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ABSTRACT

An X-band pulsed radar system designed to measure echoing area
and target-polarization characteristics has been built. Transmission of
any one of four polarized components is possible (vertical, horizontal,
right circular, and left circular), and the system is capable of receiving
simultaneously along all four resolved components.

Tests have been conducted on a variety of ships, and polarized com-
ponent return has been calibrated and recorded for different transmitted
polarizations. Tests on propeller-driven aircraft (Convair 240 and a
T-28) indicate the behavior of such factors as propeller modulation on
polarized component return. An F3H jet aircraft was examined during
flight andwhile dispensing chaff. Echo-area calibration indicates nose-on
and broadside cross-section areas on the order of 120 and 12,000 sq ft,
respectively.

The characteristics of chaff and sea return have been examined in
detail. The properties of the crosscorrelation of orthogonally polarized
returns have been considered and applied to these two targets. Large
positive values of c r o s s C o r r e 1 at i o n are associated with gross area
changes, whereas polarization changes are associated with large negative
values of crosscorrelation. Although the return from chaff and the sea
appears equally noisy, sea return displays prominent power fading,
whereas the chaff also displays polarization changes.

PROBLEM STATUS

This is an interim report on one phase of the problem; work on this
and other phases is continuing.

AUTHORIZATION

NRL Problem R07-04
Project RR 008-01-41-5552

Manuscript submitted January 25, 1962.



MEASUREMENTS USING A POLARIZATION INSTRUMENTATION
RADAR ON SELECTED TARGETS

INTRODUCTION (UNCLASSIFIED)

This report describes results of the final tests using the interim polarization radar
described in a previous NRL report. The purpose of these tests was to examine several
different target types and to evaluate the suitability of this system for the measurement
of the radar echoing area and polarization characteristics. The earlier work described
the system details and performance limitations. In addition, a series of tests on radar
navigational buoys was conducted and report6d. Particular note was made of the radar
performance of the buoys on circular polarization. These buoys had been designed
previously for use with linear polarization alone.

The targets used in the tests described here were all "targets of opportunity," so
precise description is not always possible. Since the system details and performance
limitations have already been discussed in the first report, much of this is not presented
here.

RADAR AND DATA-RECORDING SYSTEM (UNCLASSIFIED)

The radar used for the measurements is shown in the simplified block diagram, Fig. 1.
The transmitter was a conventional X-band pulsed system with the following characteris-
tics: carrier frequency 9225 Mc, prf 500 cps, pulse width 1 lsec, beamwidth 3 degrees,
and peak power 50 kw. The transmitted polarization could be made vertical, horizontal,
right circular, or left circular by choice of waveguide components.

The receiver used a four-component polarization resolver (1,2), which resolves the
return into vertical, horizontal, right-circular, and left-circular components. This permits
simultaneous sampling of four polarized components. Ganged rf attenuators in each of the
four channels maintained the signal in the linear range of the receiver. In addition to these
four components, two quadrature linear channels at 45 degrees to the horizontal were
generated in the rf section. These were used in combination with the vertical and hori-
zontal components for examining the tilt angle (2,3). The transmitter and receiver were
optically pointed at the targets.

The six rf signals were separately mixed, amplified at 30 Mc, and detected by con-
ventional methods. The video outputs of the V, H, R, and L channels were stretched,
filtered, modulated, and recorded on magnetic tape. The video signals were also fed to
a four-channel gray wedge pulse-height analyzer (4,5) which produces the amplitude-
distribution density of groups of received pulses. This information may be used in the
calculation of statistical properties of the target.

Each channel of the receiver had a dynamic range of 30 db. Errors of ±1.5 db were
observed. These were due in part to the lack of a good afc system and dissimilarities in
the i-f response of the various channels.
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The photographs from the gray wedge analyzer are seen to have unequal vertical
deflections, when the data indicate that these heights should be equal. This corresponds
to a calibration error and is due to varying spectral characteristics of the cathode-ray
tubes used. This was not detected by the photomultiplier used to set the brightness levels.
It will be observed that the vertical channel exhibits low intensity consistently, while the
left-circular channel is always high in intensity. This difference, however, will not affect
the calculation of the mean voltage from these plots.

EXPERIMENTAL DATA

Ships and Aircraft (Unclassified)

Figure 2 shows the amplitude-time function for a 60-second observation of a barge
(range about 9450 yards). Right-circularly polarized illumination was used. The reflected
components are, from top to bottom: vertical, horizontal, right circular, and left circular.
Here the right-circular return (same polarization sense) is small in comparison with the
left-circular return (opposite polarization sense). The properties of the target - a long,
flat surface at the viewing aspect - disclose the reversal of polarization sense associated
with a single reflection. Since the target is large, even small motions impart rapid changes
in the return amplitude. In all the amplitude-time plots, an echoing-area calibration is
included. The power-density spectrum of the received left-circularly polarized component
during a five-second interval of the run is shown in Fig. 3. Although the target velocity
is low, it is seen that the spectrum contains significant components to 25 cps. In the other
examples, employing ships with presumably greater velocity, the spectrum may not be
higher. A representative photograph of amplitude-distribution density is shown in Fig. 4.
These photographs depict, within a time interval (ten seconds in this case), the relative
frequency with which amplitude within certain ranges occurred. The abscissa plots
received voltage and the ordinate relative occurrence frequency. No outstanding reflective
feature is observed since the traces are generally smooth. The height and width of the
vertical and right-circular traces, respectively, are distorted due to exposure inaccuracies
in the interim system employed.

Figure 5 depicts the return from a tanker (range approximately 16,000 yards).
Right-circularly polarized transmission was employed. This time the same sense com-
ponent (right circular) as transmitted contains significant amplitudes. Thus the double-
bounce mechanism, producing two polarization sense reversals, is prominent. Several
regions are observed where the signal fluctuations are very slow. Assuming that the
ship was in continuous motion, a possible explanation is the large corner formed by the
deck and superstructure, which was visible from the observed aspect angle. Subsequent
observations of this target disclose the same general appearance in the return. Since
much of the variation in the polarization channels appears closely correlated, the primary
mechanism is a fluctuation in backscattered power rather than gross changes in polariza-
tion. Certain segments, such as the interval between 70 and 90 seconds, however, do
exhibit significant variation in return polarization, as evidenced by fading in one channel
accompanied by peaking in another. Figure 6 shows the power-density spectra of the
received right- and left-circularly polarized channels during the 80 to 85 second interval
of the run. Figure 7 shows photographs of amplitude-distribution density. Figure 7a was
taken during the early part of the run (70 to 80 seconds) and shows no prominent peaks,
since the target area is smoothly distributed. Figure 7b, taken during the interval 130 to
140 seconds, shows rather prominent peaks associated with discrete reflectors. It is to
be noted that this occurred just after the broad response was observed. Side-lobe reradi-
ation from the target is a possible explanation.
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Figure 8 shows the data received when a freighter was illuminated with vertical
polarization (range about 7900 yards). Here the target is high out of the water and is
complex, so that no single corner-like feature predominates. Although no crosspolariza-
tion is observed (horizontal equal to zero, right and left circular equal in detail), this
does not necessarily mean that illumination with some other polarization would also
result in no crosspolarization. (See Appendix A, Ref. 2.) Figure 9 shows the power-
density spectrum of the vertically polarized return. Since no crosspolarized return
occurred, the right- and left-circularly polarized components are identical. Figure 10
shows the amplitude-distribution density. The target is complex and presents a smoothed
distribution. Figure 11 shows the return when illuminating a fleet tug with right-circular
polarization (range 9200 yards, water surface smooth). This target is large and complex.
The return discloses many uncorrelated peaks in the receiver channels, hence substantial
depolarization is occurring. At about 25 seconds a low-frequency region is observed. The
center of this region shows predominantly opposite sense (left-circular) return polariza-
tion, while the overall section contains prominent side lobes.. The mechanism is that of
a flat plate turning slowly.

Figure 12 depicts the spectrum of the left-circular component for a five-second
interval. Significant components are observed to about 17 cycles. The amplitude-
distribution-density photograph (Fig. 13) again discloses a smoothly distributed target
over the interval shown (10 to 20 seconds).

The power spectra in this report are, for the most part, short time samples com-
pared with the lowest frequency contained in the signal; hence resolution of low frequencies
is not possible. The short time interval used will show the higher frequencies on the
signal which would not be seen for a long sample, since the power in these frequencies is
small compared with the low-frequency power. An example of this variation in apparent
power spectrum with sample length is shown in Figs. 12 and 14. Figure 12 shows fre-
quenciesto 17 cps for a five-second data sample, while Fig. 14, a 50-second time interval
of the same run, including the five seconds analyzed in Fig. 12, shows frequencies to only
1.7 cps. The true power spectrum would be one which did not change appreciably as the
sample length is increased.

The return from a propeller aircraft is shown in Fig. 15. This figure shows the return
from a twin-engine aircraft (Convair type 240) with vertical polarization transmitted. The
aircraft was inbound on a crossover course at about 12,350 yards. The only depolarization
observed is that due to propeller modulation, which the frequency analysis in Fig. 16 shows
to be 45 cps, and it appears in the horizontal return. From the propeller modulation
observed, the engine speed of the aircraft can be determined: frequency (cycles/min) x
engine-to-propeller gear ratio/number of prop blades: (45)(60)(20/9)(1/3) = 2000 rpm.
The engine rpm specified for this aircraft is 2100 rpm at cruising speed. Horizontal
polarization from the propeller is occurring because of the aspect angle of the propeller
with respect to the radar line of sight. Since the angle is not 90 degrees, the propeller
appears unsymmetrical, producing a net horizontal return three times for each complete
propeller revolution. The propeller modtlation described above is not seen in vertical
return, due to the greater low-frequency power returned from the airframe at the aspecl
angles observed. The power received at this frequency is in excess of 16 db down from
the low-frequency power and is out of the range of the spectrum analyzer.

Sea Return, Chaff, and Operational Aircraft (Secret)

A single-engine aircraft, probably a T-28, illuminated with right-circular polarization,
is shown in Fig. 17. The aircraft was observed flying away from the radar, range about
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8600 yards. Propeller modulation is also observed in this run, prominently in the vertical,
horizontal, and left-circular returns. Depolarization is observed, since reflections between
the wing and tail surfaces and the fuselage cause a double reflection and return energy in
the same sense as transmitted. Propeller modulation occurs in the same sense only for a
small range of aspect angles. The frequency spectrum of this run (Figs. 18, 19) shows
that the right-circular return contains only very low frequencies, while the left return is
predominantly composed of the propeller chopping frequency. Signal levels- for these runs
were too low to provide suitable gray wedge photographs for analysis.

Figure 20a, b, and c shows the return from an F3H aircraft flying in a crossing course
at about 400 knots; crossover range was about 6300 yards. Illumination was right-circularly
polarized, and the aircraft was dispensing chaff* regularly during the flight. The three
figures depict the same run, but with different recorder chart speeds. Figure 20a, which
shows about 40 seconds of the run, discloses a reflection from a prominent surface, per-
haps the wing edge or cockpit canopy, at about 42-1/2 seconds, one of the chaff drops at
50-1/2 seconds, and crossover at about 63-1/2 seconds. Since the radar was tracking the
aircraft, the chaff appears only for a brief interval. Figure 20b and c depict expanded
looks at the same data. The reflection at 42-1/2 seconds appears as all opposite-sense
(left-circular) polarization, so that a flat surface rather than an edge (which would produce
a substantial linear component) is involved.

Figures 21 and 22 show two sections of another run using the same F3H, again dis-
pensing chaff. At 19 seconds (range 10,800 yards) chaff was dropped; the return shown
was again obtained with right-circularly polarized illumination. Figure 22 shows the
region just prior to crossover (which occurred at about 60 seconds). At about 36 seconds
a reflection (corresponding to the one at 42-1/2 seconds in the run of Fig. 20a) occurred.
At about 51 seconds chaff was again dropped, producing the marked change in the return.
The change in time scales used in the charts is to be noted. At 97 seconds chaff was again
dropped.

Power-density spectra obtained during crossover (57 to 62 seconds) is shown in
Fig. 23 for the four received components. Figure 24 shows the gray wedge plot obtained
during crossover with this aircraft.

Figure 25 shows a 13-second sample of sea return. The range was 2100 yards, and
the depression angle about one degree. The water surface was rough, and in general this
condition was necessary to obtain significant return with the system. Left-circularly
polarized illumination was used. Power-density-spectrum plots are shown in Fig. 26.
These plots show the power-density spectrum of two seconds of the 13-second run shown
in Fig. 25. A gray wedge photograph from a ten-second radar-return sample is shown in
Fig. 27.

It is to be noted that the general appearance of the sea return and chaff drop is simi-
larly noisy. It is instructive to compare their characteristics. To facilitate comparison,
a one-second sample of the sea return was re-recorded using a high-speed three-channel
oscillograph (Fig. 28). Since the oscillograph drive did not hold speed very well in the
interval, two records are shown, from which corresponding amplitudes may be obtained
from the four channels. The vertical lines were drawn to indicate corresponding instants
of time.

*Single packages of chaff were pneumatically dispensed. The chaff itself consisted of
aluminum-coated glass-fiber dipoles in lengths varying from 9/16 to 3/4 in.
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A re-recording of a one-second portion of the chaff drop shown in Fig. 21 was made
using the same high-speed oscillograph and is shown in Fig. 29. Speed uniformity here
permitted the combination of two records in a single photograph. Figure 30 shows the
power-density spectrum of a two-second sample of data in Fig. 21. The samples in Figs.
28 and 29 were fitted to a computer program, and the autocorrelation, power spectrum,
and crosscorrelation of the various components were derived.

AUTOCORRE LATION AND CROSSCORRELATION
FUNCTIONS (UNCLASSIFIED)

Computation was made on the NRL-Narec computer utilizing the one-second interval
of data from each of the two runs. Computation was actually carried out on the basis of
the autocovariance and covariance of functions, and the resultant data were normalized to
obtain the autocorrelation and crosscorrelation function. For example, given a time func-
tion, f1 (t) over an interval T, we find for the autocovariance (6):

C 1 1() = <[f1(t) - f] [f 1(t + T) - ->T(1)

where TY is the averagevalue of f 1 (t), over the interval T. The normalized autocovariance
(6) or the autocorrelation then becomes

=C 11(r) (2)C1 1(O)

To compute the covariance and crosscorrelation functions, the following technique
was employed. Given f 1(t) and f2 (t),with mean values TI and T2 in the interval employed,
the covariance is defined:

C 12(r) Kf t - Ti] [f 2 t +r) - T2 > (3)

The crosscorrelation is then obtained from

12(f2) = C1 2 (r) (4)
JC11 ( 0 ) "C2 2(0:)

In the definitions given, subtracting out the mean value of the sample serves to prevent
the detail in the random or periodic component from being suppressed when plotted after
normalization.

CORRELATION FUNCTIONS OF POLARIZED
COMPONENTS (SECRET)

The mean value will always exist in these measurements, because its presence repre-
sents some finite scattering area which, after all, is the radar target. The normalization
quantity C,1 (0) is then just the ac component of power in the radar return.
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In any single channel the returns represented in Figs. 28 and 29 show variations with
time. Given just the single-channel output, as obtained from the usual radar, for example,
the source of the variations - i.e., power fading or amplitude trade-off between a pair of
channels - is not disclosed. In the present system pairs of amplitude channels are avail-
able, and it is instructive to compare their variations. Little will be said of the autocor-
relation functions, since their interpretation is widely understood.

The crosscorrelation function of interest here is the correlation between the orthog-
onal components of the received wave in each of the wave bases, i.e., vH(-) and ¢RL(T).
Components such as vR(-) and O6HL(r) are of little utility, since some redundancy is
always present (P = V2 + H2 = R2 + L2 ), and some degree of crosscorrelation will always
occur. Moreover, since there are component waves received from the same target, their
degree of correlation at r = 0 (the unlagged value) is of primary importance. Consider-
ing then the value of the crosscorrelation function at the origin, 01 2(o), between the
orthogonal components of the incoming wave, several conclusions may be drawn concerning
the nature of the radar return.

If the value of 0 12(O) is large and positive, obviously variation in the received wave
power is occurring.* On the other hand, wave polarization is defined in terms of the ratio
of the two orthogonal components, so that polarization changes as a function of time are
"suppressed" under this condition.

If €12(0) is large and negative, then increases in signal amplitude in one channel are
accompanied by decreases in the orthogonal component channel, and -conversely. This
type of performance tends toward more uniform power, but at the same time the polariza-
tion ratio must change.'* If the average values of the functions are comparable with the
peak-to-peak deviations, the polarization ratio can vary through extreme values; in the
limit, it approaches power fading in one polarized channel accompanied by re-emergence
of the power in the orthogonally polarized channel.

Under some circumstances the crosscorrelation may be very low, perhaps even zero.
For this observation interval, then, there are some of each of the conditions described
above occurring. Hence no statement may be made concerning the power variation over
the interval, although it is evident that under these conditions the polarization ratio does
not remain constant. The lack of correlation between these two quantities, which are
components of the total received signal, may itself be significant.

In the present system two sets of components are available, i.e., one pair of orthog-
onal linears and the orthogonal circulars. If crosscorrelation between the components of
one set is compared with crosscorrelation between the components of the other set there
will, in general, be some differences. These differences are due to inclusion of phase
data in one pair of components which is not included in the other.t If there is little dif-
ference, and if the average values are similar, then polarization is seen to approximate
linear with a tilt angle of 45 or 135 degrees (the condition for H = V = R = L).

*The amount of variation is, of course, a function of the average values which have been
subtracted off for purposes of this analysis.

tGiven the pair EL and ER with a phase difference e, the circular channels indicate EI
and IERI; however, the linear channels indicate

I eVi = VIRI 2 + 'EL 2  - 21ERELI Cos 6

1E E51 p/1ER12 + E L 12 + 2l'ER E LI cos 9 -
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INTERPRETATION OF COMPUTED RESULTS (SECRET)

Figure 31 shows the power-density spectra derived from the computer program for
the chaff sample. The effective resolution of the spectrum is about ten cycles. A two-
second sample which included the data used for computation was analyzed with the scan-
ning analyzer set with an effective resolution of about 15 cycles. The results are shown
in Fig. 30. It is seen that the water-surface return contains a significantly lower signal
spectrum than the chaff (Fig. 32). The crosscorrelation characteristics, shown in Figs.
33 and 34, also reveal substantial differences. The water surface shows fair positive
correlation between components of both the linear and circular pairs, indicating power
fading to be a prominent characteristic. On the other hand, the chaff shows nearly zero
crosscorrelation (for T = o, which is rather unique in itself). Polarization variations during
the interval are perhaps the dominant characteristic.

It should be noted that the simultaneous fbur-channel reception will lead (assuming
target characteristics are favorable) to significant values of crosscorrelation. On the
other hand, independent runs with the various polarizations would not show these results
except for a fortuitous set of circumstances. In general, the results would appear similar
to Figs. 33 and 34 at the larger lagged values.

CONCLUSIONS (SECRET)

A variety of targets have been examined using the omni-polarized receiver system,
in conjunction with various transmitter polarizations. Generally, when linearly polarized
transmission is used, the signal-return variations are traceable to "power fading" rather
than polarization changes. Propeller modulation, however, induces significant cross-
polarization. With circular transmission, crosspolarized components occur readily,
since the complex nature of the targets permits many multiple wave reflections.

An analysis of the radar return from two noisy targets, chaff and sea water, reveals
that chaff return contains both polarization and power changes, whereas the sea return
discloses mostly power changes.
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Fig. 1 - Simplified block diagram, polarization radar
(Unclassified)
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Fig. 3 - Run 1R, barge, transmitted polarization right cir-
cular, received left circular, time interval 5 to 10 seconds
(Unclassified)

Fig. 4 - Echo-amplitude distribution den-
sity for the 20 to 30 second time interval
of run 1R. The abscissa plot s received
voltage and the ordinate relative occur-
rence frequency (Unclassified)



NAVAL RESEARCH LABORATORY

0

- e

'41

cao

(In

-0- 0

0 o o or o oo

It (o qt 0 L o0

> 4-)

(-4 os)



NAVAL RESEARCH LABORATORY

Ci

o 5 10 15 20 2!
FREQUENCY (CPS)

(a) Received right circular

L
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(b) Received left circular

Fig. 6 - Run 25R, tanker, transmitted
right circular, time interval 80 to 8
(Unclassified)

polarization
5 seconds
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(a) Time interval 70 to 80 seconds

(b) Time interval 130 to 140 seconds

Fig. 7 - Echo-amplitude distribution density for run 25R (Unclassified)
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05 10 15 20
FREQUENCY (CPS)

Fig. 9 - Run 13Vo transmxitted polarization vertical,
received vertical, t im e i nt er val1 5 to 10 seconds
(Unclas sified)

Fig. 10 - Echo-amplitude distribution
density for the 50 to 60 second time
interval of run 13V (Unclassified)
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Fig. 13 - Echo-amplitude distribution
density for the 10 to 20 second time
interval of run 6R (Unclassified)

FREQUENCY (CPS)

Fig. 14 - Run 6R fleet tug, transmitted polarization right
circular, received left circular, time interval 0 to 50
seconds (Unclassified)
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50 100 I50 200 25

FREQUENCY (CPS)

Fig. 18 - Run Z4RL, transmitted polarization right cir-
cular, received right circular, time interval 15 to 20
seconds (Secret)

I _______,______4

50 t00 150 200 1
FREQUENCY (CPS)

Fig. 19 - Run Z4RL, transmitted polarization right cir-
cular, received left circular, time interval 15
to 20 seconds (Secret)

L.

w

0 .. .... v ...... ................



NAVAL RESEARCH LABORATORY

11,000 -

V 2,750 -

0-

11,000 -

H 2,750

0

211,000-
t R 2,750-

0-

11,000-

L 2,750-

0

40 50 60 70 80
TIME (SEG)

(a) Portion of the run which shows aircraft approach,
chaff drop, and crossover

Fig. 20 - Run 24RR, F3H aircraft, minimum range 6300 yards, transmitted
polarization right circular. Cross-section values listed are for broadside
(Secret).
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Fig. 21 - Run 24RH, chaff, range 10,800 yards, transmitted
polarization right circular (Secret)
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Fig. 23 - Run 24RH, transmitted polarization right circular,
time interval 57 to 62 seconds (Secret)
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Fig. 23 (Continued) - Run 24RH, transmitted polarization
right circular, time interval 57 to 62 seconds (Secret)
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Fig. 24 - Echo-amplitude distribution
density for a broadside aspect of run
24R (Secret)
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(b) Received horizontal

Fig. 26 - Run 4L, transmitted polarization left circular,
two-second data sample (Secret)
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Fig. 26 (Continued) - Run 4L, transmitted polarization
left circular, two-second data sample (Secret)
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Fig. 27 - Echo-amplitude distribution
density for the 50 to 60 second time
interval of 4L (Secret)

L.

0

4

w
W H

TIME (TENTHS OF SECONDS)

Fig. 28 - One-second sample of run 4L, displayed
on high-speed oscillograph (Secret)
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Fig. 29 - One-second sample of run 24RH (Fig. 21),
displayed on high-speed oscillograph (Secret)
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Fig. 30 - Run 24R-{ (Fig. 21), transmitted polarization
right circular, time interval 19.5 to 21.5 seconds(Secret)
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Fig. 30 (Continued) - Run 24RH (Fig. 21), trans-
mitted polarization right circular, time interval
19.5 to 21.5 seconds (Secret)
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Fig. 31 - Computed power-density spec-
trum of the one-second chaff sample
(Secret)
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Fig. 32 - Computed power-density spec-
trum of the one-second sea-return sample
(Secret)
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Fig. 33 - Crosscorrelation of components
of sea return (Secret)
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34 - Crosscorrelation of components
of chaff (Secret)
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