Chapter 37

Some examples of post World War 11 radar in

the USA

E. K. Stodola

Significant items in several key areas of radar technology development with which the author was directly associated at the Army's Camp Evans Signal Laboratory, and later at Reeves Instrument Corporation in New York are described. The information given is based upon available unclassified reports, publications, and patents issued in the USA and other countries.

37.1
PULSE JAMMING

Pulse jamming both by enemy jammers and friendly radars degraded the performance of the SCR‑270 and 271 sets which were the Army's primary search radars in the early part of World War II. A 'de‑obfuscator' scheme which cleared oscilloscope screens of the interference was developed; its key element was a novel frequency discriminator, Fig.37.1.

This comprised a narrow band filter and a wide band filter in the i.f. amplifier with the output of each filter fed to a detector for the pulses being received; it was incorporated in 'Interference Reducer BC‑1086'. The detected pulses were combined in opposition to each other to provide a frequency disciminating detector which gave a positive pulse output for 'on‑frequency' signals and a negative pulse output for signals outside the acceptance band. This output applied to the intensity grid of the display c.r.t. blanked out the undesired pulse interference. The composite signal was also usable for the deflection signal. The use of frequency discrimination rather than sharp cutoff filters avoided the shoulders on the response curve which would allow very high intensity off‑frequency interference to break through. The device was very effective for removing pulse interference from the oscilloscope screens, but did little against other jamming formats.

37.2
RECEIVER ENHANCEMENT

Great emphasis had been put on increasing transmitted peak power to improve radar range. About 1940, improved understanding of communication theory applied to radar stimulated greater efforts in improving signal processing and reducing receiver noise figures. In one case, a 20dB system improvement was obtained by receiver noise figure
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improvement alone. Expedients, including the utilisation of laminated 'flat plate' lines as resonant elements in low noise r.f. amplifiers were necessary for rapid results. A long search for 'the best' was not allowed to prevent quick use of the 'very good'.

The Norton/Omberg 1943 Radar Equation Report which gave the mathematical relationship of the numerous factors which affect the range of a radar set emphasized the importance of the noise figure concept based on available source power as opposed to widely used 'microvolt sensitivities' which were not directly comparable without taking into account many other items. This led to numerous field modification kits to provide low noise amplifiers, optimised i.f. bandwidths, and various other improvements. Fig. 37.2. illustrates an unusual 600MHz grounded‑grid amplifier using a 'lighthouse tube' and flat plate resonant circuit.

Fig. 37.1 Discriminator for the BC‑1086 interference reducer

Fig. 37.2 Unusual 600 MHz low noise r. f. pre‑amplifier
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An urgent operational need for the detection of moving targets in clutter also had to be quickly met. Available components were applied to a theoretically sound and practically achievable modification of the 270/271 radar series to obtain sub‑clutter ratios which gave effective moving target detection. The transmitter pulse was phase synchronized by injection of a pre‑pulse crystal controlled r.f. pulse, and this, along with receiver control by the same crystal, provided a very stable coherent pulse arrangement. A special display system was provided to allow operators to distinguish moving targets; a delay line or other pulse cancellation scheme was not attempted because of the extended time deemed necessary to develop such a system for the SCR‑270 radar. Emergency internal production of six field kits for radar reconfiguration was accomplished in time to meet a key potential military need.

The block diagram, Fig.37.3. of the transmitter/receiver display shows the general arrangement and the features described above.

The test site, in a mountainous area near Ellenville, New York, USA, was particularly selected to provide dense clutter signals, (see Figs. 37.4. and 37.5).

Fig.37.6. shows the various displays for the Doppler signals. Fixed echoes combining with the fixed phase coherent reference signal produce unvarying patterns from sweep to sweep, while returns from radially moving targets are continually changing in phase with respect to the coherent reference and result in displayed echo pulses continually changing in amplitude from sweep to sweep. This is evident in the 'expanded A scope' shown in the figure. The 'search indicator' used a full range scale for horizontal deflection, and a slow linear vertical sawtooth sweep at a frequency lower than the highest Doppler frequency: the incoming pulse signals were applied to control the c.r.t. beam intensity.

Fig. 37.3 Coherent pulse radar block diagram
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This 'A/B scope' display showed fixed targets as vertical solid lines and moving targets as striated vertical lines; operators found that moving targets were readily detected.

The display also included a 'velocity indicator' in which the echo pulse signals were used for vertical deflection, and the intensity grid was driven by a range selected pulse to display only the desired range. The horizontal sweep was a sawtooth wave having a frequency set by an operator using a control calibrated in radial speed. When the control was set to display a single cycle of the Doppler signal, the calibration indicated miles per hour radial velocity.

The receiving system had a large dynamic range and could deliver an unsaturated video pulse of about 70V although only about 0.5V was required for full deflection. The 0.5V 'window' could be moved up and down through the 70V range by a manual or automatic back‑biasing arrangement so as to display the moving target without excessive loss in 'differential gain'.

Tests of the modified SCR‑270 at Ellenville NY were successful and planes were detected in very dense clutter estimated as more than 60dB above MDS. On controlled flights the full tracking range of 240km was achieved at 3000m flight altitude, with lesser ranges for lower altitudes. A plane flying at 900m along a valley was followed as it passed alongside a 1200m peak. The set was also tested in a navy landing craft and performed well; it correctly indicated the ship speed as it tracked fixed targets on an island towards which the ship was travelling. Because of the termination of the war, the equipment was not used in combat.

Fig. 37.4 PPI patter observed at test site

Fig. 37.5
Plot of fixed echo numerical levels


on selected radial at test site
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Fig. 37.6 Coherent pulse display panel

37.4_
FIRST RADAR DETECTION OF THE MOON

With the end of World War II, applications of radar to space exploration and utilization produced many new developments. One of the most spectacular of these was the world's first achievement of radar detection of the moon by the US Army's Evans Signal Laboratory in early 1946. The background of our Evans Laboratory group in precision frequency stabilization and signal processing in the coherent pulse Doppler system, along with a strong laboratory support system, made it possible to successfully meet this challenge.

The moon had long been considered as a radar target and could clearly be detected with pulse energies which were large, but not beyond available capabilities. As World War II ended, we considered the possibilities of moon radar detection. The laboratory director at Evans Signal Laboratory Lt. Col. J.H.Dewitt, an ex‑engineer from the radio broadcasting industry, had several years earlier attempted tire feat, but without success because of insufficiencies in various elements of his experiment (which he clearly recognised at the time).

We reconsidered the problem in the light of the resources we had or could easily assemble at Evans Laboratory and concluded that we could work along the lines of conventional radar but with constants greatly re‑scaled to handle a 3520km diameter target at a range of about 384000km and moving rapidly with respect to the earth's surface. These figures led to some of the following radar constants: p.r.f. 0.33Hz; pulse width 250000us;receiver bandwidth 10‑50Hz. Doppler effect from relative target motion was in excess of the desired receiver bandwidth, necessitating controlled offsetting of receiver and transmitter frequencies. Earlier work on moving target detection had developed both the capability and much equipment to provide the necessary precision frequency management; still earlier work on the Army's
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SCR‑270/271 search radars had evolved high pulse energy and effective antenna array capabilities which could be gathered together to produce a set which could theoretically perform the feat with an encouraging decibel margin.

The system was rapidly assembled as planned, (see Figs. 37.7., 37.8., 37.9. and 37.10.), and successfully demon​strated [10] .

Fig. 37.7 Block diagram of moon radar

Fig. 37.8 Moon radar site at Evans Signal Laboratory at Belmar, NJ
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Fig.37.7 shows the block diagram of the moon radar. A bandwidth of 50Hz was selected rather than an optimum figure of under lOHz; the slight loss of visibility was balanced by less stringent tuning requirements and possible additional frequency shift or spreading resulting from the libration of the moon. It should be noted that a portion of the receiver was obtained from an experimental f.m. radar set which had been built for the Army Signal Corps by Major Armstrong. (The f.m. radar was similar in principle to aircraft radio altimeters using sawtooth frequency modulation.)

Fig. 37.9
Moon radar apparatus room with


oscilloscope in wooden box

Fig. 37.10
SCR‑271 radar transmitter


oscillator neutralised for use


as high power amplifier

Fig. 37.11 Oscilloscope display; a very widely published oscillogram
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The most striking feature of the site photograph is the antenna structure in which a double SCR‑271 array has been mounted on the tower. Rotation was limited to the azimuth axis, so experiments were necessarily conducted around moonrise and moonset. Reflections from ground or water surfaces were expected to add as much as 6dB to antenna gains in certain directions and elevation angles of the moon.

The first moon echoes (Fig.37.11.), were observed on the 10th January 1946 by Dr. Webb and Mr. Kauffman; we had been maintaining a watch for several days at moonrise and moonset and they were careful enough and lucky enough to have the honour of the first success. The upper levels of the Army were sceptical of the success of our laboratory internal programme, so we agreed that several distinguished independent experts, (George Valley and Donald Fink) should be invited to examine our equipment and assess the results. The experts did this and, after careful review, confirmed that we really had detected the moon; some of them were as excited as we were.

?7.5
VERLORT/PRELORT SATELLITE TRACKING RADARS

Another space challenge was the need for continuous tracking of artificial satellites. The requirements were rapid acquisition of targets, along with unambiguous and accurate tracking in range and angle. This section will describe a development to meet this need which was led by this author at Reeves Instrument Corp. Many existing elements were utilised so that intense concentration could be applied to the new elements to be invented. Systems that met the needs were produced within the time available.

The space tracking of artificial satellites presented problems which were very different from those of radar detection of the moon. The tracking of earth orbiting artificial satellites where precise position data were required implied narrow pulses and high pulse repetition rates. Reeves had made many ground based instrumentation and radar aircraft control sets which were adaptations of or similar to the SCR‑584 radar. The radar for satellite tracking required extensive variations from the SCR‑584, including greatly improved range and angle tracking systems and numerous antenna refinements. Many of the earlier improvements were adaptable to the new application, and the tracking range in free space with beacon transponders was ample. However, a new type ranging system having good accuracy and operational at high repetition rates without range ambiguities and interference between transmitted and received pulses was essential.

The overall system was termed the VER(y) LO(ng) R(ange) T(racker) 'VERLORT' and in a later version, with precision direct (torque) motor drives in both antenna axes, the term became PRE(cision) LO(ng) R(ange) T(racker) 'PRELORT' [12].

Fig.37.12. indicates that~a line‑of‑sight range of 22500 to 51000km was readily within the then state of the art. The planned orbital heights for the satellites to be tracked were not expected to exceed a few hundred
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kilometres, so that line of sight limits rather than communications range set the specified range requirement. The original specifications called for 4630km, but reality later increased this to 9260km to accommodate orbits which departed substantially from circularity.

Fig. 37.12 Tracking range for various power and receiver combinations

Fig.37.13 illustrates the two key problems of continuous tracking of a target whose range transit time is greater than the interval between pulses. A 320km range time between pulses (about 410Hz) is illustrated; as the target proceeds from 40km outward, at 320km range the received pulse is interfered with by the next transmitted pulse of the 410Hz pulse train. As the target pulse moves to 360km the pulse patterns have the same appearance as at 40km.

Automatic selection of the repetition rate as a function of range avoided transmitter/receiver interference. Cam operated switches coupled to the ranging system selected an alternate repetition rate as each range band of pulse interference was passed, (Fig.37.14.).

A slow speed range indicator was utilised to keep track of the multi‑time‑around real range. Fig.37.15. shows the main range counter coupled to a 320km per revolution ranging system (about 410Hz p.r.f.). Separate coupling of each repetition rate ranger to the main range wheel, with appropriate gear ratios, was achieved, and Fig.37.16. shows 320 and 256km rangers coupled as required. This scheme allows continuous ranging from the minimum range of a fraction of a
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kilometre to the maximum of 8000km with an accuracy of only a few metres. However, since the highest repetition rate used required some 30 revolutions of its ranger to cover the 80OOkm,means had to be provided to make the initial acquisition of the target occur on the correct revolution of the ranger.

Fig. 37.13 Pulses with single range indicating dial

Fig. 37.14 Selected repetition rate to avoid transmitter/receiver interference
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Fig. 37.15
Slow speed range indicator to keep track of multi‑time‑around real range

Fig. 37.16
Separate coupling of each repetition rate ranger to main range wheel with appropriate gear ratios

Fig. 37.17
Coding to indicate the number of times around for each repetition rate: this eliminates range ambiguity

Fig. 37.18
Plan for oscilloscope display


to resolve range ambiguity

H

Fig. 37.19
Alignment of coarse range marker with missing pulse range line to resolve ambiguity
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Pulse train coding was employed to overcome ambiguity resolution. A transmitted pulse was omitted from the transmitted pulse train once in each time interval corres‑ponding to the time of pulse travel from the radar to the target and back (about 0.049s). This corresponded to a pulse deletion frequency of about 20Hz, see Fig.37.17.

The oscilloscope display was also designed to resolve range ambiguity. In this display the received pulse gate periods are individually presented in a vertical sequence with the top line corresponding to the first received pulse period after the omitted transmitted pulse, the second line corresponding to the second received pulse period after the omitted transmitter pulse, and so on for the 1/20s period for the 8000km range, Fig.37.18.

Fig. 37.20 Schematic of dual servo range electro‑mechanical unit for fast target acquisition
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Fig.37.19 shows the operational use of the ambiguity resolution display. A target at 920km is shown in 'A' with a 409.5Hz p.r.f. and in 'B' with a 511.9Hz p.r.f. The operator can readily identify the line with the missing pulse and slew the range unit to move a vertical marker cursor to that line as shown in the figure. This synchronizes the range unit to track the target continuously over, the whole range without ambiguity and without pulse interference between transmitted and received pulses.

The operation of the above ambiguity resolving synchronization implies a damagingly fast slew for a mechanical range unit if all parts of it down to the precision range phase shifter were turned. To avoid this, the precision part of the range system drives the lower speed elements through a synchro coupled servo system rather than by a direct shaft coupling. This allows only the second servo unit to be slewed to move the position cf the ambiguity resolving cursor described above, see Fig.37.20. when the cursor is properly positioned, the synchro control of the low speed servo is resumed, and the shafts of the two servo subsystems are immediately realigned exactly. Although the operation sounds complicated, it operated very reliably and operators rapidly became skilled in using it; establishment of target tracking was easily accomplished as the satellite came into line of sight range. Today's similar systems are all‑digital and do the ambiguity resolution automatically.

The repetition rates used required a simple integral relationship and had to provide ample clearance between the transmitted pulses and the received beacon returns as transmit/receive interference approached on a p.r.f. being used. Using these criteria it was found that three p.r.f.s.. were required for a 4000km range and four for 8000km range, (see Fig.37 .21 .) .
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Fig. 37.21 Pulse‑to‑pulse ranges versus repetition rates
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These radars were used for years on the USAF Discoverer satellite programme and later in the NASA first manned space programme, Project Mercury, Fig.37.22. is a plot of tracking data on one of the first Discoverer flights as the satellite is followed by a VERLORT radar at one of the tracking stations. Some later models (or modifications of the original VERLORTs), the PRELORTs used a precision direct drive Reeves pedestal, a larger antenna reflector, and a high power wideband polarisation controlled feed to accommodate other tracking/control signals for a newer system as well as VERLORT and PRELORT radar signals.

Fig. 37.22 Plot of data acquired on early flight of Discoverer satellite
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