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ABSTRACT 

SincethelatterportionofWorldWar 11, the maJOr a,r-scarch radar systems have been operated at a frequency of 1300 Mc. Fleet evaluation studies of these radars indicated that systems operating nt this high frequency failed to detect high-altitude targets dur ng pc riods of abnor­mal propagation, while the old low-frequency radars were not .,_ffect<'d. 

A new radar system with an antenna small enough to permit instal­lation on destroyers is to be constructed -to operate at a frequency of 420-450 Mc. Tubes ar~ available for this radar which will permit a transmitter peak power of 1.5 megawatts and a receiver noise figure 
of 5 decibels. 

The theoretical performance of this radar has been studied in terms of the cumulative probability of detection for a radially flying target For a one-square-meter target at 50,000 feet, the 0.9 cumulative prob­ability of detection is reached at a range of about ._50 m"les These studies showed that the re is a severe I oss in detection range 1£ the radar is operating only a few decibels below optimum. As an aid rn maintain­ing the radar near peak performance, test equipment for the measure -ment of rada:::- performance will be installed as an integral part of i.he system. 

PROBLEM STATUS 

This is an interim report, work is conhnumg. 

AUTHORIZATION 

R0Z-55D 
NE 050-515 

BuShips S-1560 

Man.script s,,b,-ittf'J /er p11blica1ion: ,\larch 13, 19H 
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A LOW-FREQUENCY RADAR OF MODERN DESIGN 

INTRODUCTION 

Starting about the latter part of World War II, the radio frequency for Naval primary 
air-search radar systems was shifted from 200 to 1300 Mc . The AN/SPS- 6 series (1944) 
of radar equipments was designed for operation at this frequency in shipboard installa­
tions. Evaluation studies of these systems were made by the Operational Development 
Force (OpDevFor) (l-6). 

On the whole, the performance of the AN/SPS-6B was said to be good; !iowever, a 
serious fault was reported by OpDevFor for the 1300-Mc systems. Surface trapping 
was quite often noted, as evidenced by the long-range detection of surface targets, and 
during these instances, it was reported to be impossible to detect high-altitude aircraft. 
In addition, the echo-return from storms was of such amplitude that it was not possible 
to track aircraft through the storm area. 

It was further noted that the SK-2, at lOO Mc, was unaffected during periods when 
the 1300-Mc radars were reported to be disabled owing to abnormal propagation con­
ditions. The Operations Evaluation Group of the Office of the Chief of Naval Operations 
recommended that consideration be given to the study of propagation conditions which 
resulted in this behavi9r. Since the SC-SK series of radars is obsolescent, they also 
recommended that a new low-frequency radar system be developed (7). 

On 21 September 1950, Problem NumbeT R02-55D was inttiated at the Naval Research 
Laboratory under Bureau of Ships sponsorship for a study of the characteristics of the 
low-frequency !"pectrum to determine an optimum frequency for use with an air-search 
radar, with particular attention to the problem of selecting a frequency which will be least 
affected by abnormal atmospheric conditions. Also called for is the construction and ship­
board test of a radar which will operate at this optimum frequency. 

This new radar will be used to determine the capabilities of a low-frequency radar 
of modern design. Comparisons will iJe made between the performance of this system and 
the performance of the higher frequency systems. In order that this set may eventually 
be used on ships of the DD class, the Bureau of Ships has placed rather stringent limits 
on the maximum top-side size and weight. The maximum turnir.g radius and weight of the 
antenna shall not bl! appreciably greater than those of the AN/SPS-6B - 8.5 feet and 1000 
pounds. Reliability and simplicity are to be stressed, and at the same time the design is 
to be one which will aff~d the maximum reliable range permitted by present-day compo­
nents and techniques. 

l 
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CHOICE OF FREQUENCY 

Background 

During World War II, the majority of.air-search radars were operated with radio 
frequencies of around 200 Mc, but in the latter portion of the war, emphasis was pla::ed 
upon the development of 3000-Mc radars for this same purpose. This shift from the low 
to the high frequency was proposed to eliminate many of the disadvantages of operation 
in the lower bands . Due to the limitation of physical size of the antennas, the minimum 
horizontal beamwidth which can be achieved .:..t the low frequencies is about 16 degrees. 
With such low azimuth resolution, operator confusion frequently occurs when a number 
of targets are visible in an area. In addition, the maximum of th first lobe due to sea­
reflection interference is at an angle of about 0.6 degree abo'le the horizon for normal 
antenna heights. This prevents the detection of low-altitude aircraft until they have 
closed to a short range (but it also reduces the echo return from sea clutter). Further, 
the fade 2.ones - or nulls in thf.' interference pattc -n - arc of such great extent that the 
amount of data obtained on a target may be low, since it is possible for an aircraft to re­
main in a null area for a great number of miles. 

All of these faults may be corrected by simply increasing the operating frequency 
of the radar. For a given puysical si2.c of the antenna, the resolution increases as the 
frequency increases. The maximum of the first lobe of the interference pattern ap­
proaches the hori2.on, permitting the detection of low-altitude aircraft at greater ranges. 
The higher angle maxima are close together, so the aircraft cannot remain in a null for 
an appreciable time. 

Another factor also favors the choice of the higher frequencies. For the transmis-
sion of power to the antenna in the low-frequency systems, pressuri2.ed-gas or dielectric­
filled coaxial line is used, and neither of these is wholly satisfactory. Gas-tight seals are 
difficult to obtain and maintain in the pressuri2.ed line. The dielectric-filled cable pro­
duces excessive attenuation, and connections to it are difficult to make. In addition, neither 
type of line is capable of handling the increasingly higher powers which are necessary for 
long-range radars. In the microwave region, the use of waveguide for power transmission 
is practical. For a shipboard system, the installation of the waveguide is simple, the main­
tenance problem is practically nonexistent, and very great power may be transmitted. 

Microwave frequencies had not been used for air-search radars early in the war period 
because of the limited power which could be generated. During the latter part of thf.' war, 
magnetron tubes were made available which were capable of generating microwave power 
at a high average and a high peak level. 

During 1945, a study was conducted by NRL in an attempt to determine the optimum 
frequency for use with a height-finding air-sear-ch radar (8). When all of the factors were 
weighed and summed, the curve of Mexcellence'· vs. frequency had a broad maximum with 
a center near 1300 Mc. There was a radar set available which operated at this frequency­
the Marine· Co,·ps AN/TPS-!B. Operational tests of this equipment had been made at the 
Chesapeake Bay Annex of this Labor:1tory, and the results tended to confirm the supc riority 
of this frequency (9). This NRL study and additional studies made at other laboratories in­
dicated a general superiority of thf.' 1300-Mc band £or air-search radar. As a result, the 
subsequent major developmental long-range radar equipments have been designed to operate 
at this frP.quency. 

Recent developments in magnetron tubes have indicated that it is possible to obtain 
r-f power output of the order of ten megawatts at this frequency, and waveguide to transmit 
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this power is of reasonable size. Receiver components have been built which show that 

it is possible to obtain receiver noise figures of less then ten decibels. 

If it i s necessary t o obtain a certain a zimuth resolut ion (which determ ines the antenna 

beamwidth), and the antenna diameter is restricted to a maximu1n of 40 feet t his restric­

tion, taken with the previously mentioned developments, in dicates that a long- r ange search 

radar which is constructed to operate near 1300 Mc will s u rpa ss a radar built in a ny other 

frequency region. As the f r equency is raised progressively above 1300 M c, various losses 

increase, and it becomes m o re difficult to obtain high t ran smitter power. As the frequency 

is progressively lowered, the r e strictions on the p hysical size of the antenna limit the per­

formance by loss of resolution, and the lowered frequenc y cau s e s a loss of c o verage in 

regions near the horizon and a loss owing to the incr~ased t im e tha t a target may r~main 

in a null zone. In addition, the impractical size of low-frequency waveguide dictates the 

use of other means for the tra nsmission of power which then limits the n>aximum power 

which may be t r ansmitted. 

The Westinghouse Manufacturing Company developed the SR-3, a shipboard radar 

which operated at 1300 Mc. Unfortunately, in an effort to decrease the top-side weight, 

the antenna aperture was made small, and the results from this set were far from sat­

isfactory (10). A redesi~n of the syste m and the antenna resulted eventually in the 

AN/SPS-6, -6A, and -6B. These sets differed from each other only in the shape of the 

antennas. The first employed a simple paraboloid possessi ng a vertical bea mwidth of 10 

degrees; the second and third, cut dishes producing vertical beamwidths of l 0 and 30 de­

grees , respectively. Evaluation studie s were made of these sets by the Operational Devel­

opment Force (l-6). 

As has been stated, the pe r forTJ1ance of the AN/SPS-6B wall good, on the whole. It 

was noted, however, that during times of abnormal propagation, high-altitude targets were 

not detected. At the same time, the SK-2, at 200 Mc, was able to track the '!ligh-altitude 

aircraft with no reduction in performance . This apparent disadvantage of the high fre­

quency system would outweigh any advantage which it might possess. 

Abnormal Propagation 

A search of the literature was made to see if light coul-:l be thrown on this problem, 

with particular reference to any report which would indicate whether this fault had been 

noticed in any other system, and to what extent abnormal propagation affected the per­

formance of radar systems. 

Soon after the Fleet installations of radar systems, 1t was noticed •hat during certain pe­

riods surface targets were detected at abnormally long ranges.* As the very high frequencies 

came into use, the effects of anomalous propagation became more pronounced. A great 

many theoretical and experimental studies were made in an attempt to determine the mete­

orological conditions which resulted in trapping (11-14). It was established that the trapping 

was a function of frequency - as the frequt:ncy increased, the probability of trapping in­

creased. However, tt>apping, as evidenced by the increase of detection range on surface 

targets, has been observed at the lo.vest frequencies which have been employed in radar 

systems. As an exarpple, with 200-Mc ground radar overlooking the Indian Ocean, the 

British reported ranges of up to 1500 miles on ship targets (14). Data recorded from 

radar sets on 200 and 3000 Mc in the New Zealand area indicate that abnormal ranges are 

obtamable during a great percentage of the year . 

·-----
• Within t-. nonths of the pem,..,ent installation of 3:>0-Mc radar ll)'St"'"s in the U.S. Fleet (October 1940), the 

USS~ reported detection of a destroyer target at 70 miles 1111d the Califomi~..,t•ins at 450 miles. 
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In general, abnormal propagation will occur at least a portion of the time with any 
radar set, regardless of the frequency. From the limited amount of data available, the 
frequency which will be least affected by abnormal atmospheric conditions will be the 
lowest frequency. This observation is no~ universal, however, for there are reports 
from certain areas in which trapping occurs for a great percentage of the time regardless 
of the frequency. 

In the foregoing discussion, i, has been tacitly assumed that during periods of surface trapping the majority of the energy available from the rad,tr set has been diverted to follow 
the surface of the earth, and thus, the high-altitude coverage would suffer. This premise 
is vigorously contested by the propagation experts. It has been categorically stated that 
this is not true - that any loss in high-altitude coverage must be due to faulty radar per­formance and not atmospheric conditions (11-13). Extensive theoretical anci experimental 
propagation studies have indicated that energy is trapped from the portions of the beam 
below one degree at a maximum, and generally from only the lower one-half degree. The 
energy which is radiated at angles higher than this is not affected, and therefore the high­
altitude coverage of a radar should be unaffected during atmospheric conditions which re­
sult in trapping. 

As has bee:1 stated, the reports by the Operational Development Force on evaluation 
studies made on the AN/SPS-6 series of radar sets do not agree with this. A preliminary 
investigation conducted by NRL tended to support the data obtained by OpDevFor (15). A sufficient amount of data has not been obtained to afford a good statistical sample, however, and it has been recommended that a complete investigation be conducted to obtain the re­
quired data. 

This phenomenon - the loss of high-altitude coverage during periods of trapping -
has be~n noticed by others. In an attempt to verify this behavior, the British conducted a 
lengthy series of experiments at Malta (16) using A.M.E.S. radar equipments Types 14 
and 13 {10 cm) and Type 5 (ZOO Mc). The radar systems were carefully adjusted and ::ali­
brated before and after each flight to insure optimum performance conditions. Aircraft 
flights were conducted with a Lancaster bomber at altitudes of 500, 7000, 12,000, and 
17,000 feet. Photographs were obtained of the PPI screens, and the amplitude of the target echo was recorded by pip-matching with a calibrated, pulsed signal generator. A large 
quantity of information was obtained, and the results indicated that "the radiation pattern 
above the low-level duct remains substantially unchanged." This is in agreement with the 
propagation theory. 

There is reason for concern in view of these conflicting reports. The data gathered by OpDevFor indicates that the ZOO-Mc equipments were not affected by these abnormal 
weather conditions which trapped the energy from the 1300-Mc radars, so a course is 
open for the development of a new low-frequency system. The work on this system is to be carried on simultaneously with the investigations into the loss of high-altitude coverage 
by the 1300-Mc systems. 

A possible explanation for t he behavior o f tht. 1300-Mc equipments is that, since the 
antenna is cu to produce a cosecant-squared pattern, the energy which is radiated at high angles is marginal even for an optimum a djustment of the radar. If the perfo::-mance were 
below optimum ther would be insufficient energy radiated at these angles to enable high­
altitude detection. 

Choice of Low Freq.iency 

At the time that this low-frequency radar was proposed, the only band which was avail­able for use with a high-powered radar was the band 420-450 Mc. A service radio altimeter 
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operates in this band, and it will be several years before the band is completely open for 
radar use . Permission has b een r ec ently gra nted for the operation of a radar in the addi­
t ional freque ncy band 190- US Mc . The lower portion of this band , 190-216 Mc, is to be 
used on a noninte rference basis wit h television station s . Thi.s report will cover a radar 
which will operate in the band 420-450 Mc only; a i.ate r repo rt will discu s s the perfor­
mance of a radar to operate in th e frequency band 190 - 225 Mc. 

It is known that there is nothing fundamentally wrong wi th the 420- 450 Mc band, for 
there have already been radar equipments constructed which ope r ated at, o r near, these 
frequencies . The SR-2, built by RCA, operated in the band 550-660 Mc, and N RL con­
structed the SR- l{XBF- 1) which operated in the band400-425 Mc. An experim ental radar 
operating between 420 and 450 Mc will be built and tested. It is t hought that a radar system 
of high performance and reliability can be constructed to ope rate in this band . 

The Operations Evaluation Group of the Office of the Chi ef of Naval Operation (OEG) 
has stated that the SR-2 bas appreciably greater low-angle coverage than the SK-2, with 
little or no decrease in performance at the higher angles (17) . The 420-450 Mc radar 
should exhibit much the same performance on low-flying t argets . 

Limited operational tests were conducted on the SR-1 (XBF- 1) which indicated that the 
performance was about seven decibels lower than anticipated: a B-24 target a t 20,000feet 
was detected at about 140 nautical miles {18) . No attempt was m a de t o dete rmine the rea­
son for the low performance level since the radar was abandone d by t he Navy. However, 
the effect of the operator, writing speed losses, and scanning losses were not considered 
in the design calculations for this radar. It is also believed that a possible reason for the 
low performance is the fact that the receiver was not stable during the tests. 

PREDICTION OF SYSTEM PERFORMANCE 

OEG Method 

In the design of radar equipment, use is made of the well-known radar r ange equation. 
In an effort to obtain a more complete description of the detect io n capab ilities of a radar 
system, the Operations Evaluation Group has made a series o f statistical studies of the 
received target-echo signal strengths for various types of targets on existing radar equip­
ments. This group takes into account the fact that the targetechoingareaisnotaconstant 
value (as assumed in the more conventional form of the radar range equation) but rather 
one that fluctuates in a. random manner. In addition, OEG takes into consideration the 
fact that the operator is not perfect-there is a possibility that the operator will fail to 
observe a blip when it is suffi ciently large to be apparent upon the oscilloscope. Both the 
fluctuating echo signal strength (so-called "scintillation") and the effect of the operator 
have been treated in a statistical manner, and the method for the determination of maxi­
mum reliable detection ranges has been specified. 

For their studies, OEG constructs an experimental blip-scan curve from radar data 
obtained during a measurement composed of a great number of radial target runs during 
which the operator knows the position of the target. The blip-scan ratio, t/F, is the prob­
ability that the ecl1o will, during a given scan past a target, exceed the threshold signal 
value~' for the receiver. This blip-scan ratio is multiplied by what OEG terms the "opera­
tor factor," p

0
, which enters because under normal search conditions the operator is una­

ware of the target position. The operator factor, considered by OEG to be a constant, is 
the probability that the operator will see the target blip if it exceeds the threshold signal 

• For a definition of threohold signal, see Refermce '.:IQ or Refer<nce 21. 
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level and is presented upon the oscilloscope. T he product of these two factors, then, is 
the probability that the echo from a randomly positioned target will be detected on a single 
particular scan, or look. 

If P 0 tltrepresents the probability of success on a given look, the difference between 
this term and unity represents the probability of failure to detect the target on that look. 
The cumulative probability of failure may be obtained by computing the product of the 
successive probabilities of failure. The difference between this quantity and unity will 
be the cumulative probability of success - or detection - and if it is plotted against 
range, a curve results which will enable one to determine the cumulative probability of 
detection at any range for a particular radar . 

To determine the value of P
0 , a second measurement is made, again composed of a 

great number of radial target runs. These runs are made under actual searching pro­
cedure during which time the operator is unaware of the target position. Under these con­
ditions, the cur ve for probability of detection may be constructed from the actual ranges 
at which the target was detected. A value of operator factor is then chosen which will 
permit the experimentally determined values of tit to fit the actual ope rational performance. 
The operator factor, seen to be a curve-fitting constant, has had values .-anging from verv 
low to as great as unity, depending on the type of radar . For high-frequency radar sets 
with good azimuth resolution, the target blip is small and is often confused with receiver 
noise, weather return, and false echoes; for these sets, the value of P

0 is small. For the 
low-frequency radars the oscilloscope is relatively free from interfering blips, and, with 
low azimuth resolution, the target blip is a long arc ; the value of P O for these sets is gen­
erally high - often as large as unity. 

In order to fit the operational results to the constructed curve, OEG considers con­
ditions which it calls the Msingle-blip" case and the ~double-blip" case. The single-blip 
condition results when the operator is immediately able to identify a blip as a target. If 
it is necesJary to obtain a confirming blip on the next scan in order to identify a target 
positively, the double-blip condition exists. The probability, tit', that the target echo will 
exceed the threshold value on two successive scans is the product of the two successive 
values of tit. The value of the double-blip tit' may be multipl' ed by an appropriate operator 
factor, and, from this product, a cur ve may be constructed for the cumulative probability 
of detection for the double-blip case. 

The low-frequency radars, with low azimuth resolution and an oscilloscope presen­
tation flee from interference are generally in the single-blip category. The high-frequency 
raC:ars - where the reverse is true - are generally in the double - blip class. 

Target Characteristics 

The use of the radar range equation requires the. assignment of a particular radar 
cross section, or effective area, to the target. Actually, a radar target - with din-.ensions 
greater than the wavelength of the illuminating radar - may be regarded as a group of 
separate reflecting areas. An aircraft in flight does not present a constant aspect to the 
radar but rather, because ,:,f yawing and pitching, an aspect which varies continuously in 
a random fashion. This rar,dom motion of the aircraft target varies the magnitudes and 
positions of the reflecting areas with respect to the radar, and to each other, and thus 
varies the strength of the received signal in a random m&nr For a propeller-driven 
aircraft, the relative position of the propeller also influenc, :3 the signal strength. In 
general, the signal strength varies about some median value. These signal-strength 
fluctuations (scintillations) have been measured for various aircraft targets by measuring 
the variation in pulse amplitude frc:-m pulse to pulse (i 9). 
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In order to predict the performance of a radar, however, a kno·.vledge of the magnitude 

of scintillation from scan to scan is necessary. This scintillation curve (Figure 1) has been 

obtained b y two methods. For the first, an experimental curve was constructed at this Lab­

oratory for a two-plane target fro:n the limited amount or raw radar data available in portions of 

OEG and OpDevFor reports. For the second, a curve was constructed mathematically 

(Rayleigh distribution) by making certain assumptions about the nature of the target and 

the character of the reflected pulses. The derivation of this second curve is contained in 

Appendix I. 

Radar Characteristics 

Also needed for predicting the performance of the radar is a knowledge of the system 

parameters. Recent component developments have indicated that the following character­

istics may be achieved, and these will be assumed for the proposed system: 

Pt - Peak Transmitter Power = 1.5 megawatts 

F Pulse Repetition Frequency = 300 pulses per second 

T = Pulse Length = 5 microseconds 

B = Receiver Bandwidth = 1/-r = 200 kilocycles 

NF= Receiver Noise Figure = 5 db over kTB 

G = Antenna Gain = 100, or 20 db over an isotrope 

19h = Horizontal Beamwidth 10 degrees 

19v Vertical Beamwidth 36 degrees 

A = Wavelength = 69.8 cm 

Indicator: PPI 

Polarization: Horizontal 

The scan rate for the system is one of the varied parameters; the choice of this 

factor will be given in the next section. 

Per£ormance Calculations 

Since a PPI indicator is to be used for the 420-450 Mc radar, the visibility factor 

must be computed. This factor and scan loss we re obtained by extrapolation from experi­

mentally detcrmmed curves (20, 21). The target was ch0sen to have a radar area of one 

square meter, which is assumed to be the median value of the scintillation. 

From the radar characteristics, visibility factor, scan loss, and the median value of 

the radar area, a rangP was computed by use of the radar range equation. This range is 

the range at which the blip-s~an ratio is 0.5. Using the Universal Lobe-Pat.tern Nomo­

graph (Appendix II), lobes were constructed on a range vs. expanded-height chart. 
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Using the experimental scintillation characteristic given in Figure 1, the ratios of 
the range R 0 for 0.5 blip-scan ratio to the ranges of the other blip-scan ratios were ob­
tained in 0.1 increments. The lobe structures corresponding to these blip-scan ratios 
were also drawn in on the chart. This chart, a sample of which is given in Figure 2, 
consists of a set of lobe patterns, each of which corresponds to a particular blip-scan 
ratio, '/JF. 

Now, if a target velocity of 500 knots is assumed, a set of points may be constructed 
on a particular altitude line; the distance between adjacent points is the product of the 
target velocity and the scan time. In other words, each point represents the target posi­
tion at the time that the antenna is pointing at it. Further, to each point of position may 
be connected a particular blip-scan ratio, '/JF, depending upon the position of the point with 
respect to the blip-scan lobe structure. Progressing from point to point along j.he constant 
altitude line, a tabulation of the successive blip-scan ratios may be obtained. By assum­
ing values for the operator factor, P 0 , a cumulative-probability-of-detection curve for 
the particular altitude may be constructed . 

It is felt that the frequency of the 420 - 450 Mc radar is sufficiently low and the beam­
width sufficiently lar,ige to allow it to be classed with the Mlow-frequency radars"; i.e ., it 
would be characterized by a high operator factor and would most likely be in the single­
blip class. However, curves have been constlucte-d for both the single- and double-blip 
cases with operator factors of 0.25 and 0.5. It is felt that the most likely values for de­
tection ranges are obtained with the single-blip case and an operator factor of 0.5. 

Cumulative-probability-of-detection curves have been computed for antenna rotation 
speeds of 5, 10, and 15 rpm, and various target altitudes. The altitude increment was 
10,000 feet, and heights up to 50,000 feet were considered. The curves of the results are 
contained in Figures (3) through (28). 

Additional sets of curves were obtained by considering the performance of the radar 
to be down from the optimum value by factors of 7 and 12 decibels. This was done to es­
timate the degradation of performance that might occur through faulty adjustment and 
maintenance. The assumed degradation values were chosen 2rbitrarily, but losses of 
this order of magnitude are typical for Fleet operation. 

All of the curves referred to thus far were constructed on the basis of the experi­
mentally determined scintillation characteristic. 

Now, using the calculated scintillation characteristic (blip-scan curve) given in 
Figure 1, an antenna speed of 10 rpm, an operator factor of 0.5, and the single-blip case, 
a new set of cumulative probability curves was computed. Since the calculated charac­
teristic differs from the experimental one mainly for low blip-scan ratios, it is seen that 
the use of this calculated blip-scan curve would tend to decrease the range for the 0.1 
blip-scan ratio from that obtained using the experimental curve. For the radar operating 
at optimum performance, the use of the calculated blip-scan curve would affect the cumu­
lative probability values at the highest altitudes only. For a P 0 of 0.5, the target is de­
tected in the first lobe; with P 0 of0.25, the target is detected in the second lobe. If the 
performance is assume<i to be down several decibels, however, the use of the calculated 
curve will affect the values for nearly all altitude levels, so cumulative probability curves 
based on the calculated blip-scan curve were plotted for the 7-db-down and 12-db-down 
conditions only (figures 29 and 30). 
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Discussion of Results 

All probability-of-detection curves show that the range for 0.9 probability, for a 
target closing in range , increases when the antenna rotation speed is increased. It is 
known, however, t h a t operalor fatigue is experienced fo r ante nna speeds greater than 
about 15 rpm, so the inc rease in range at this antenna r ate m i ght b e affected by this 
factor. The range for 0. 9 probability of detection for the a n tenna rate of 10 rpm is 
significantly superior to the corresponding range for a 5-rpm rate (see Figure 31, 
which is a composite of Figures 15, 16, and 17). The antenna speed for the 420-450 
Mc radar has therefore been chosen to be 10 revolutions per minute. 

9 

The cumulative-probability-of-detection curves have been plotted for the different 
operator factors and are shown in Figures 3 through 28 with the antenna speed and alti­
tude as parameters. In addition, the 0.9 probability contour has been shown for each of 
the conditions on the expanded-height vs. range charts of Figures 32 through 36. The 
ranges on the even 10,000-foot altitude lines are the calculated values; those on inter­
mediate points are estimated. 

It is seen that if the radar operates at peak performance, and the experimental 
scintillation characteristic of Figure l is valid, the altitude coverage is excellent. The 
range for a one-square-meter target at 50,000 feet is 250 miles, assuming an operator 
factor of 0.5 and the single-blip condition. For an operator factor of 0.25, this Tange 
drops to 240 miles. For the double-blip condition, the range for 0.9 probability of detec­
tion is about 200 miles for an operator factor of 0.5, and 180 miles for a P 0 of 0.25. 

For the conditions where the one-square-meter target is at 50,000 feet, the single 
blip applies, the performance is 7 decibels down from the optimum, and with an operator 
factor of 0.5, the range is about 200 miles. With an operator factor of 0.25, the range is 
about 185 miles for the single-blip case. 

For the condition where the performance is down by a factor of 12 decibels from 
the optimum, with an operator factor of 0.5, the range for 0.9 probability is about 150 
miles for the single-blip case and 110 miles for the double-blip. For an operator factor of 
0.25, this range is about 100 miles for the single-blip case and 80 miles for the double-blip. 

As has been stated, it is felt that the most probable value for operator factor is O .5, 
and it is thought that the single-blip condition will apply. Under these circumstances, the 
curves of Figures 4, 16, 25, 29, 30, 32, and 36 would apply. 

It is interesting to consider the performance of the 420-450 Mc radar with an antenna 
comparable in size to that employed with the SK radar. The SK antenna is roughly 17 feet 
square, or of an area slightly more than three times greater than that of the AN/SPS-6. 
An antenna this size would have a gain of about 25 db, or 5 db more than the antenna of the 
proposed system. This would amount to an improvement in system performance of 10 db 
and would permit the use of the predicted range curves on a target of an area of only 0.1 

square meter! 

As has also been stated, the performance of shipboard radar systems generally falls 
much below the figure which is obtained by calculation from the radar range equation. The 
serious loss in detection range when the performance of the set is several decibels below 
optimum is readily seen by a comparison of the sets of curves. The transmitter power of 
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this radar will be the maximum which can be generated and transmitted with available 
components, and the receiver s to be ope rated at the minimum noise figure which can 
be attained. Even so, with modern, high-speed attacking aircraft, the maximum possible 
detection range will afford a warning time which is just barely adequate. In order to 
prevent - or at least minimize - deterioration in the per'ormance of the radar, means 
for the measurement of receiver sensitivity and transmitter power will be included as an 
integral part of the radar . 

DESIGN OF MAJOR COMPONENTS 

Antenna 

The Bureau of Ships has requested that the antenna be of a size and weight not appreci­
ably greater than that of the AN/SPS- 6B. At 420-450 Mc, this size will provide an antenna 
with a gain of about 100, or 20 decibels, O'l{er an isotrope. The horizontal beamwidth will 
be of the order of 10 degrees; the vertical beamwidth, of the order of 36 degrees. Prelim­
inary calculations have indicated that the vertical aperture will have to be greater than 
five feet - that employed for the AN/SPS-6B - and this will give a smaller vertical beam­
width and a greater gain. The antenna will be designed and measured using a scaled, high­
frequency model. The final antenna will then be constructed from the model dimensions. 

It is hoped that the antenna pedestal of the AN/SPS-6 radar may be employed, but the 
mechanical design of this pedestal limits the size of the coaxial line through the azimuth 
rotary joint to 1-5/8 inches . Whether this is suf!iciently large to transmit the high peak 
power is not yet known . 

Transmitter 

Eitel-Mc;Cullough, Inc. , of San Bruno, California, has developed the XM tetrode trans­
mitting tube, which, accor ding to advice from the Company, will provide a peak pulse power 
of 1.5 megawatts with a duty factor of 0.15% at 450 Mc. 

A contract has been issued by the Naval Electronics Laboratory, San Diego, California, 
to Eimac for the design and production of an experimental plate-keyed oscillator and mod­
ulator employing this tube. Tentative specifications for the transmitter-modulator have 
been furnished to NEL. 

The pulse length and repetition frequency were chosen to employ the maximum per­
mitted duty factor of the tube within the limitations on pulse rate imposed by the maximum 
radar range. This maximum duty factor will be obtained with pulse length of five micro­
seconds and a PRF of 300. The latter value will permit a maximum oscilloscope range of 
250 miles with a c omfortable margin of dead time for indicator recovery. 

Since it may later become desirable to add MTI to this system, rather severe limita­
tions have been imposed on the transmitter-modulator. The time jitter from an external 
trigger is to be less t han 0.03 microseconds, the incidental frequency modulation during 
the pulse is to be less than 100 kc, and the amplitude variation from pulse to pulse is to be 
less than l percent. 

Receiver 

The Western Electric coplanar triode, Type416-A, will make possible a receiver noise 
figure of approximately five decibels at 450 Mc The use of an r-f amplifier preceding the 
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mixer will provide sufficient gain to make the i-f noise figure relatively unimportant. The 

very high gain-bandwidth figure of this triode will permit the use of a fixed-tuned r-f 

.stage of a bandwidth equal to the tuning range of the transmitter. A sharp tuned circuit in 

the mixer will be required to decrease image response. This circuit and the local oscil­

lator will be the only adjustments required for receiver tuning, and th ey may perhaps be ganged. 

Performance Monitoring Equipment 

The Operational Evaluation Group has stated that the pe rformance fc.r shipb9ard 

radars is, on the average, down 15 decibels from that calculated from the radar range 

equation. Previous studies (18) of the performance loss in the F leet have given figures 

of 6-7 decibels under typical conditions of operation and maintenance. These figures have 

been observed to be a function of the size of ship on which the r adar e quipment is installed 

(e.g.,the figures of 6-7 db down is typical of a radar installation on a cruiser). The deg­

radation of performance has been noticed to be less for the large r ships, wh ere there are 

greater numbers of technicians. (It is also believed to be g reater in peacetime than in 

wartime.) Of great importance, then, is some sort of method for the measurement of 

radar performance. This measurement should be simple, and should reqaire a minimum 

of the operator's time. All equipment for the measurement should be an int egral part of the 

radar. It has been noticed in the past that while equipment wa-s available on the ships for 

the measurement of performance, little use was made of it, apparently because it was not 

always available right at the radar equipment. 

It is proposed, therefore, that on the 420-450 Mc radar, the:-e be provision for the 

measurement of transmitter power output and for the measurement of receiver sensitivity. 

It should be possible to arrange these instruments so that the operator c ould throw two 

or three switches, read from "go no-go" types of meters or indicators, and thus cieter­

mine whether the radar performance is optimum. 

CONCLUSIONS 

If long-range deteclion is the major requirement of a radar, it may be economically 

obtained by the use of a low-frequency radar provided that the sensitivity of the set is 

great enough to jissure detection in the first lobe. If the target is not detected in the first 

lobe, a serious loss of detection range occurs, since the lobes are gene rally wide spaced. 

The early low-frequency radar systems did not meet this requirement of adequate sensitivity. 

The performance is, theoretically, very good for the 420-450 Mc radar under the 

conditions when the operator factor is 0.5 and the single-blip case applies. For optimum 

adjustment of the radar, a radially traveling one-square-meter target will be detected in 

the first lobe for all target altitudes up to 50,000 feet. Even with the operator factor as 

low as 0.25, the 0.9 cumulative probability of detection will be achieved n the first lobe, 

with but a slight reduction in range 

If, however, the .radar performance is below optimum by just a few decibels, the target 

probably will not be detected in the first lobe. The actual reductions in detection ranges re­

sulting from lowered performance are shown best in Figures 32 and 33. 

It is imperative, then to provide means for the measuremen of the radar performance 

to insure that the system will operate at a level near the optimum Simple means for the 

measurement of transmitter power and receiver sensitivity will bl included with this radar 

for the measurement of the radar performance. 
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APPENDIX I 
Scintillation Characteristics 

The experimental blip-scan curve shown in Figure l was obtained from meager data. 
It was prepared from the small amount of raw radar data available in some of the OpDevFor 
reports. The data itself suffers from the obvious defect of being obtained under conditions 
which were not ideal. Further, the data is not given in a quantitative form, and it is dif­
ficult to account for the effect of the antenna pattern on the signal strength. For these 
reasons, the validity of the experimental curve may be questioned. With this in mind, a 
different approach to the problem was made. 

This Laboratory has obtained pulse-to-pulse echo strength data on aircraft targets by 
the use of continuously tracking radars {19). Where the data were sufficient to accept the 
statistical results, the variation in amplitude of the pulse followed a Rayleigh distribution. 

ARayleigh distribution of echo amplitude is explained by assuming that the target con­
sists of a large number of randomly moving point targets. The instantaneous variation in the 
received e_lectric field at the radar would follow a Gaussian distribution. The variation of 
the pulse amplitudes would be the same as that of the envelope of this field which has a 
Rayleigh distribution {22). 

The distribution (Rayleigh) of pulse amplitude, V, is defined by the probability density 
function 

2V 
= V12 e for V > 0 

0 for V < 0 

The radar target area, o, is proportional to the square of the pulse amplitude. 

Since the probability density of o is related to that of V in the following manner: 

0 

where o = k2V 2 • 
1 1 

0 

0 
1 for O > O 

for O < O 

( l) 

(2) 

(3) 

(4) 

The method used in predicting radar performance consisted, e ssentially, of comput­
ing the target area necessary for the radar to receive a minimum detectable sigr.al for 
each point in space. Once the target characteristics were known, it was possible to cal­
culate the probability of the instantaneous aircraft radar area exceeding this thre shold 
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value - in other words, the probability of the aircraft presenting a recognizable blip on 

the radar scope. The cumulative probability of detecting a target flying toward the radar 

on a radial course was then determined numerically as stated in the body of this report. 

The probability that the target area will be larger than , is 

'1/(0) 1 -r P0 (o)d0• 

0 

Using P 0 (o) as given in Equation (4), 

w(o) e 

0 

0 
1 (5) 

The median area of the target, o is defined as being the area which is exceeded 

50 percent of the time, or 
50 

andEquation (5) becomes 

IV (o ) • _21 " 
110 

0 
-~ 

0 
e • 

o r O " O Jn2 
110 1 

0 

0 
110 (6) 

This equation is shown in Figure 1 plotted against a db scale. The reference is such 

that db = 10 log o/o . 
'50 

Since a single blip on a radar scope represents the sum of a number of pu1ses, 1t is 

,1ecessary to find the variation in effective o rather than the pulse-to-pulse variation of o. 

This requires a knowledge of the correlation of the pulses as a function of time and a 

knowledge of what determines the minimum detectable signal when the echo amplitude 

var'es from pulse to pulse. 

From general observations on A scopes, it appears that for low-frequl·ncy radars 

there is practically no variation in pulse amplitude during the illumination time of a 

single scan. Furthermore, there is practically no correlation from scan to sc!ln. It ;s 

t:.erefore assumed that there is no variation in pulse amplitude during the illl"-nination 

time and that the Rayleigh curve represents the distribution of amplitudes from scan 

to scan . 

*** 
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APPENDIX II 
Universal Lobe Pattern Nomograph 

The radar equation for a flat earth is well known. 

sin4 ~ 
16PtG~<J/\2 (2n:h h) 

(4Tc)3 R4 I\R 
(7) 

where Sr = Peak echo power received 

Pt Peak power transmitted 

G Gain of antenna over an isotrope 

(1 Target area 

>.. Wavelength 

R = Range of target 

hl = Height of antenna 

h2 = Height of target 

The flat earth equation may be used for a curved earth by assuming that the plane 
of reflection is the radio horizon. (A reflection coefficient of unity is assumed, and is 
valid for horizontal polarization over water.) The effect of refraction may be compensa­
ted by using an earth with a radius 4/3 the true radius of the earth (13). This is a rea­
sonably good approximation when the height of the target above the horizon is large 
compared to the antenna height. 

Equation (7) may be used to find the contours showing constant probabilities of the 
target presenting a blip strong enough to be seen. First, minimum detectable signal, 
Smin• is calculated for the radar from its parameters (20). Then, using curves such as 
those in Figure l and a value of 0 50, it is possible to find a value of target area, op, that 
will have the probability, P, of being exceeded. Inserting these into Equation (7) it is 
found that 

where 

and 

R 
R 

0 

R 
0 

AR 
Ro = __ o_. 

4 h 
1 

14 
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Equation (8) then shows the locus of all points, (R,h2), where Pis the probability that the 

target presents a bhp that is detectable. 

When <f, is equal to (2n-1) '! (where n is any positive integer), sin ef, = 1, and 
2 

h H 
~ : ..2 ('..ln-1)!!.. 
R R 2 

0 

(9) 

When hz and R satisfy Equation (9) they are said to lie on the maximum of the nth lobe . 

Since</> is linear with respect to hz. it is clear tha t all va lues of hz t hat s a tisfy E quation 

(8) (at a given range) lit> at equal height increments, ,1h, from the maximum of the lobes. 

This means it is only necess ry to plot the lower half of the fi r st l ob e, s ince the other 

lobes and the top half of the lower lobe may be obtained from it as s h own in the diagram 

below. 

-,~ 
,"1 LDBE MAXIMUM LINES 
,/ 

Figure 37 is a nomogram for finding points on the lower half of the first lobe. First 

calculate H 0 and R0 and express these in any desirable units. Suppose H 0 = 5000 feet and 

R0 = l 70 miles Choose one of the two fives on scale A and draw a line to point H 0 
on scale C. 

The intersection of this hne with line B determines the height pivot-point. The lower 

five was chosen in the diagram and when the pivot-point so determined is used, scale A 

covers heights from 1000 to 100,000 feet. Draw a line from 1.7 on range scale F o R
0 

on scale D The intersection of this line with line E determines the range pivot-point. 

When this pivot-point is used, scale F covers ranges from 100 to 1,000 miles. To find 

the value of hz that corresponds to a given R, draw a line from R on scale F (assumed to 

be 120 miles in this problem) through the range pivot-point to scale D. Then the diagonal 

lines are followed to scale C. A line is drawn from this point on scale C through the height 

pivot to the value of h 2 
on scale A (1760 feet). 

It is possible to use the chart for values of range less than 100 miles by finding another 

pivot-point This is done by d1·awing a line from 1.7 on scale F to 0.1R0 on scale D. The 

intersection of this line witn line E determines the new ,.ange pivot-point. When this pivot­

point is used, the range scale varies from 10 to 100 miles. The illustration shows how to 

find the height corresponding to a range of 70 miles It is necessary to find a new height 

pivot-point - this time by ruling a line from 5 on scale A to 0 .1H0 on scale C, thus changing 

scale A to cover heights from 100 to 10,000 feet. The value of height corresponding to a 

range of 70 miles is shown as 555 feet. 

*** 
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Figure 1 - Sc-,- to-scan scintillation characteristics 
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Optimum Radar Performance 
Target: One Square Meter, 500 knots 
P0 : 0.5; Single Blip 
Antenna Rotation: 5 rpm 
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Opt\mum Radar Performance 
Target: One Square Meter, 500 knots 
P0 : 0.5; Single Blip 
Antenna Rob.tion: 15 rpm 
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Radar 7 db Below Optimum 
Target: One Square Meter, 500 Knots 
P0 : 0.5, Single Blip 
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Radar 12 db Below Optimum 
Tar get: One Square Meter, 500 Knots 
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Target: One Square Met~r, 500 Knots, Rayleigh Distribution 
P0 : 0.5; Single Blip 
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