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Measured Backscatter Moduiation From
Linearly Oscillating Metal Disks

LOINTRODUCTION

This technical report describes the results of an experi:nental investigation
of the changes produced in the backscattered electromagnetic field by a disk that
i3 undergoing rigid translational oscillations along its axia. A scattering target
which is experiencing such vibrational motion operates, in effect, as an external
mechanical modulator of the reflected radar beam, introducing x spectral broaden-
ing with specific features that are determined by the form, frequency, and ampli-
tude of the mechanieal motion,

A scattering target which s experiencing pertodic rigid translational motion
may be considered as a typleal basic component of more complicated assemblies
such a3 complete trucks er tanks. Thus, although the investigation was eonfined
ta one ipeeific scatlerer for experimental convenienee, a number of wlerences
having quite general applications can be drawn frem the results,

The work te be described herein was one of a series of laboratory studies
directed toward explering the radar detection of agitated metals (RADAM) phe-
nomenon, Early inveitigationa of RADAM raised a number af questions concerning
the eharacteristies of more conventienal seurces of modulatian of the radar crogs
sections of complex dcatterera sueh as vehicles. A knowledge of the speetral
characteristies introduced by potential sources of conventianal rwedulstions

(Received for publication 32 August 1977)
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facilitated the interpretation of the complex spectra from field measurements that
contained superimposed effects from a large variety of modulation sources,

The measurements were carried out at 10 GHz using a CW backscatter equip-
ment that was modified to permit a determination of the type of modulation intro-
duced and separate investigations of spectra due to phase and amplitude modula-
tions. The experiment was instrumented to permit simultaneous observation of
the mechanical motion and its spectrum, as well as the resulting electromagnetic
effects, The scattering target was mounted on a low force vibration calibrator
whose frequency and displacement could be accurately controlled. The vibration
calibrator, together with its target, was mounted on a rigid tripod; the assembly
was covered with radar-absorbing material and placed in a microwave anechoic
chamber to simulate free-space conditions.

The scattering target was a 5-3/4 in., diam disk of 1/8 in, thick aluminum,
In terms of the wavelength, it was 0,106 A in thickness and 4. 873 A in diameter,
corresponding to ka = 15,309, where k = 27/2 and a {s its radius.

2, BQUIPMENT AND MEASUREMENT PROCEDURES

A conventional 10-GHz CW backscatter equipmentl formed the basis of the
measuring equipment, Modifications included the use of separate antennas for
transmitting and recelving, and the provision of separate channels for examining
the spectral characteristies due to amplitude modulation and those due to phase
or Irequency modulation. A block diagram of the final form of the equipment is
given in Figure 1.

As shown in Figure 1, the equipment was divided into five sectiong: (1) a
transmitting section, (2) a recelving section through the hybrid tee, (3) a section
reaponding only to phase modulation, (4) a section responding only to amplitude
modulation, and (3) a section indicating the total moduletion waveform and spec-
trum, regardless of the type ol modulation, The firth section was basically a
homodyne receiver operating at 30 MHz; its output appreximates most clasely the
output from typieal homodyne radars used for full-scale field measurements,

The transmitter coniisted of a Varian X-13 klystron with s H. P, Model T16B
Klystron Power Supply, phase stabilized by a FEL Medel 133-A Pheie Loek
synehronizey. Typleal output through a high-direetivity uniline was 500 to 750 MW,
The uniline helped ir atabilizing cutput of the X=13 tube by lapgely tsolating it from
adjustments or mizmatches at the antenna, or in the phaze cemparinon sections of

1. Maek, R.B., Wojeleki, A, W,, and Andrlotakis, J.J. (1973) An Implementation
of Conventlenal Metheds of Measuring the Amplitude and Phaie of Backscatter
Flelds, AFCRL-TR-73-0418, - "
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Figure 1. Measuring Equipment for Phase and Amplitude Modulation Study

the equipiment. In addition to the wival signal samples for amplitude and frequency
monitoring (not shown in Figure 1), a small fraction of the tranamitted pawer was
also extracted for the phase comparison reference.

Phase comparison was done at 30 MH2, To beat the X -band signals dewn te
30 MHe, an LLFE Model 814A-X-21 Ultrastable Microwave Oscillater tuned ta
10 GHz + "0 MHez was uded as a local oseillator. Two peference signals were
extracted fvom the local oseillater through a directional esupler and gpprapeiate
level set atienustors: One of these signals wai mixed with the phaie reference
from the tranamitter to yield a 30-MHz "pure” 3ignal having no medulation; the
second reference aignal from the local oideillator was rmixed wih a sample of the
power fram the eattering target to yield 3 30-MHe iignal that contained any mody-
latlon {ntroduced by the scattorvr. Amplitude variations introduced by the target
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weree removed by feeding the 30-MHz signal from the receiver through a phase-
stable limiting amplifier. Finally, phase information was extracted by feeding
the pure 380-MHz reference signal and the 30-MH2z amplitude-limited signal con-
taining target information to an H. P, Model 105314A Mixer/Phage Detector.

@ order to obtain an output showing amplitude modulation independent of phase
madulation or JTequency modulation, advantage was taken of the wide frequency
diflerences betwe ~ n 45 MHz {-f and typical modulation frequencies of the order
of teny o. he dreds of cycles, and of the inability of an escilloscope to resolve
simuitaneously roth the modulation frequency cnd the i-f fregr~ney. High ref
sensitivity was obtatied by leeding approximutely one-half of the received signal
through a scientilic Atianta (SA) Model 13A wavegulde mixer to an SA Model 1750
Wide Range Phase/Amplitude Receiving System. The signal was then extracted
from the receiver at the 45 MHz {-f stage and routed through a 45 MHz i-f amplifier
to the oscilioscope, audio spectrum analyzer, or other instrument for analysis,
Various spectrum anplyzers used lor analysis of both amplitude and phase included
Tektronix Model 11.5 plug-in adaptor in Tektronix Model 381 oscilloscopes, as
well ax an #, P., Model 3580A Spectrum Analyzer. An H, P, Model 302A Wave
Analyzer was also used., This was particularly useful at the lowest modulation
frequencies since the Model 1L5 had a lower frequency limit of about 20 Hz,
whereas the Model 302A performed well down to t He,

With no ampiitude modulation, the oscilloscope display from the armplitude
section was simply a filled space between straight top and bottom lines. Amplitude
mwodulation at the low audio rates appeared as a s=alleping of the tep and bottom
lines, The percentage of amplitude modulation pr-+ent in the unknown scattering
atgnal was determined by iueceasively displaying the seattering signal and one at
45 MHz from u H. P. Model 88408 Fregueney Synthesizer fed through the 453-MHz
{-f amplifier to the olelllescope. The calibrated percentage of amplitude moduly-
tion of the latter signal was sdjusted lo proeduce the 3ame display as that of the
unknown and the percentage of modulation read from the Model 8640B Frequency
Synthesizer, Amplitude modulations as small as 1/2 percent or lesa ecould peadily
be ehierved.,

When the entire modulation speetrum was desired, pegardless af the kind of
modulstion, the 30-MHz seattered signal was mixed without amplitude Uimiting or
ather prior conditioning with the 30-MHz reference iignal. Depending on its
smplitude, the output frem the mixeP was either displayed on the desired signal
snalyeer directly, or amplified and displayed.

I order to redyee apillover and leakage eaypling to levels sufficiently below
the signal levels from the aeattoring tavgets for veliable measurements, tunnel
antennas were used foc tranamitting snd receiving., These sntennas were bsiteally
¢ {u. diam paraboloidsl veflectors with eanventional doubile dipole feeds; the
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reflector and feed assemblies were placed inside cylinders formed by B-in, dlam
stovepipe lined with AN/75 absorber (Figure 2). The rear of the cylinders was
electrically elosed with aluminum foil ond conducting tape, sealed to both the tube
and the waveguide feed. The best distance of the reflector from the radisting aper-
ture of the tunnct was determined experimentally and found to be about 3-1,2 in,
for the combinations of inte¢rest here, The best distance wad taken to be the cne
that gave greatest reduction of lar-out sidelobes without reducing the antenna gain
and broadening the mair beam, This location resulted in half power beam widthy
of about 14° and highest sidelobes of about -17 dB for the combinations listed
above. The use of the tunnel reduced antenna lobas and spillover by 15 to 25 i3
over all angular regions beyond £36° of the main beam.

suc::"r METAL 38 8 et
UE ¢a o mmasoLomaL ANZTS
REFLECTOR ANGAR
AND Assongen
OOUBLE DIPOLE
rELD

Filgure 3. Tumnel Antennas for Tronasmitting and Reeeiving

The seattering modeld to be measured were mounted o a LTV-Ling Elee-
trenites Model 6C Vibrator Calibrater. Thia vibrator has a maximum foree rating
ef 25 |b and a frequency range betwaen 5 Hz ard 2 KHe, With thia vibrator, the
tarea of the metica was strengly 2lauacidal far the diaplacements of priunary
tntereat. An external Rurction geaerator, Wavetek Atadel 105, was generslly uied
as a debver, Motion characteriatiea were datermined with & Geneeal Radio
Model 1553A Vibeatioa Meter., The azieciated mechanieal plekup, General Radia
Madel 1595 .P2, was meunted tebind the disk, and electrieal eables were arranged

3l




to minimize their interference, The vibrator was covered with microwave
absorber and its tripod mount shielded by a panel of absorber to reduce this source
of interfering reflections; the entire assembly was located in a microwave anechoic
chamber to approximate free-space measuring conditions. With this arrangement,
displacement amplitudes could be controlled to approximately +0.002 in., or

0. 60, of phase and vibration frequencies to a few hertz.

The vibrator with a scattering disk mounted, its power supply, the Wavetek
function generator, and the General Radioc Vibration Meter are shown in Figure 3.
When measurements were being made, only the vibrator and its n ount were in the
chamber. Figure 4 shows the vibrator and scattering disk along with the tunnel
antennas used for transmitting and receiving, The transmitting and receiving sys-
tems are located in a separate room behind the antennas, ::s shown in Figure 5;
also in Figure 5, the X-13 transmitting tube is located behind the shield of the
receiving screen of the oscilloscope; the SA Receiver is not shown.

4 typical output from the phase detector is shown in Figure 6. Here, the
phase of one signal was held constant whereas the phase of the other was changed
in discrete steps by means of an HP Model X885-A waveguide phase shifter. For
each setting, the relative d-c output level was read on an oscilloscope. As can be
seen from Figure 6, the central portion of the response curve is linear, Phase
data were taken on this portion of the curve by adjusting the waveguide phase
shifter until the maximum deviations of the phase waveform fell successively on
the central horizontal line of the oscilloscope display; the phase was then deter-
mined from the difference in readings of the phase shifter for the two adjustments,

Examples of the output from the amplitude modulation section of the receiving
system are shown in Figure 7, The oscilloscope time domain displays resulited
from a 45-MHz signal from the Model 8640B signal generator being fed through
the i-f section of the equipment with known amounts of amplitude modulaticn. From
Figure 7(b) it is clear that amplitude modulations of 1 percent or less could easily
be detected.

As long as total phase excursions were restricted to the linear portion of the
phase detector, the output waveform of the phase analysis section of the receiver

followed that of the motion, For example, the bottom curve of Figure 8 shows an
oscilloscope trace (amplitude vs time) of the ou.put of the mechanical vibration
plckup and vibration meter, In this particular example, ti.e disk was moving with
a sinusoidal motion at a frequency of 20 Hz with a maximum displacement of

kd = 3/4, where k = 27/X and d is the peak-to-peak displacement, The curve at
the top of Figure 8 is a corresp- ading oscilloscope trace of the output of the phase
detector for the same motlon of the disk, showing the waveform of the motion to be
faithfully reproduced by the scattered radar signal,

12




Figure 3, The Vibrator, Scattering Disk, Driving Sources, and
Vibration Meter

Figure 4. Vibrator, Disk, and Tunnel Ant. anas

13
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Figure 5. Transmitting and Receiving Equipment
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Figure 6, D-c Output from Fhase Section of Receiver vs Phase
Differences ol Input Signals
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Figure 7. Sample Outputs from Amplitude Modulation Section of Receiving
Equipment, (a} Regular display, (b} Expanded display

{s)

Figure 5. Caomparison of Seattered Phase Wave-
form w.th Waveform of Mechanloal Mollen

tg = 20 Hz). (a) Waveform from phase gsieciar,
{b) Waveforra from mechanleal plekup. (Relative
amplitude vs time display)
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The design of the vibrator tended to force a sinusoidal motion response
regardless of the driving waveform. Figure 9 shows the results of an attempt to
drive the disk with a triangular waveform, Again, the displacement was kd = 3/4,
but the frequency was reduced to 5 Hz, - in order to permit longer motion response
times,

The bottom curve of Figure 9 shows the driving waveform from the Wavetek
function generator. Figure 9(b) is the output of the vibration pickup, showing the
actual form of the motion being executed by the disk. Finally, Figure 9(a) shows
the output of the phase detector. As can be seen, this curve closely follows the
distorted sinewave of the actual motion, but the motion does not closely follow the
driving function,

Conventional backscatter-RCS and phase patterns are given in Figure 10(a)
and (b), respectively, Some asymmetry is evident in the RCS pattern of Fig-
ure 10(a) but it {s much more clearly displayed in the phase pattern of Figure 10(b).
This was traced to the GR Model 1560-P2 vibration pickup mounted near one edge
of the disk that directly contributed to the scattered field, beginning at angles near
10° for CW rotations.

(a)

ta)

¥
3y
3
,v
:
LI
:
L

,

.
.
",

Figure 8. Disk Metion with Nensinuseidal Deive
ing Waveiorm. (a) Secattered phase, (b) Re-
aponse (actus) maotien)., (o) Driving wavelorm.
(Relative amplitude va time dlsplay)
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Figure 10. (a) Backscattered RCS of Disk. (b) Backscattered Phase of Disk

Since the disk was mounted 5,75 in. forward of the center of rotation of the
mount, a correction has been provided in the phase measurements to compensate
for the motion of the disk away from the antennas, ac it was rotated. The correc-
tion was calculated from

6(:0“_ s 720 ¢ /A 83

£ 55T in. (1 -cos & {2)

where § i3 the azimuth angle of rotation, A the wavelength, and 1 is the amount of
movement from the normal orientation.

The reaults as shown in Figure 10 were obtained from point-by-point meas~
urements using the Seleatifie Atlanta Medel 1750 and Amplitude Recelver in ita con-
ventional eperational mode.
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3. MEASURED MODULATION PROPERTIES

This section contains the results of several measurements designed to illus-
trate specific properties of the modulations introduced by linear translational
oscillations of the scattering targets. In particular, it will be shown (a) that the
modulation introduced by such motion is phase modulation; (b) that the modulation
amplitude is independent of the modulation frequency; (c) that the phase modulation
introduced is directly proportional to the amplitude of the mechanical oscillation;
(d) that the spectral components of the modulated signal are monotonically decreas-
ing for simple sinusoidal motion; and (e) that the measured results are in good
agreement with corresponding results calculated from a soundly-based theoretical
model. In addition, it will be shown that the amplitude of the spectral components
exhibits a high degree of aspect invariance when measured with the system
described in Section 2.

Figure 11 shows the output of the separate receiver sections that were designed
to respond only to amplitude modulation or to phase modulation. Parts (a), (b),
and (c) are results for peak-to-peak vibrational amplitudes of 0,071 inch, 0,155
inch, and 0,310 inch, corresponding to X/16, /8, and A/4 respectively. Because
of the two-way path of the scattered signal, these vibrational amplitudes result in
phase changes of 45°, 90°, and 180°, respectively, Each trace in the figure is a
conventional amplitude versus time display. The top trace of each set is the out-
put of the amplitude-sensitive section; the vottom trace, the cutput of the phase-
sensitive section; and the middle trace, the output from the amplitude-sensitive
section with a calibrated input to determine :he degree ol amplitude modulation,
as discussed in Section 2,

Figure 11{a), (b}, and (c) clearly show that the vibrating target introduces
predominantly phase modulation; there is no measurable amplitude modulation for
vibrational amplitudes that produce up to 45° phase modulation, Ninety degrees
of phase modulation, Figure 11(b), is accompanied by approximately 1/2 percent
amplitude modulation, whereas 180° of phase modulation, Figure 1i(¢), is accom-
panied by approximately 4 percent amplitude modulation.

For these measurements, the disk was located approximately 90 in. from the
transmitting and receiving antennas, The physical displacements of the disk of
0.310 inch required to produce phase changes of 180° would result in poweys changes
and hence amplitude modulations of 1. 4 perceat due to the 1 /R‘ power variation,
If the target were not perfectly aligmed within the beam areas, these changes due
to motion of the target would be larger, with correapondingly greater amplitude
medulations ohserved, Hence, {t may be concluded that pigid translational vibpa-
tions of distant targets intreduce phase modulation.

18




{a)

AMPLITUDE

PHASE

(b)

AMPLITUDE

AMPLITUDE
CALIBRATION

(¢}

AMPLITUDE

AMPLITUDE
CALIBRATION

Figure 11. Meagured Phase and Amplitude Modulatleom for Three Vibration Am-
plitudes: (3)045 phase, 0 percent amplitude; (b) 90" phase, 1/2 percent ampli-
tude; (¢) 1807 phase, ¢ percent amplitude., (Relative amplitude va ‘ime display)
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Figure 12 shows the amount of phase modulation introduced to be independent
of the vibrational frequency, The displays of Figure 12 are amplitude versus time,
showing the varying d-c output of the phase detector; differing amplitudes repre-
sent differing total phase excursions, The amplitude is constant for the three
different vibrational frequencies shown; additional measurements confirmed this
behavior over a much wider range of frequencies.

(zH) SFIDNINDIHL NOILVHEIA

Figure 12, Phase Modulation from Constant Dis-
placement Amplitude, Differing Vibration Fre-
quencies (Amplitude vs time display, peak-to-peak
displacement = 0, 025 inch)

Tigure 13 shows the amount of phase modulation introduced to be directly pro-.
portional to the amplitude of the mechanical vibration., Here, measured phase
modulation is plotted against measured peak-~to-peak displacements of the disk for
digplacements from 0.002 inch to 0,20 inch. Displacement amplitudes were
measured using the General Radio Model 15534 vibration metcr, The amount of
phase modulation was determined by adjusting an HP precision variable phasc
ghilter in the refecrence phase line to align successively the top and bottom of thie
sinudoldal trace with the center line of the graticule of the oscilloscope, and then
subtracting the phase shifter readings corresponding to the two display positions.

20
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Figure 13. Measured Phaze Modulation vs Vibrational Amplitude

The calculated line of Figure 13 was determined from the stmple assumption
that the phase shiflt Introduced is directly proportional to the displacement of the
disk. Thus,

phase = 360%(24D/) (3

where D is the peak-to-peak displacement and A i3 the wavelength, equal to 1,18 in,
for the 10 GHz meajurement frequency. There iy agreement to within about
10 percent berween the measured and ealculated reaults, with the moasured results
carpeidponding more closdely to a wavelength of about 1,33 in, The differences can
raoat likely be attributed to nenlinearity of the phase detector or ¢rror \n adjust~
meat of the vibration meter,

An additional aignificant point of Figure 13 {3 that vepy small vibratisas!
moticad ean be detected by examining the relative phase of the reflected aignal.
A3 dhown, moticid of 0, 001 inch or £0, 00085 were readily measured with good
aceuraey.
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Typical examples of the modulation spectra resulting from simple sinusoidal
ogcillation of the scatterer are given in Figure 14 for displacement a_aplitudes of
kd = 1 and kd = 2, where k = 27/A and d is the peak-to-peak diaplacement. In
part (a) of Figure 14 the modulation frequency was 25 Hz and the first {our max-
ima correspond to the fundamental and first three harmonics of the modulation
{requency; the remaining maxima are due to spurious signals, In Figure 14(b) the
modulation frequency was reduced to 5 H2 in order to obtain the larger required
displacement corresponding to kd = 2 without exceeding the acceleration capabili-
ties of the shaker. Here the first five maxima are the modulation fundamental and
its first four harmonics; the remaining maxima are due to spurious signals,

Relative amplitudes of the spectral components shown in Figure 14 are in good
agreement with corresponding theoretical results calculated by Kleinman, 2

The results of ¢ more detailed set of measurements cerried out to provide a
comparison with theoretical results calculated by Kleinman are shown compared to !
corresponding calculated redults in Figure 15, where calculated results are repre-
sented by solid lines and measured points are represented by dots and circles. The
line labeled O represents the relative p..wer of the radio frequency carrier; if no
modulation were introduced this would | e always |, or 0 dB in the graph. The
line labeled 1 represents the relative power level of the fundamental medulation
frequency, and successivoly numbered lines represent in order the harmonics of
the modulation frequency. Thus, the line labeled ¢4 i3 the third harmonie of the
modulation frequency. For the measurements, the modulation frequency was
20 Hz, A vertical cut through the graph at a given value of kd gives the relative
speetral levels corresponding to that vibrational amplitude; for example, a vertical
line at kd = 1 gives the relative spectral levels of Figure 1i(a),

The measured points form an wndependent set, snd they have been narmalized
to the theoretical redults only at kd = | on the N = | cupve. Generally, agreement
between caleulated and measured polints {3 very good, with some deterioration at
the lower power levels.

The experinestial recalta of Figure 15 were obtained using an H, P. Model 3024
Wave Analyzer that provided an aveurate amplitude compurison of the different
harmonied. For high aceuracy, i is particaely i portant to ealibrate the phase
detector and to adjuat varefully the relative phase of the unmedulated r-f scatteped
and reference signals 3o that proper response i3 obtained for ko odd and even
harmonies,
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3. Kleinmean, R E. (1573) Electromagnetic Neattering by a Linearly Osetllsting
Tapget, AFCRL-TR-T3O338." —~ — 7 T
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Figure 13, Comparison of Measured and Calculated Spectral Levels for Sinusoidal
Vibration (Vibration frequency = 20 Hz)
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development programs in cosmand, control, and communications
(¢3) activities, and in the ¢ areas of information sciences
and intelligence. The principal technical mission areas
are communications, alectromagnetic guidance and control,
surveillasce of ground and &erospace objects, intalligence
data collection and handling, iaformation systes technology,
lonospheric propagetion, solid state sciences, micromave
plysics and electronic reliability, mairtainabilicy and
compatidility.
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