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ABSTRACT

B-29 echo amplitudes, sampled over 10 second intervals, are found I
to be approxdmately Rayleigh distributed at I band, less so at S band,

and least at L band. At broadside aspect and normal tt, the leading edge

ct the wing, the L-band echo is steadier than a Rayleigh distributed echo;

at many other aspects, the propeller modulation causes the L-band echo

to fluctuate through a greater range than would a Rayleigh distributed

echo. The same tendency is found to a lesser degree at S band, and to

a slight degree at X band.

The average radar areas are found to be 103, 370 and 75 square

meters for L, S,and X bands respectively. No theoretical reason can be

advanced to explain why the S-band average should be so much larger than

the L- and X-band averages; it appears likely that the difference may be

due to a systematic experimental error.

The frequency spectrums of echo amplitude are found to contain

sharp components due to tropeller modulation, and possibly also to vibra-

tion of parts of the aircraft's surface. At spectral frequencies lower

than these beat notes, components are found whose frequency is roughly

proportional to radar frequency, suggesting that they are produced by

the variations of phase between the echoes from different parts of the

aircraft.
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PROBLEM STATUS

This is an interim report on tho problem; work continues.

AUT1ORIZATION
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INTRODUCTION

In ten previous reports,(1>) (lO) characteristics of radar echoes

from various aircraft were given. This report, the eleventh of the series,
gives the complete results obta'ned for the B-29. The moasurements on

the B-29 were taken during two days of operation. Neither of the two

operating days gave a complete set of data on the B-29, so that the

results were derived from a combination of L- and S-band data from one

day, and L- and X-band data from the other day.

Amplitude Distributons

The amplitude distributions plotted in Figs. 2 - 10 are representa-

tive 10-second (1200 pulse) samples of the airplane aspects (defined in

Fig. 1) encountered. In these figures, cumulative distributions of echo

pulse amplitudes are plotted, the ordinate being 10 logl0 o- (a * radar

area in square meters), the abscissa being the pe..cent of time the ampli-

tude of the observed echo exceeds the ordinate. For comparison, a

straight line is drawn with the same slope as the theoretical cumulative

distribution (Rayleigh distribution) of noise powers.

On the various plots, points indicated by 9, Q and Z,

reprosent X-, S-, and L-band observations, respectively. Thus, distribu-

tions plotted against a single ordinate scale represent simultaneous

observations, at to differing radar frequencies, of the distribution of

radar areas, the intention being to emphasize differences between.

radar area distributions.

CONFIDETIL- -
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In the main, the distributions tend to fit the theoretical ha. Igh

distribution better as the radar frequency increases. Deviations fro-

the Rayleigh distribution will now be discussed with reference to tYk'

L-band data. The L-band distributions can be fairly well fitted wit-

straight lines, either having Pteeper slopes than the Rayleigh line

(as in Fig. 3, bottom, Fig. 5, bottom, Fig. 7, bottom, and Fig. 10,

bottom) or with less steep slopes than the Rayleigh line (as in Figc- 2,

3 top, 8 top ). To a lesser degree, the seme general tendencies are

found in the corresponding S- and X-band plots; the S-band run of Fi. 2

seems to be an axception.

On the L-band pulse-to-Vulse films sampled in preparation of t.

plots which show steep slopes, there was strong propeller modulation

.* The pulse-by-pulse record approximately corresponding to Fig. 3, bot

is found transcribed in Fig. 22c. For the single-engined F-51, the

propeller modulation was shown (in Report ]11) to raise the level of I I

stronger echoes well above the Rayleigh line fitted to the woaker ec..s.

The effect was quite sharp for the F-51, owing to the regularity wit)

which propeller echoes appeared in the ilmed records. The B-29 can lwi

four propellers which are only approxlmatoly synchronized, so that tbo

strong echoes attributable to the propellers are neither so regularl3

spaced in time, nor so consistently strong relativu to the remainder

echoes, as was the case with the F-51. (Compare, for instance, the 1'1iio-

- to-pulse voltage plots in Fig. 18, Report IU, with those of the pres,,

CONFIDENTIAL -2-
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Fig. 24; the azimuths are about the same in the two Figures.)

Finally, the percentage of B-29 echoes affected by one or more of

the four propellers is larger than the percentage of F-51 echoes affected

by its single propeller. This statement is based on the assumption that

most of the strong, sharp echoes in the pulse-by-pulse voltage plots

referred to are attributable to propeller effects; the assumption is

based on a comparison of these plots with the much smoother pulse-by-

pulse voltage plots produced by the propellerless B-45 (Report VIII,

Figs. 21, 22, 23). In sum, propeller-affected echoes appear both more

frequently and with a greater amplitude range for the B-29 than for the

F-51. Thus, in B-29 echo amplitude distributions, the propeller-affected

echoes occupy a larger percentage of the total distribution, and the

gradation in power levels among the various percentages should be more

continuous than for the F-51. ualitatively, then, the B-29 propeller-

affected distributions should be smoothed-out versions of the corres-

ponding F-51 distributions, as is observed.

The L-band echo power distributions with slopes less stee than that

of the theoretical line are found at azimuths about *7O(Figs. 2, top, and

3, top) and near broadside (azimuth 91o-96o, Fig. 8, top). The B-29

wing has a listed 701 sweepback, so that strong echoes from the lead-

ing edge of the wing may be expected at approximately this azimuth.

Noar broadsido aspoet, of couroe, tho echo from he fuselage is relatively

great, and any propeller modulation is reduced to a relative ripple,

CONFIDENTIAL 3
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especially since the blades are viewed more or less edgewise. The

relatively small propeller modulation at broadside aspect is observable

in the pulse-by-pulse plot of Fig, 23a, and more pronounced propeller

modulation occurs in Fig. 22c near the leading edge aspect. For these

aspects the echo is dominated by a more or less steady reflection from I
a single portion of the surface, and has the general characteristics of

the echo from a propellerless plane. In such situations the slope of

the distribution depends basically on the number of lobes of the radar

reflection pattern that are observed in the sampled 10 seconds. As

explained in Raport VIII, the number of such lobes increases with radar

frequency, so that the X-band echoes have a greater tendency to be Rayleigh

distributed than the L-band echoes.

A special case of these effects is illustrated by the distributions

of Fig. 3. The two sets of distributlons shown there result from data

obtained on two different flights (on different days) for which the

listed azimuths are almost identical. Yet the two sets of distributions

are different, the ones at the top being less steep, and the ones at the

bottom steeper than the Rayleigh distribution. From the corresponding

range plots (Figs. 13 and 19, respectively) it can be seen that these

samples each contain a high-amplitude, low-frequency component, which

serrates the regular ground reflection interference lobe on L band. For

the flight corresponding to Fig. 13, the change of average azimuth was

fairly regular during the 10 seconds of the sample, and amounted to about

CONFIDENTIAL -4-
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0.2 degrees. The low-frequency components are simultaneous on both L and

S bands in this sample, so that this sample quite definitely contains

the echo from the leading edge of the wing. Since the leading edge echo

is large relative to the other cQntributions in this aspect region, it

is dominant, and thus results in a compression of the range of amplitude

fluctuation during the sample. The distribution therefore has a smaller

slope than the Rayleigh distribution. For the flight correiponding to

Fig. 19, however, the change of average azimuth was almost zero. The

average aspect hovered near a constant value, with the dynamic variations

due to flig't conditions superimposed on this constant value. From the

X-band plot of Fig. 19, it can be seen that flashes of the leading edge

echo occur between ranges of about 35,900 and 37,200 yards (on L band

the strongest flash rises sufficiently above the minimum of the ground

reflection interference lobe to be just observable). The sample from

which the lower set of distributions of Fig. 3 was prepared, however,

corresponds to ranges of 38,400 to 39,300 yards. Thus it is evident

that for this sample the average aspect was not centered on the leading

edge, but that the dynamic variations of aspect swept briefly into part

of the leading edge lobe. These brief *flashes" of strong amplitude

would result in a greater range of amplitude fluctuation than normal,

so that the distribution would have a steeper slope than the Rayleigh

distribution, In further support of this explanation, the median level

of the upper distribution is higher (approximately 15 decibels) than that

CO'IDE ATlL - 5 -
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of the lower distribution.

In summary, the B-29 radar echo, sampled over a ten second period,

is approxinately Rayleigh distributed when neither the propellers nor a

single, strongly echoing surface of the airplane produces the majority

of strong echoes in the sample. When the propellers are dominant, the

echo shows a greater range of fluctuation than would a Rayleigh distri-

buted echo, because the strong propeller echoes occur only durix g theI relatively small percentage of time when tho blades are favorably oriented.

When the strongest echoes in the sample arisu from a single favorably

oriented surface of the B-29, (such as the fuselage or the leading edge

of the wing) the echo distribution shows a groater average fluctuation

range than in the Rayleigh distribution whon the dominant qcho flashes

into the radar only once or twice during the ten seconds, and shows a

Ii Ilesser average fluctuation range (and stronger mean echo powerN when the

dominant echo is observed throughout the time of the sample.

IAspect Dependence
Each of Figs. 11 - 19 covers one flight of the aiz-craft, and con-

sists of three graphs. The uppermost graph of each figure c.,.Asts of a

plot of the aircraft's aspect, as defined in Fig. 1, versus ra'ge in

thousands of yards. The remaining two graphs of each figure consist of

plots of radar area versus range in thousands of yards. Each graph con,'

sists of three sets of points, each set being connected by straight line

segments. Each point represents about one second of data, and data takean

CONFIDENTIAL
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simultaneously are aligned vertically so that the uppermost point in each

graph is the maximum, the middle point is the median, and the lowest point

is the minimum radar area occurring in that second. The radar area as

plotted contains variations due to interference lobes caused by ground

reflections. At the centor of each lobe, or integral number of lobes,

is a circled x ( @) indicating the median value (reduced to "free-

space" value in accordance with the procedure described in the Appendix

to (2)) of the 1-second median radar r'.ea values for that lobe or integral

number of lobes, and these median values were used in determining the

median value of o- for each five degrees of azimuth as described below.

At the bottom of each plot, the step-like curve gives the radar

area, in 1 db increments, of a target Just detectable by the radar at

the particular range (neglecting the receiver recovery time character-

istic). Therefore, it really represents mnimum detectable area only at

ranges beyond receiver recovery.

The data were divided into intervals, each of which spanned five

degrees of azimuth. For each such interval the median of the one-second

median points was determined for each frequency. These "median-mediaaw

values are plotted in Fig. 20.

The target azimuth, as calculated from the recorded azimuth of the

optically pointed radar and the true heading assigned to the B-29 for the

particular run, was not concordant with the ar:imuth determined from the

positions of the broadside echo and the echo from the leading edge of

SECURITY NFWORMArION
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the wing (70 sweopback). The difference amounted to as much as 80, which

is about what would be expected if the B-29 had flown magnetic headings,

rather than the specified true headings. The azimuth angles, therefore,

have been changed to agree with the expected positions of the leading

edge and broadside echoes.

Freouency Deopendence

To obtain representative measures of the radar area of the B-29,

the following procedure was carried out for each radar froquency employed.

From Fig. 20, a single number for the radar area was obtained on each

frequency for each five-degree azimuth interval by averaging all the

median medianu areas (in square meters) in that azimuth interval, with-

out regard to elevation angles involved. The results are plotted in

Fig. 21, The following two estimates of the average radar area of the

B-29 were then obtained, using the "average-mdian-median" data of Fig.

21. In the first estimate, the Fig. 21 data at each frequency were

averaged (in square moters) over the 19 five-dogree intervals containl.g

data on all three frequencies.

L S X

Square meters 103.3 370.2 74.8
db > 1 m2  20.1 -5.7 18.7

A second estimate was obtained by calculating, for each frequency,

the average (in square meters) of aol the "average median-median radar

areas plotted in Fig. 21.

CONFIDENTIAL
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L S X

Square meters 94.6 334.1 66.9
db > I m2  19.8 25.2 18.3

The trend withx radar frequency indicated. in the above tables has no

theoretical explanations known to the authors. It cannot be attributed

to the particular aspects averaged because the trend is found, for example,

in each L- and S-ba'id entry in over more than 900 of azimuth; nor can it

be attributed to using median rather than average values, because the S-

and L-band distributions of echo amplitudes do not differ sufficiently.

In view of those features, the difference must be systematic, so that it

represents either a real difference of radar area with frequency or a

systematic experimental error. Since the shapes of the curves of Fig. 21

are rather closely similar for all throe frequencies, it appears more

likely that the high S-band value is duo to a systematic experimental error.

Fluctuat.ons of the B-29 Echo

Spectrums of selected 5-second samples of B-29 echoes were prepared

according to the procedure described in Report VII. The necessary plots

of video voltage versus time are shown in Figs. 22 - 24, and the upectrums

for aspects near head-on, near broadside, and toward the tail are shown

in Fig. 25 - 27 respectively. Following the method described in Report

IX, the spectrums are also plotted against an expanded frequency scale

in Figs. 28 - 30.

For nearly head-on aspects (Figs. 25 and 28), and for the 'tailward'

aspect interval (Figs. 27 and 30), the dominant frequencies of the

CONFIDENTIAL - 9 -
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spectrums are the frequencies arising from beating between the propeller

echoes and the pulse repetition frequency, in the manner discussed in

Report IX. The stronger beat frequencies are found at about 47 and 27

cps in Figs. 25 and 27, with 7 and 14 cps beat frequencies being most in

evidence at L band and least at X band in these plots.

Foe a B-29 at cruising speed, the nominal rotation rate of the

propellers is 2400 rpm. The propellers have four blades, so that the

same aspect of a propeller is presented to the radar each 900 of rotation,

or 160 times per second. The beat between this 160 cps periodicity and

the 120 cps pulse repetition frequency of the radar would lead tu a 40

cps component of mcltlation in the echo. For the observed 47 cps modu-

lation frequency, the vequired propeller-aspect periodicity is 167 times

per second, corresponding to a propeller rotntion rate of 2505 rpm, which

is a reasonable value.

Additional beats between the various harmonics of 167 cps present

in the modulation envelope and the harmonics of the 120 cps pulse repeti-

tion frequency are possible in the video output. This can be explained

in the following ways

If the B-29 had been observed with a c-w radar, the propeller modu-

lation would have appeared as a complicated periodic wave with fundamental

frequency about 167 cps. If this wave were subjected to a spectral analysis,

harmonics of 167 cps would appear to some degree, depending on the compli-

cation of the continuous periodic wave form; in other words, a o-w record

CONFIDENTIAL 1
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of the propeller echo might contain the frequencies 2x16 7 - 334 cps,

3x167 a 501 cps, etc.. Now the radar pulsed at 120 cps samples this

hypothetical record at discrete, evenly spaced points. A spectral analysis

of a long series of radar pulses would show the fundamental 120 cps pulse

repetition frequency, 21u all of its harmoaics, with substantially the

same power in each of the lower harmonics as is found in the fundamental.

That is, an analysis of the periodic radar pulse envelope would contain

frequency components at 120, 240, 360, 480, nxl20 cps, all having about

equal power. The pulse-to-pulse sample recorded on the films is easen-

tially the result of mixing the envelope of the c-w B-29 echo with the

periodic radar pulse envelope, and rectifying the result. Hence the

pulse-by-pulse record contains the difference frequencies, or beats,

between each harmonic of the pulse repetition frequency and each harmonic

present in the envelope of the c-w echo from the airplane. With the 47

cps beat frequency regarded then as the difference between the two funda-

mentals, 120 cps and 167 cpS, the record may well contain the beat fre-

quencies 3x120 - 2x167 a 26 cps, 4x120 - 3x167 w 21 cps, etc. Sum

frequencies would also be found in the record, but would not be displayed

by the present spectrums, which are confined to frequencies belcw 60 cps.

Many difference frequencies other than those listed are also too high to

be displayed.

Detailed examination of the spectrums shows that many of the spectrum

lines can be identified as being generated by propeller modulation. Many

CONFIDENTIAT.
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other lines of the same fluctuation frequency are found on different radar

frequencies. These fluctuation frequencies cannot be attributed to the

propellers in the foregoing manner, so that some other mechanism must be

sought to explain why these fluctuation frequencies appear, independent of

radar frequency. A possible mechanism may lie in mechanical vibrations

of the aircraft's surface.

Although the propeller echo is relatively weak at broadside aspect,

traces of the 47- and 27-cps beat frequencies are to be found in the broad-

side spectrums of Fig. 26. The dominant spectral components at broadside

are found in the low-frequency region, significantly below about 3, 4.5,

and 8 cps on L, S and X bands, respectively,, The expanded plot of Fig.

29 shows this in better detail than Fig. 26. This ihcrease in signifi-

cant fluctuation frequencies with radar frequency, is in general accord

with the theory of aircraft echo fluctuations given in Report VIII, where

the fluctuations (aside from propeller and vibration effects) were ascribed

to beating of echoes from various portions of the aircraft. Analogous

bands of low-frequency fluctuations are fcand in Figa. 28 and 30. Grossly

speaking, these frequency baids have upper frequency limits which are

proportional to radar frequency.

For the broadside aspect, this conclusion is perhape more strikingly

apparent in the pulse.by-pilse voltage plots of Fig. 23 than in the broad-

side spectrums. In Fig. 23, the general echo fluctuates at a rate about

proportional to frequency, while the finer-grained fluctuatiou of the

CONFIDTIAL
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echo is clearly the residual effect of propeller and vibration modulation.

Conclusions

B-29 echo amplitudes, sampled over 10 second intervals, are found

to be approximately Rayleigh distributed at I band, less so at S band,

and least at L band. At broadside aspect and normal to the leading edge

of the wing, the L-band echo is steadier than a Rayleigh distributed echo;

at many othr aspects, the propeller modulation causes the L-band echo to

fluctuate through a greater range than would a Rayleigh distributed echo.

The same tendency is found to a lesser degree at S-band, and to a slight

degree at X band.

The average radar areas are found to be 103, 370, and 75 square

meters for L, S and X bands respectively. No theoretical reason can b6

advanced to explain why the S-band average should be so much larger than

the L- and X-bcnd averages; it appears likely that the difference may be

due to a aystematic experimental error.

The frequency spectrums of echo waplitude are found to contain

sharp components duo to propeller modulation, and possibly also to vibra-

tion of parts of 'he aircraft's surface. At spectral frequencies lower

than these beat notes, components are found whobe frequency is roughly

proportional to radar frequency, suggesting that they are produced by the

variations of phase between the echoes from different parts of the aircraft.

CONFIDETIAL - 13 -
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