the X and Y deflecting units are sawtooth waveforms whose amplitude
varies respectively as the cosine and sine of the azimuth angle. To
produce the rectangular raster on the display the resolved R-6 sweep
waveforms were replaced by suitable horizontal and vertical sweep
voltages. The direct-coupled amplifiers could maintain & linear
sweep over the full 212-second frame time. The voltage-to-current
conversion circuits necessary for the deflection coils were part of '
the display. The electrical conversion was relat;vely straightfofward;
only mechanical construction was necessary to mount the cathode ray
tube in the right position in the optical system. The mounting was
made quite rugged to maintain the optical alignment and to avoid jitter

in the picture due to vibration of the CRT.

x
A spare display unit for the Kelvin-Hughes Rapid Processor Projector.
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The Basic display unit will not be described here'beyond stating
the useful feature of the unit: The power supplies and the circuits
are built to tight specifications necessary for a stable operation,
particularly since direct-coupled circuits are used throughout. Only
one’additional chassis was constructed: The horizontal and vertical
sweep generator chéssis. Also the CRT biasing circuit was simplified.
Advantage was taken of the fact that the scanner CRT is not brightness-
modulated, nor is blanking of the spot brightness during retrace
necessary.* The biasing voltage on the grid is now derived directly
from a glow tube regulator (0G3/5651). The well stabilized bias,
combined with good pdwer supply regulation, has resulted in a bright-
ness stability better than 1/4 db (+1/8 db). The one other factor
which has equally contributed to the brightness qtability was the
regulation of the 6.3 V AC heater supply, particularly the supply to
the CRT itself. The stability was measured by removing film from the
optical gate and recording the output of the photomultiplier over a
period of 18 hours. The quoted figure therefore includes the stability
of the photonultiplier circuit.

The circuit generating the necessary horizontal and vertical
sweeps is shown in Fig. 5.10. In addition to the generationvof sweep
voltages, the chassis supplies the necessary driving pulses to the
high speed relay to interlace the signals for the left and right
pictures. Also, a shaped rectangular pulse is generated in this
chassis and supplied to the transmitter for generation of the synchro-

nizing signal necessary to start the facsimile recorders.

RThis is only true in the case of scanning for facsimile where the
writing spot has essentially zero retrace time.
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* The horizontal sweep is produced in the Miller run-up circuit
of V7 and V8B cathode follower. A sweep is produced whenever the
disconnect switch diodes V6 are cut off. Conversely, the retrace
occurs when the diodes conduct,shorting the timing capacitor. The
synchronizing signal is used to retrace the sweep rather than to
start the skeep, resulting in a simplification of the circuit. There
are two alternate paths through which disconnect diodes can be turned
on to cause retrace. One path comes from the recorder supplying the
synchronizing pulse after every line on facsimile. The other path is
from the output of the sweep generator to cause é self-initiated
retrace. The two paths are cbmbined in the matrix diodes at the input
to the switch, V6. In normel operation the retrace pulses arrive at
the.switch alternately: Over the first path at the beginning of a
facsimile line, and over the second path in the middle of the line
coincident with the boundary between the two adjacent pictures. The
self-retrace path is direct-coupled through the four neén glow-lamps
to eliminate any possibility of stopping of the sweep if the trigger
from the recorder fails, The protection is necessary to prevent
burning of the CRT screen.

The synchronizing pulse atlthe beginning of the line is derived
from thé recorder and after amplification in the amplifier (V9) is
applied to the input of the Schmitt trigger (V10). The plate of V10
starts the retrace by cutting off the disconnect diodes. The self-
retrace occurs whem-the sweep reaches the threshold level of the other
Schmitt trigger (V5). The sweep length can be varied by changing the
voltage level of the fed-back sweep. The circuit has then two inde-

pendent controls: the sweep length and the sweep time. The sweep



length sets the length of the raster on fhe scanner CRT. The sweep-
time control equalizes the width of the two pictures on facsimile.

If the sweep is too slow it reaches the middle retrace too late. The
second sweep is then not completed by the time the next pulse from

the recorder arrives. By adjusting the sweep-time control the two
pictures are made almost equal. The sweep starting in the middle of
the facsimile line is made about 10 msec slow, so that its termination
is caused by the external pulse just before the internal feedback path
would terminate it. The right picture is therefore about 1/8" narrower
than thé left picture.

. The alternate pulses from the two Schmitt circuits V5 and V10
drive a binary stage V1. The.two stable states of the binary corre-
spond to the left and right pictures., The output from the second
half of the binary is differentiated to produce trigger pulses of
alternate polarity. These pulses are used to drive the high-speed
relay in the modulator.

The vertical sweep is generated in the‘Miller integrator V11l and
Vi2, It is quite similar to the horizonﬁal generator, except tﬁe time
constant is greater, The sweep is started by a pair of relay contacts,
One of the contacts substitutes a set DC voltage to the output to posi-
tion the scanning line across the test pattern. The sweep is adequately
linear, even though the 212-second sweep time approaches the upper
limit for a Miller circuit, partly because a capacitor with low leakage
(mylar dielectric) was used as the timing element., The sweep was
experimentally operated over a 7 1/2-minute fraﬁe time to produce
pictures 9 inches by 11 inches. The sweep was acceptable for the few

pictures that were produced, but it is unlikely that it could be
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maintained operationally.

5.7 Rapid Processor

The rapid processor used in the scanning system was originally
built to provide a projected pictufe of a surveillance radar. A4s
manufactured, the unit comprises the PPI display, the rapid film
processor and a projector, In‘its normal operation a picture is
photographed during one antenna rotation, is processed during the
following rotation and is then projected on a screen (rear or front)
for direct observation. A fresh picture enters the projector after
every antenna rotation, a period which may be as short as 6 secoﬁds.

After the picture has been exposed, the film (Ilford, type BU)
moves to the processing aperture (22 mm in diameter) where it is
processed by sprayed chemicals. The available time of one rotation
is divided into four sectors during which the film is sprayed in
succession by the developer (Ilford ID-85), rapid fixer (Ilford IF-18)
and a wash solution, and in the fourth sector is dried by a stream
of hot air. The chemicals are sprayed by compressed and heated air
in a unit consisting of three jets. The chemicals that have passed
through the processor are drained to a waste storage after being used
once only. In designing the proceséor the major effort was expended
in achieving the shortest possible processing time. Control of sensi-
tometric characteristics was not of first importance in producing a
two-tone display of a conventional search radar. In normal operation
the compressed air (30 psi) is heated to about 65 C, The temperature
of the developer in the processing pot is raised by the compressed
air from room temperature by about seven degrees to about 27 C. The

final temperature was found to depend to a large extent on the initial



temperature of the developer. When used in the original form, the
processor has a rate of conéumption of one 18-0z bottle of each of the
chemicals in about 6 hours. The ratio of the rates for the déveloper
and fixer depends on the fraction of the total processing time éach
occupies. |

Several modifications were necessary to adapt the unit to the
relatively long (3.75 min) CAPPI cycle. The controlling unit for the
processing was modified to allow its program to be stopped during a |
large part of the CAPPI cycle. During antenna descent thé processing
cycle is started and it proceeds at an internally controlled rate,
instead of folloﬁing the antenna rotation. The processing time was
_lengthened towards improving the stability of the product, and is not
completed at the end of the next rotation (which is devoted to recovery
of the antenna to zero elevation). The processing continues for most
of the following two rotations. Since the exposing of the next picture
and the scanning of the preceding picture have already commenced, the
film cannot be advanced upon completion of the processing cycle; The
" processed frame is kept in the processing aperture until the beginning
of the following CAPPI cycle. Therefore, the frame in the gate of the
scanner starts being transmitted 7.5 minutes after its exposure began
and 3.75 minutes after the exposure ended. (Considerable saving in
supplies of course results from converting the unit to CAPPI operation.

A bottle of each of the chemicals now lasts typically three days. The

film consumption is correspondingly low: 1000 feet/month.* The normal

*The spacing between useful frames is two inches as compared to one inch
on our archival records. In the summer months of 1963 about 5000 photo-
graphs were taken monthly.



06

duty cycle is typically 1:2, or about 350 hours/month.)

Additional changes in the equipment were necessary to improve
the stability of the product. As built, the process controller includes
a safety feature that turns on the hot drying air, unless one of the
three liquids is being sprayed. In the original scheme this amounted
to 3 seconds every 12-second cycle, so that the processing pot was
not appreciably heated by the air and an equilibrium temperature of
about 27 C was established. After the long interruption was intro-
duced into the cycle, the hot air, blowing for 200 seconds, established
a much higher equilibrium temperatute in the vicinity of 60-65 C. The
high temperature led to evaporation of the developer and particularly
the fixer, resulting in a precipitate being formed in the jet unit.

In 24 to 36 hours blockage of the jets caused a rapid deterioration

of the product. The dynamic range on film dropped from 10 db to less
than 5 db (Fig. 5.11 upper part). After a thorough cleaning and washing
one could proceed through a similar cycle.

The controller was modified to interrupt the air supply after the
usual air-dry period of 5 seconds. The problem of the precipitate
forming in the pot was substantially reduced but the decay of the film
gamma tended to persist. Apparently the rate of chemical consumption
was too slow, so that the developer deteriorated while it waited in the
warm pipes leading from the bottle to the processor. A considerable
improvement in the long-term stability resulted from disconnecting
the air heater. The developer is now at room temperature rather than
the former temperature of 27 C. The érocessing time is correspondingly

longer, about 23 seconds* for the required film gamma. Fig. 5.12 is a

tUntil August 1963 the process time was 39 seconds for a maximum
density of 1.5 (including base).
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plot of film characteristies for various processing times, ranging
from 18 seconds to 87 seconds. In all cases the air heater is inope-
rative. The characteristics were obtainéd by photographing the CRT
display with the trace brightness turned up somewhat higher than the
seventh intensity. A grey test wedge (Kodak Print Test Wedge) was
then placed on the face of the CRT., The trace provided the back
illumination for the test, After the above changes were introduced,
the decay in gamma was eliminated. The lower part of Fig. 5.11 shows
the variation in density over the last 20 hours of a A44-hour period
of operation. Measurements were made on every sixth picture occurring
at 22.5-minute intervals,

The processing unit needs to be cleaned about once every week or
10 days, and can run unattended for up to three days between chemical
replenishing. The process is, however, interrupted daily to clean
the optical apertures because cleanliness is particularly important in
a negative process wherea speck of dust would appear as a grey echo
on the facsimile pic£ure.

Three problems remain. The lower part of Fig. 5.11 shows a random
fluctuation of about 1 db in density. It is not likely that much
improvement can be made with the spréy type processor to bring these
random variations signficantly below one db.

The second difficulty arises from a complete lack of temperature
control within the processing unit. The stability of the processing
depends entirely on maintaining a stable room temperature. This has
proved to be difficult in winter. During the summer, air-conditioning
is necessary because of the heat dissipated by the electronic chassis.

The thermostatted air conditioner has provided an adequately stable
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room temperature., Tight control of the room temperature as a way of
controlling the processing is not a happy solution. However, modifi-
cations to the processor to include temperature stabilization appear
to be difficult due to the integration in one compartment of electronic
chassis, control circuits and the chemical storage. |
The third difficulty is related to the transfer characteristics
of the film., The Ilford film, type BU, processed in the rapid proces-
sor is significantly different from a normal negative film, for example
the Kodak Tri-X film (No. 5233) that we use to photograph other displays.
The usual characteristics of the Tri-X film have an extended portion
at constant gamma which starté as near as 1 db from base. The charac-
teristic curve of the BU film éhown in Fig. 5.12 (for example the
curve for the 23-second development time that we currently use) starts
at a reasonable slope, but beyond a density 0.5 the gamma is nearly
unity. The slopes in this region dé not differ significantly from
curve to curve, which is quite unusual for negative film. As a result
of the high slope, the required range of density of 9 db for shades
1 to 7 is obtained from an uncomfortably narrow input range (range of
luminance on the CRT)., With a narrow range, and hence small steps in
luminance, the display non-uniformities become a serious problem.
For example the half-tone filter used to correct for variable line-
spacing is under-correcting by 1.5 db at one-tenth radius. While on
our CPS-9 displays the 1l.5-db error is less than the 2-db steps in
luminance, on the display in the rapid processor the error just
exceeds the size of the step. The undesirable film characteristic is
not necessarily common to all rapid-access phqtography. It is rather

caused by over-processing to get a sufficient sensitivity with the BU
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£ilm, The BU film is estimated to be only half as sensitive as the
Kodak Panatomic X, which is advertised as ASA 40. The comparison was
made by measuring the luminance of level 1 on the CRT by means of a
cadmium sulphide photocell and comparing it to the luminance of our

CP5~9 displays.

5.8 Modifications to Processor PPI Display

The PPI display in the rapid processor was first modified to
CAPPI and grey-scale operation in much the same way as the displays
in the CPS-9 were modified by East (1958) and Legg (1960). The modi-
fications involved changes in the range-gating circuits and video
circuits. In the processor display these circuits included useful
features such as sweep failure protection and centre blanking, which,
however, degraded the waveforms below acceptable standards. Of the
original circuits, only the video amplifier was retained.

The CAFPI gate waveférm was at first fed to the display in the
same way as it is to the CPS5-9 displays: A 60-volt pulse at a high
impedance, directly to the grid of the CRT. The capacitive loading
of the cable is not serious in the CPS-9 displays, where the cable
lengths are about 15 feet. The cable length to the processor display
is in excess of 75 feet. The capacitive loading stretched the CAPPI
gate waveforms, particularly the trailing edge (when the cable-driving
tube is cut off) causing overlaps of adjacent CAPPI annular rings.
The range-gating unit (video switch) in the CAPPI system was then
modified to drive the gating pulse at a 2-volt amplitude and at an
impedance level of 75 ohms. With the cable now properly terminated,
the shape of the gate is preserved. The pulse is amplified at the

display before being fed to the grid of the CRT.



A new circuit was constructed to bias the CRT correctly and to
supply the gating pulse. The experience gained in stabilizing the
scanner CRT was applied to the CAPPI display. In the scanner, luminance
stability of better than 1/4 db (compared to 1 to 2 db on the CPS-9
displays) resulted from using reliable reference points for the grid
and cathode bias of the CRI. |

The CRT control circuit is shown in Fig. 5.13. Referring to the
biasing circuit in the upper half of the diagram, the restoring
voltgge, which controls the CRT beam current, is derived from the two
refereﬁce glow-tubes OG3/5651. The coarse and fine brightness controls
make the brightness setting straightfofward. As on the other displays
in the CPS-9, the proper luminance level is established by monitoring
the shade-one cathode current on the CRT (Barath, 1961). The box gal-
vanometer is inserted into the circuit by throwing the switch to the
test positioh, as indicated in Fig. 5.13.

The gating amplifier is shown in the lower part of the figure,
The stable reference for the CRT grid is estéblished at the.plate of
the pentode 6CL6. The gating pulse is applied after amplification to

Athe grid of the 6CL6 pentode. The CRT conducts whenever the pentode
is cut off. Now the top of the plate load of the 6CL6 is at ground
potential, so that when no plate current flows the CRT grid is also
at the ground potential. The oﬁly necessary precaution is to ensure
that the pentode is properly cut off dufing the desired CAPPI interval.

The two relay contacts at the input to the gating channel are
used to blank three of the peripheral test patterns on the processor
display. During the test pattern rotation (antenna descent), the

relay CR-1 opens, removing the gating pulse from the amplifier input.
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At the azimuth of 320° a contact in the CAPPI triggering unit operates
relay CR-2, allowing the north test pattern (last of four) to be
displayed. The relay CR-2 is held closed for the rest of the rotation
by a self-holding contact,

The biasing circuit has improved the stability of the CRT
Juminance to the same level as that of the scammer CRT. The display
was photographed for a 20~hour period to produce the plot of density
of shades one and seven in the lower half of Fig. 5.11. The variations
in the densitiés are an indication not only of processor stability,
but also of the CRT itself., In particular, the variation in shade-one
density is indicative of the CRT performance because the lowest density
is affected least by variations in processing and most by drifts in CRT

luminance,
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6. EVALUATION

6.1 The System in Operation

The McGill Weather Radar is operated by the Stormy Weather Group
(a) in order to develop suitable forms of displays, (b) to collect
precipitation records for research use, and (c) to offer weather radar
services to the Montreal Weather Office. This unique combination
offers invaluable opportunities to try out the new display techniques
under operational conditions to evaluate their usefulness. The main
user of the facsimile display is the Aviation Briefing Office, with a
smaller use made by the Public Forecast Office.

Our past experience in trying out various alternative forms of
display indicated that the only basis on which a service would seriously
be considered by the users is a continuous, around-the-clock operation.
A scheme was therefore evolved to make the facsimile display available
on such a basis.

The general experience has been that once the display was accepted
as a part of the routine, the users requested service when precipitation
was within radar range, but also during extended periods of air-mass
instability, when there was only a small chance of precipitation.
Similariy, the radar and the processor were usually left bperating
overnight when the technicians were not on duty. The users could
stért the facsimile recorders when necessary. The decision when to
start the recorder is at present somewhat precarious. However, in
1964 an automatic recorder will be used, with which it will be possible
to display only a low-level picture, say every 45 minutes, when
frontal precipitation is expected., During periods of unstable air

mass it is still desirable to receive pictures continuously because -
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of the rapid development that can occur.

It was soon discovered that it took about one hour to start the
processor, replenish chemicals, ete. until usable frames would emerge
from the processor and a stability of processing would be attained.
The most practical solution was found to operate‘the processor almost
continuously, with a daily interruption for cleaning of the optical
gates (10 minutes) and a weekly interruption to.wash through the
chemical system.

To make the‘operating procedures as simple as possible, the
azimuth positioning transmitter was modified. The original system is
shown in the upper part of Fig. 6.1. Here the synchro-transmitter
supplies the positioning information to the antenna. The antenna in
turn transmits its actual position to the displays. The CAPPI program
controller (Barath, 1961) is also driven from the information returning
from the antenna. The problem was the necessary stoppage of the whole
program when the antenna was stopped. This was particularly inconve-
nient in the processor if the stoppage occurred during the antenna
recover& part of the CAPPI cycle, during which the film was being
processed.

The new system is shown in the lower part of Fig. 6.1l. The
programmer and the sweep of the processor display are both controlled
by a new positioning transmitter. The new transmitter is driven by a
synchronous motor resulting in exactly 16 frames per hour. The
program now proceeds uninterrupted, even when the antenna is stopped.
There is a slight loss in positioning accuracy if. the antqnna lags the
command information while the trace does not, but in a rotation at a

constant rate the error is not noticeable. The advantage is gained
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in being able to process mormal frames with the regular test pattern
when the radar transmitter (and the antenna drive system) is turned
off, The system can then be put "on the air" by merely starting the
magnetron radiation - a task that can easily be handled by relatively
inexperienced personnel when the radar technician is not on duty.

In the summer months of 1963 the radar and the scanning system
were operated for about 1300 hours, during which about 21,000 frames
were processed. Useful records of precipitation were obtained on

facsimile for about 550 hours.

6.2 Scan Conversion

A memory is a necessary part of any scan conversion system from
polar (radar) to rectangular coordinates. Two factors peculiar to
weather radar make film a most useful form of memory. One is the
large number of elements that must be stored. The wide dynamic range,
combined with about 10 areal elements; leads to nearly 10° elements.
The theoretical limit on the capacity of one frame on 35-mm film is at
least an order of magnitude better.

The other factor that makes the solution, using film, attractive
is the need for averaging of the fluctuating signals. Writing the
information on the storage surface in analog forﬁ has resulted in
areal averaging, the extent of which is readily controllable.

Rapid-access photography has proven to be a relatively trouble-
free and practicable part of the scan-converter. Certainly the availa-
bility of a permanent record on film at an intermediate point in the
system proved to be invaluable in experimenting with the scanner and
modulator cirecuits. A direct comparison of the product with the'driginal

was possible as changes and improvements were being made. The operating -
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costs of the processor have turned out reasonable - $120 per month,
For comparison, pictures for operations taken on a Polaroid Land
Camera that we had been using in the past summers (Marshall and Gunn,

1961) had cost $1000 monthly.

6.3 Facsimile Display

The experience gained'during the summer of 1963 has established
the practicality of such a display. Facsimile in general is an
integral part of the weather office. The traditional use of facsimile
“has been the reception of synoptic maps. More recently, recorders for
special functions have come into use, as for example in conjunction
with ceilometers and for the reception of satellite cloud cover
pictures.

The radar pictures were used for briefing air crews before
take-off. The crew could be presented with the current terminal
weather as well as the development in the preceding few hours. The
5.5-inch wide pictures proved to belabout as small as one could
tolerate. Our past experience with pictures ffom a Polaroid Land
Camera indicated that the smaller photographs were acceptable, mainly
because of the better resolution than facsimile.

By far the greatest use was made of the left picture. The finer
intensity resolution provided by the right picture was used occa-
sionally, only when the highest intensity was level six., Similarly,
of the six heights, the map at 5000 feet was analysed, while the
sequence was scanned to locate the echo tops. We found that hand-out
copies of the facsimile pictures would have been well received, had
they been available. Since the crew is briefed one hour before take-

off, the copy could usefully be the latest one, delivered at the ramp.



119

At present, the last contact the crew has with the weather office is
one hour before take-off. Any information they receive after that is
third-hand, through the Area Traffic Control. The possibility of
extending the service to the Area Traffic Control is an interesting
one, but there a facsimile recorder is not likely a suitable display.
Because of the pressures of the activity in the ATC, a slow-scan
tele&ision display (receiving the same signals) is more suitable for
current pictures.

The format of two pictures side-by-side was chosen to some extent
by necessity, to make the best use of the available recorders. As it
turned out, the display gave more than adequate intensity resolution
~ for operétions, and at the same time it provided records for research
in a more suitable form than our™un-integrated” film records of the
CPS-9 displays.

The objection to the presentation scheme for operational use is
the unnecessary waste it makes of the communication channel. The
number of shades is limited to four on facsimile paper, not on the
transmission line where the 32-db dynamic range is more than adequate
for simultaneous transmission of seven intensity levels. On the short-
haul lines used for weather radar, the waste of the channel space is
not really a strong argument.

A more valid objection can be raised against the choice of the
intensities represented by the different shades. In particular, in
the left picture, half the dynamic range on paper is devoted to the
step from dark grey to black to ensure that the echo is recognized
when it occurs. Rates of precipitation exceeding 400 mm hr™! (intensity 7)

occur so rarely that a better use of the darkest shade would be made if

the highest intensity were about 100 mm hrt,
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6.4 Future Displays
Instead of using a single display with the fine intensity resolu-

tion, both for operations and for research data, it would be advantageous
to separate the two functions. The best approach is to use a common
radar and scan converter and provide separate, but compatible, displays
suited for each user,

For operational use, a narrower recorder with a single picture is
envisaged, rotating at 240 rpm instead of the present 120 rpm. The
number of shades would depend on the size of the picture; four for a
5-inch wide picture, or five on a 9-inch picture. The latter size
has the added advantage of being compatible with tﬁe format used for
transmission of satellite pictures. The use of a single recorder for
both functions appears economically attractive, particularly in tele-
vision stations for presentation on the air.

For research use, the t wo maps side~by-side on facsimile, are
somewhat inconvenient. The facsimile paper is not archival. Also,
because the intensity levels are separated into two pictures, further
work is necessary to combine them.t A better medium is a photograph
of a slow-scan television, compatible with the operational display
(same scanning rates), but with all seven intensities super-imposed.

A positive transparency is preferable to a paper print because of the
increased range of contrast.- Whether the output is a print or a
transparency, the photographic material introduces only the fine grain
of the film, much less objectionable than the texture of the facsimile
paper. Pictures of the slow-scan television display would replace

the CAPPI photographs as the records of precipitation for research use,

Xombining stepped-gain pictures from a convenﬁional radar presents a
similar problem.
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The slow-scan TV pictures were produced experimentally to demon-
strate the effect of areal integration without the distraction of the
coarse texture of the facsimile paper. One such phétograph is shown
in Fig. 1.7; another pair is shown in Fig. 6.2 and 6.3. (For compari- '

son the same echo is shown on facsimile in Fig. 6.4.)

6.5 Shortcomings of the Present System

(a) Dynamic Range

The total dynamic range in the scanner is limited by the contribu-
tion of halation on the screen of the CRT and by light scattered in
the optical system. At the same time the smallest useful stép in
density is limited by non-uniformities and drifts in scanner luminance.

The halation component could usefully be reduced by using a
cathode ray tube with a light-absorbing face-plate. At the same time,
the optical system would also have to be modified to decrease the
contribution of the objective lens and its mount. It is reasonable to
expect that a range of 15 to 17 db can be realized. The wider dynamic
range should, however, be used to improve the fidelity of the scanner,
rather than to increase the range of densities on film much beyond the
present 11 db. There is no indication that a wider range on film
would offer any real advantage. On the contrary, a density range of,
say, 17 db could make the (small) high intensity echoes susceptible
to small changes in the optical system, such as the presence of dust
on the objective lens. The source of the difficulty is the modula-
tion polarity: For maximum echo intensity the transmission through
the film is minimum,

It is important, however, that the 1l-decibel range be obtained,

through a photographic process at a gamma less than unity, from as wide
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a range in luminance on the first CRT aé possible. The (first) display
CRT should also have an anti-halation face-plate., The modulation
polarity here is positive (maximum echo - maximum luminance), and
therefore there is less danger in using a wide dynamic range than in
the scanner. The need for a wide dynamic luminance range is caused
by the difficulty in producing a radial display with a uniformity
much better than 1 db.
(b) Signal Shaping

The grey scale display developed by Legg has been used as the
starting poiﬁt in the scan conversi§n. The changes in the existing
circuits were kept to a minimum until the best form of input could be
established. Since the sﬁeps, which are so necessary to the presenta-
tion on the final display, must be inserted after integration, the
first set of steps in the video stages becomes of secondary importance.
The main function of Legg's shaping amplifier is just that: shaping
the signal so as to distribute the intensity information uniformly
over the dynamic range. Having two sets of steps only improves the
product if the steps are matched, as shown in the flow diagram of
Fig. 5.3. Under these conditions, the sharpness of a step on facsimile
is least affected by the grain in the screen of the scanner CRT.
Similarly, small drift in the second threshold does not affect the
picture. In both cases, the sharper the first step (by virtue of
increased pre-threshold integration), the better the effect. The
advantage of the two sets of steps is rapidly lost, however, if a
mismatch exceeding one half of a step is allowed to occur.

A practical and less dangerous alternative is to use a continuous

scale of grey on film. Then the effect of drift is just proportional
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to its amount. Legg's shaping amplifier was developed to offer the
alternative of a continuous output. However, a straightforward
procedure for aligning and maintaining the continuous scale has not
been evolved. The partially-stepped scale we now use points towards
the best choice. éy méking the transition range of each step about
3 to 4 db of the total 10 db, all presence of stepping in the echo
will be removed. The transitions can be monitored in the same way
as now, to maint@in calibration, because the test pattern could be
preserved in its present, stepped form.

(c) Test Pattern

The peripheral test pattern on film was modified by Barath (1961)
from Legg's original form. The modified pattern was to serve two
purposes. The first one was to provide seven roughly equal patches of
grey, corresponding to the seven intensities in the echo. The second
purpose was to use the position in azimuth of each transition between
two shades to monitor the senéitivity of the threshold. The latter
function has not been used in practice, and now that the signals are
further processed in the scan converter, the test pattern would be
more useful if the transitions occurred at fixed positions.

The peripheral test pattern is circular, and during the test it
is scanned by a stationary line. It is not easily known where the line
is in relation to the test pattern, and on several occasions the shades
on facsimile were moved by one step, especially if the test pattern
was slightly shifted on film., A fixed test pattern would help and it
could easily be produced by timing circuits.

A more difficult change, but possible in the case of a fixed coil

radial display, is to produce the north test pattern with the inner
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boundary straight from east to west, parallel to the scanning line
(see Fig. 4.2) instead of the present boundary along the 140-mile
range. With the present test pattern, the length of the pattern must
bé closely controlled to make sure that the scanning line can inter-

cept all seven shades.

6.6 Auxiliary Displays

"A set of plots against height, of rainfall exceeding each of the
seven thresholds and totalled over the area within range, is a useful
summary of the precipitation within range. Such profiles have been
derived directly from thé video stages of the radar by Hamilton (1963),
who.1is studying the usefulness of the profiles., Hamilton used an
experimental apparatus which cannot be easily adapted for routine
operation.

The scan converter offers a practical way of deriving the profile
information as a by-product. While a frame is being scanned, the
signals at the outputs of the seven modulator gates give a measure of
the areal coverage. Because the scan is rectangular with a uniform
density of scanning lines, the duration for which the ca;rier is
furned off by a given gate, is proportional fo the areal coverage of
precipitation exceeding the corresponding level. A direct way to
derive the profiles then is to use seven digital counters, one for
each gate to count the pulses of the audio carrier. A triel run with
a digital counter indicated that the technique would yield values, as
accurate as the rest of the system would permit.

The difficulty with the direct method of counting in synchronism
with the facsimile scan is that the é.h Kc/s counting rate is too

fast for mechanical counters. Electronic counters, even the simplest
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ones, on the other hand are capable of counting rates one or two orders
of magnitude greater. No further simplification, and therefore a
saving in cost is realized by specifying a counting rate as low as

2.4 Ke/s.

The direct approach of using seven counters is therefore not
economically attractive. An alternative approach, as yet untried, is
to scan each frame several times rapidly (1.5-second frame time) to
derive the total coverage, exceeding each intensity, in succession.
Seven rapid scans could be reasonably inserted in the 12.5-second
interval now used to display the test pattern on facsimile. A single
counter could give the seven totals in succession and the counting

rate would be 50 Kc/s,
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Fig. Al - At the top is a section from a 10,000-ft CAPPT, 20 August

1962 to a scale of 25 miles per inch. Below is the same section after
being scanned and displayed on an intensity-mpdulated rectangular
raster. The maximum intensity (level 5, white) in this line of thunaer-
storms can be determined by counting the five readily resolved steps up

the grey scale.
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Fig. A2 = A low level map from:17 June 1963. At that time grey echoes
were displayed on a black background, with intensity levels 1, 3, 5
in the left picture and 2, 4, 6 in the right picture. There is no
echo of level 6; the white cores in the left picture are level 5.
Aging of the facsimile paper has darkened the darkest grey shade so
that the first step from background is almost lost.

This, and all subsequent facsimile pictures in this Appendix

are on a scale of 50 miles per inch.



months later with grey echoes on a white background. In the left

picture black has been reserved for level 7.



moved in from the North-West at an unusually high speed of 50 knots.



5000-ft map. The small spots of level 6 are probably not real and

may well be due to the excessively large density range on the film

at that time and the consequent distortion caused by halation.
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196l this unseasonal line of echo produced heavy

wind gusts over 100 knots,
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